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Plants, being sessile in nature, are constantly exposed to environmental challenges resulting
in substantial yield loss. To cope with harsh environments, plants have developed a wide
range of adaptation strategies involving morpho-anatomical, physiological, and biochemical traits.
In recent years, there has been phenomenal progress in the understanding of plant responses to
environmental cues at the protein level. This progress has been fueled by the advancement in mass
spectrometry techniques, complemented with genome-sequence data and modern bioinformatics
analysis with improved sample preparation and fractionation strategies. As proteins ultimately
regulate cellular functions, it is perhaps of greater importance to understand the changes that occur at
the protein-abundance level, rather than the modulation of mRNA expression. This special issue on
“Plant Proteomic Research” brings together a selection of insightful papers that address some of these
issues related to applications of proteomic techniques in elucidating master regulator proteins and the
pathways associated with plant development and stress responses. This issue includes four reviews
and 13 original articles primarily on environmental proteomic studies.

The first review by Hossain et al. [1] summarizes the recent contributions of plant proteomic
research to comprehend the complex mechanism of plant response to nanoparticles stress. Pechanova
and Pechan [2] present an overview of maize-pathogen interactions at the proteome level, emphasizing
the application of various mass spectrometry-based high-throughput proteomic techniques in
identifying possible candidate proteins involved in maize pathogen resistance. Wang et al. [3]
summarize the recent proteomic studies related to drought sensing and signaling mechanisms for better
understanding the molecular basis of plant drought tolerance. Nouri et al. [4] present a comprehensive
picture about the fine tuning of photosynthetic pathways at the protein level linked to plant adaptation
to abiotic stresses.

Among the 13 original articles, six articles highlight iTRAQ-based proteomic approaches.
Ye et al. [5] present a deep and extensive research work on drought-induced leaf proteome modulation
in Switchgrass (Panicum virgatum) using the iTRAQ labeling method followed by nano-scale liquid
chromatography mass spectrometry analysis. Li et al. [6] provide an overview of aluminum
stress-mediated alterations of leaf proteome in two contrasting citrus species differing in aluminum
tolerance. An et al. [7] present comparative proteomic analysis of ramie plants under PEG-mediated
drought stress. Hua et al. [8] emphasize the application of proteomic analysis in unraveling the
molecular mechanism of betalain biosynthesis in Hylocereus polyrhizus fruits at the posttranscriptional
level. Li et al. [9] present comparative proteomic analyses of buds and young expanding leaves
of the tea plant (Camellia sinensis L.), highlighting the molecular mechanism involved in secondary
metabolite production. Zhao et al. [10] perform quantitative proteomics analysis of herbaceous
peony (Paeonia lactiflora Pall.) in response to Paclobutrazol, a triazole compound inhibiting growth
of lateral branching. By using gel-free proteomics, Alqurashi et al. [11] analyze the changes in the
Arabidopsis thaliana proteome composition implicating the role of cAMP in biotic and abiotic stress
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responses by inducing complex changes in cellular energy homeostasis. Rasool et al. [12] present the
comprehensive expression pattern of peptides in the date palm stem infested with Red Palm Weevil
(Rhynchophorus ferrugineus Oliv.) using two-dimensional gel electrophoresis (2-DE) and MALDI-TOF
mass spectrometry. Liu et al. [13] provide new insights into the molecular regulation of leaf color
variation and carbon fixation in a xantha mutant of Ginkgo biloba L. by exploiting 2-DE coupled
with MALDI-TOF/TOF mass spectrometry. Yu et al. [14] present comparative proteomic analysis
of chimera Hosta “Gold Standard” leaves from various regions at different development stages and
under excess nitrogen fertilization using 2-DE coupled MALDI-TOF/TOF MS. Findings provide
new insights towards understanding the mechanisms of leaf color regulation in variegated leaves.
Zhang et al. [15] unravel the protein regulation mechanism of pollen infertility and allergenicity
in triploid and diploid poplar (Populus deltoids) plants using the 2-DE technique followed by
MALDI-TOF-TOF mass spectrometry analysis. Wang et al. [16] demonstrate the stable expression
of basic fibroblast growth factor in chloroplasts of tobacco providing an additional option for the
production of chloroplast-produced therapeutic proteins. Integration of the foreign expression cassette
into the plastid genome of transformants is confirmed by PCR and Southern hybridization and
expression is quantified by ELISA. Liu et al. [17] provide an overview of the seed-specific expression
of microtubule-associated protein SBgLR in transgenic maize (Zea mays), resulting in increased seed
protein and lysine contents. The zein, non-zein, and total protein extracts of the seeds of transgenic
plants are analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

This special issue on “Plant Proteomic Research” is an attempt to provide researchers with
a glimpse of advanced mass spectrometry techniques with a special emphasis on candidate proteins
and pathways associated with plant development and stress responses. We believe that this special
issue reflects the current perspective and state of the art of plant proteomics, which would not only
enrich us in understanding the plant’s response to environmental clues but would further help us in
designing better crops with the desired phenotypes. The articles in this issue will be of general interest
to proteomic researchers, plant biologists, and environmental scientists.

We would like to express our gratitude to all authors for their high quality contributions and
numerous peer reviewers for their critical evaluation and valuable suggestions. Moreover, we render
our heartiest thanks to the Managing Editor Yong Ren and Section Managing Editor Yue Chen for
giving us the opportunity to serve “Plant Proteomic Research” as Guest Editors and Editorial Office,
a special mention goes to Sophie Suo for her untiring efforts in coordinating with authors and keeping
us updated about the manuscript submission and review process, which helped us in completing the
surmount task on time. Finally, we extend our sincere thanks to those professionals whose expertise in
proofreading and formatting greatly improved the quality of this special issue.
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Abstract: A state of the art proteomic methodology using Matrix Assisted Laser Desorption/
Ionization-Time of Flight (MALDI TOF) has been employed to characterize peptides modulated in
the date palm stem subsequent to infestation with red palm weevil (RPW). Our analyses revealed
32 differentially expressed peptides associated with RPW infestation in date palm stem. To identify
RPW infestation associated peptides (I), artificially wounded plants (W) were used as additional
control beside uninfested plants, a conventional control (C). A constant unique pattern of differential
expression in infested (I), wounded (W) stem samples compared to control (C) was observed. The
upregulated proteins showed relative fold intensity in order of I > W and downregulated spots trend
as W > I, a quite interesting pattern. This study also reveals that artificially wounding of date palm
stem affects almost the same proteins as infestation; however, relative intensity is quite lower than
in infested samples both in up and downregulated spots. All 32 differentially expressed spots were
subjected to MALDI-TOF analysis for their identification and we were able to match 21 proteins
in the already existing databases. Relatively significant modulated expression pattern of a number
of peptides in infested plants predicts the possibility of developing a quick and reliable molecular
methodology for detecting plants infested with date palm.

Keywords: date palm; stem; red palm weevil; infestation; differential expression; proteins; two
dimensional differential in-gel electrophoresis (2D-DIGE); Matrix Assisted Laser Desorption/
Ionization-Time of Flight (MALDI TOF)

1. Introduction

The red palm weevil (RPW) (Rhynchophorus ferrugineus Oliv., Coleoptera: Curculionidae) has
become the most destructive pest of date palm trees in several regions of the world including Saudi
Arabia. This palm-damaging pest was first reported in Southeast Asia on coconut palm [1]. Since its
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discovery in the Gulf Region in the year 1980s, the insect has been spreading rapidly and reported
from almost every palm growing country in the World [2]. Bulk movement of date palm offshoots
for planting is blamed on the invasion source of RPW in the Middle East [3]. The RPW has been
reported to infest 26 palm species belonging to 16 different genera worldwide [4]. Although it is
difficult to evaluate the overall actual global damages caused by RPW, in Saudi Arabia along with
just ~5% infestation; management and eradication of RPW in date plantation cause more than 8.69
million USD of economic loss [5].

It is also worth mentioning that RPW larval stage is the most destructive, and responsible for
damaging the palm. The larvae feed within the date palm trunk until they are fully developed [6,7].
This insect completes several generations within the same palm without any obvious symptoms in the
plant until the tree finally collapses [8,9]. This cryptic feeding behavior of the RPW makes it difficult
to detect infestations at early stages, and severe decaying of the internal tissues leads to the death of
the tree [3,10].

In Saudi Arabia, the Ministry of Agriculture has launched a national campaign for controlling
RPW to avoid losses inflicted on the production of dates. The campaign includes removal of
infested plants, pesticide application through injection and spraying in severely infested and newly
infested areas, and the use of pheromone traps for monitoring and decreasing RPW populations [11].
It has been observed that infested plants can be recovered if infestation is detected early. Currently
available detection techniques, including visual inspections, acoustic sensors [12,13], sniffer dogs [14],
and pheromone traps [15], are in practice to identify infestations at early stages. However, the
development of an effective and efficient high throughput screening procedure is still needed for the
early detection of RPW.

We employed proteomic methodologies to identify responses associated with RPW infestation.
It has been previously reported that plants have evolved various innate and acquired defense
mechanisms against visible/invisible injuries afflicted by insect pests [16]. Innate or direct defense
mechanisms in plants include specialized characteristics, such as thorns, trichomes, and primary and
secondary metabolites [16]. Some herbivores feeding induce proteinase inhibitors in plants that prevent
digestive enzymes required for insect’s proper digestion thus limiting invasion [17]. Acquired defenses
involve release of volatile organic compounds that attract arthropod predators and parasitoids to
control herbivore populations [18]. Herbivores oral secretions specially discharged into plant tissues
during feeding induce a number of specific responses [19,20]. The herbivores regurgitate and other
oral secretions trigger plant defense related proteins (parallel to acquired immune system of mammals)
or activate the plant defense system releasing volatile compounds to attract predators [21,22].

Studies also confirm differential molecular defensive responses upon infestation with a wide
variety of insects/pests. As the plant genomics/proteomics related to plant defense responses is
comparatively a new field of study, more data is emerging to better understand plant responses against
biotic and abiotic stresses [23]. The insect plant interactions itself have great impact on plant defense
responses [16,24].

Proteomics strategies have been extensively used for identifying infections/diseases among
humans; however their uses for plants have been relatively less. A few proteomic studies involving
plants encouraged us to embark on utilizing these methodologies for saving beneficial date palm plants
from RPW infestation. For example, proteome analysis of brittle leaf diseased date palm leaves when
compared with that of their normal counterparts revealed quantitative differences in several proteins.
Of the differentially expressed proteins, Manganese (Mn-binding) PSBO and PSBP proteins were
downregulated; whereas, several other proteins were upregulated in diseased samples [25]. Likewise,
proteome analysis of brittle leaf disease affected date palm leaves indicated changes in the proteome at
early disease stage where the decrease in Mn deficiency associated with MSP-33 kDa subunit protein
was considered as brittle leaf disease biomarker [26]. Moreover, Gómez-Vidal et al. [27] have evaluated
the plant defense/stress, photosynthesis and energy metabolism related proteins, using 2-dimensional
electrophoresis (2DE) proteomic techniques, that were differentially expressed in the date palm (Phoenix
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dactylifera) leaves in response to the attack by entomopathogenic fungi (Beauveria bassiana, Lecanicillium
dimorphum and L. cf. psalliotae) as compared to control samples. In another study, 2DE of date palm
sap 52 identified spots among 100 were related to Saccharomyces cerevisiae, supposed to be natural
microflora of date palm sap while others were related to vegetable proteins playing a role in the
vascular system of the plant [28]. Several changes in date palm leaf proteome were observed when red
palm weevil infested and healthy date palm leaves proteome were compared [29,30]. Furthermore,
we have a highly integrated proteomic initiative to identify molecular markers associated with RPW
infestation and other diseases to this plant. As far as the proteome defenses between leaf and stem
are concerned, we observed different protein moieties modulated in stem and leaves. However, an
extensive analysis regarding this aspect is ongoing. Modulations in the date palm fruit proteome have
also been reported during development and ripening stages [31]. In another study two dimensional
differential gel electrophoresis and mass spectrometry also revealed changes in the proteome of salinity
and drought-stressed palm seedlings when compared with non-stressed plants [32].

Very few studies have addressed the date palm proteomics association with physiological or
induced changes in date palm. Our study is unique in a way that it provides proteomic changes
associated with RPW infestation and its comparison with artificially induced injury to plant.

As such, the objective of the present study was to characterize the proteome changes occurring
in date palm stem infested with RPW using 2D-DIGE and mass spectrometry so as to explore the
biomarker for the early detection of RPW for its effective management.

2. Results and Discussion

2.1. Date Palm Proteome Analysis by 2D-DIGE

Plants respond to injuries/infestations and other abiotic stresses by activating a broad range of
acquired defense system, including activation of pathogenesis-related (PR) genes both at local and
systemic sites [16], crosslinking of cell wall proteins, generation of reactive oxygen species (ROS),
and local programmed cell death. This study reports our ongoing efforts to understand proteomic
modulation associated with RPW infestation. Previously, we optimized protein isolation from date
palm leaves and its utilization in proteomic evaluations. This study extrapolates our work on the stem
part of the date palm plants. As expected, different peptides were modulated in stem as the metabolic
activities of leaves are quite different. We identified eleven peptides modulated in the leaves of date
palm belonging to three main categories i.e., stress/defense, photosynthesis, and ion transport [29].
For evaluating differential proteomic responses subsequent to infestation stem samples from infested,
control, and artificially wounded plants were subjected to protein isolation followed by differential
expression analyses. Proteins were extracted from stem samples using phenol- sodium dodecyl sulfate
(SDS) extraction method [33]. For reducing internal variations three replicates for each plant were used.
The extracted proteins were then quantified using 2D quant kit after solubilizing in 2D-rehyration
buffer. Ten μg aliquots of each sample was solubilized in SDS loading buffer and separated on 12.5%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) before staining. Protein profile
after staining with Coomassie showed good reproducibility among replicates, consistent solubilization
and reproducible extraction methods (Figure 1).

Moreover, 2D DIGE (General Electric (GE) Healthcare, Buckinghamshire, United Kingdom) was
run to compare differences among control, infested, and wounded samples. These samples were
labeled with either Cy3 or Cy5 dyes while the internal standard was consistently labeled with Cy2.
The experimental design for 2D-DIGE experiments is shown in (Table 1).
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Figure 1. Comparative protein expression profiling of the control, infested and wounded date palm
samples using SDS-PAGE. Lanes 1–3 represent total cell proteins from 3-infested replicates; while lanes
4–6 represent proteins from wounded date palm samples; and lanes 7–9 represent proteins from control
date palm samples.

Table 1. Experimental design for 2D-DIGE. Three replicates from each control, infested, and wounded
protein samples were labeled and combined for 2D-DIGE.

Gel Number
Protein Samples Labeling

Cy2 Cy3 Cy5

1 Pooled sample Infested R1 Control R3
2 Pooled sample Infested R2 Wounded R1
3 Pooled sample Infested R3 Wounded R2
4 Pooled sample Control R1 Wounded R3
5 Pooled sample – Control R2

R = Replications of the treatments.

After labeling with Cy dyes, two samples were mixed with different combinations along with
internal standard and electrophoresed on the same gel except one gel contained a single sample with
internal standard. The representative gels of 2D-DIGE after scanning with a fluorescence gel scanner,
Typhoon imager (Trio) (GE Healthcare), are shown in Figure 2.

Progenesis Samespots software version 3.3 (Nonlinear Dynamics Ltd., Newcastle, United
Kingdom) was used to statistically analyze the protein expression among control, infested, and
wounded samples.

A total of 522 well-resolved protein spots were observed on each gel, and out of them, 32 spots
showed statistically significant differences (p ≤ 0.05, and intensity fold change ≥ 1.5) among
expressions of proteins in either of this combination. Among 32 differential expressed spots, 11 were
upregulated in infested and eight in wounded. However, there was downregulation of 13 spots in
both infested and wounded when compared with control (Figure 3).

Interestingly, spots from the wounded samples showed the same trend of up or downregulation
compared to control, but fold change intensity is lower than the infested samples. Differential protein
patterns were also observed in the infested and wounded samples that are of our interest. The same
spot (protein) was upregulated in the infested and downregulated in the wounded compared to control
and vice versa. A majority of the upregulated spots (spot numbers 414, 243,554, 300, 447, 994, 1281, 1073
and 438) followed a unique trend of upregulation like (I > W > C) except two spots (1308 and 1287)
where the pattern was observed like (I > C > W). Similar to upregulation, almost the same trend was
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observed among majority of downregulated spots in reverse order C > W > I (spots numbers 1027,
987,976, 781, 798, 1023, 951, 1020, 683, 1086, 1163 and 884). However, some deviations were noticed in
some spots (221, 235, 234, 506, 822 and 318) where the expression pattern was observed as W > C > I,
except in two spots (137 and 313) this pattern was like W > I > C. Our data clearly demonstrates that
RPW infestation relatively enhances the modulation of proteins upregulated or downregulated with
few minor variations. The relative expression patterns are quite intriguing and previous reports also
suggest such trends in plants [34,35].

 

Figure 2. 2D-DIGE images of date palm proteins. The protein sample of Infested-1, Control-3 and
internal standard (pooled of all the samples) are individually labeled with Cy dyes, mixed together
and separated by 2D-DIGE followed by image scanning. (A) Image of date palm infested sample and
labeled with Cy3 dye; (B) Image of date palm control sample labeled with Cy5 dye; (C) Image of date
palm sample pooled from all and labeled with Cy2 dye; and (D) Overlay gel of infested, and control
samples along with internal standard.

Figure 3. Venn diagram for the relative distribution of differentially expressed proteins spots in
control, mechanically wounded and RPW infested date palm samples. The non-overlapping segments
of diagram represent the number of proteins that were significantly upregulated (>1.5-fold) in the
corresponding group when compared with the other two groups. The overlapping region between any
two groups represents the number of proteins spots significantly upregulated (>1.5-fold) compared
to the third one. While the central overlapping region represents the protein spots where no any
statistically significant change was observed.
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2.2. Protein Identification by Mass Spectrometry

Proteomic methodologies for differential expression are quite tedious by nature; however,
it provides highly reliable information once a modulated peptide has been identified. Final
identification subsequent to proteomic methodology involves identification procedures involving
mass spectrometric analyses. A state of the art proteomic methodology MALDI-TOF used for the
identification of proteins by peptide mass fingerprinting was employed to characterize peptides
modulated in date palm stems subsequent to infestation with RPW. The above-described 32
differentially expressed spots were excised from preparative gels, digested enzymatically with trypsin,
and subjected to mass spectrometry MS analysis. Data were examined using BioTools 3.2 (Bruker
Daltonics, Bremen, Germany) in combination with the Mascot search algorithm (version 2.0. 04) against
green plants database. MS results showed that identified 21 spots matched with previously reported
proteins found in databases (Table 2). We were unable to characterize 11 protein spots as there was no
protein matching proteins in the database. It is quite possible that date palm plant has some unique
proteins not found in other plants. Once the date palm genome is deciphered, these unique proteins
will be of much interest. In protein identification a small number of different spots showed the same
identified proteins, indicating the presence of isoforms of a specific gene or these emerged because of
post-translational modifications (PTMs) differences in molecular weight and pI. In our case V-type
proton ATPase catalytic subunit A (spot numbers 221 and 243), and probable glycerol-3-phosphate
acyltransferase 8 (spot numbers 683 and 781) belong to these categories.

The identities of differentially expressed proteins were confirmed by their comparison with
the previously characterized proteins in Swiss-Prot database. Among these 33% were characterized
based on their homology with Arabidopsis thaliana proteins, 14.2% Oryza sativa (subspecies Japonica)
(rice), and 9.5% Sorghum bicolor (Sorghum), respectively. Only 4.7% proteins were confirmed from Zea
mays, Solanum lycopesicum, Eucalyptus gunnii (Cider gum), Hevea brasiliensis (Para rubber tree), Citrus
unshiu (Satsuma mandarin), Carica papaya (papaya), Medicago truncatula (Barrel medic), Spinacia oleracea
(Spinach), and Hordeum vulgare (Barley) proteome.

Moreover, differentially expressed proteins had been characterized as ion transport (6), lipid
biosynthesis (2), protein folding (1), plant defense (1), ethylene signaling pathway (1), carbohydrate
metabolism (1), proteolysis (1), S-adenosylmethionine biosynthetic process (1), nitrate assimilation (1),
porphyrin biosynthesis (1), transcription (1), lignin biosynthesis (1), cytoskeletal protein (1), calcium
ion binding (1) and unknown (1).

It is worth mentioning that among the 21 proteins identified through homology comparison,
six belong to the ion transport family of proteins that are stress related, while several others could
potentially be involved in response to RPW infestation. These were V-type proton ATPase catalytic
subunit A (Zea mays (Maize) (spot numbers. 221, 243). The spot 221 were suppressed 1.5-fold in
the infested samples relative to control. However, spot 243 was much higher in infested samples
(5.3-fold) compared to control. V-type proton ATPase is a proton pump present inside plant vacuoles
which plays an important role in plant salinity tolerance [36,37]. V-type proton ATPase plays a
crucial role in maintenance of ion homeostasis inside plant cells by acidifying compartments of the
vacuole [38,39]. It maintains electrochemical H+-gradient to drive the transport of Na+ into the vacuole
lumen, compartmentalizing this toxic ion from the cytoplasm and maintaining low cytoplasmic Na+

concentrations. Upregulation of this enzyme was also reported in response to stress in other plants
as well [40–43]. The upregulation of enzyme V-type proton ATPase might provide insights into
understanding the infestation of date palm and could be a useful marker for early diagnosis of RPW.
Another spot (spot number 414) identified as a differential protein and upregulated in infested samples
corresponded to ATP synthase subunit β, mitochondrial.

6



Int. J. Mol. Sci. 2015, 16, 19326–19346

T
a

b
le

2
.

D
iff

er
en

ti
al

ly
ex

pr
es

se
d

pr
ot

ei
ns

be
tw

ee
n

co
nt

ro
l,

w
ou

nd
ed

an
d

in
fe

st
ed

da
te

pa
lm

st
em

by
M

A
LD

I-
TO

F
pe

pt
id

e
m

as
s

fin
ge

rp
ri

nt
in

g
af

te
r

2D
-D

IG
E.

S
p

o
t

N
u

m
b

e
r

F
C

(I
/C

)
F

C
(W

/C
)

A
cc

e
ss

io
n

(U
n

ip
ro

t)
P

ro
te

in
D

e
sc

ri
p

ti
o

n
F

u
n

ct
io

n
p

I
M

W
C

o
v

e
ra

g
e

S
co

re
O

rg
a

n
is

m

13
08

1.
60
↑

3.
03
↓

P2
71

61
C

al
m

od
ul

in
M

:C
al

ci
um

io
n

bi
nd

in
g

4.
18

16
,9

50
69

22
9

So
la

nu
m

ly
co

pe
rs

ic
um

(T
om

at
o)

78
1

2.
42
↓

1.
67
↓

Q
5X

F0
3

Pr
ob

ab
le

gl
yc

er
ol

-3
-p

ho
sp

ha
te

ac
yl

tr
an

sf
er

as
e

8
Li

pi
d

bi
os

yn
th

es
is

9.
14

56
,3

45
25

60
A

ra
bi

do
ps

is
th

al
ia

na
(M

ou
se

-e
ar

cr
es

s)

22
1

1.
50
↓

1.
17
↑

P4
90

87
V

-t
yp

e
pr

ot
on

A
TP

as
e

ca
ta

ly
ti

c
su

bu
ni

tA
Io

n
tr

an
sp

or
t

5.
89

62
,1

98
25

62
Z

ea
m

ay
s

(M
ai

ze
)

79
8

2.
08
↓

1.
48
↓

O
04

85
4

C
af

fe
oy

l-
C

oA
O

-m
et

hy
lt

ra
ns

fe
ra

se
Li

gn
in

bi
os

yn
th

es
is

5.
02

28
,0

10
12

72
Eu

ca
ly

pt
us

gu
nn

ii
(C

id
er

gu
m

)

41
4

2.
77
↑

1.
28
↑

P2
96

85
A

TP
sy

nt
ha

se
su

bu
ni

tβ
,

m
it

oc
ho

nd
ri

al

A
TP

hy
dr

ol
ys

is
co

up
le

d
pr

ot
on

tr
an

sp
or

t
5.

98
60

,3
35

35
75

H
ev

ea
br

as
ili

en
si

s
(P

ar
a

ru
bb

er
tr

ee
)

99
4

1.
68
↑

1.
56
↑

Q
94

FT
8

N
on

-s
ym

bi
ot

ic
he

m
og

lo
bi

n
3

Ir
on

an
d

ox
yg

en
tr

an
sp

or
t

9.
83

18
,6

14
65

65
O

ry
za

sa
tiv

a
su

bs
p.

ja
po

ni
ca

(R
ic

e)

12
81

1.
76
↑

1.
58
↑

Q
94

FT
8

N
on

-s
ym

bi
ot

ic
he

m
og

lo
bi

n
3

Ir
on

an
d

ox
yg

en
tr

an
sp

or
t

9.
83

18
,6

14
83

62
O

ry
za

sa
tiv

a
su

bs
p.

ja
po

ni
ca

(R
ic

e)

13
7

1.
66
↑

1.
99
↑

P2
29

53
H

ea
ts

ho
ck

70
kD

a
pr

ot
ei

n
1

St
re

ss
re

sp
on

se
,

pl
an

td
ef

en
se

,
5.

03
71

,7
12

38
88

A
ra

bi
do

ps
is

th
al

ia
na

(M
ou

se
-e

ar
cr

es
s)

)

10
73

2.
07
↑

1.
50
↑

Q
9S

V
Q

0
Et

hy
le

ne
-r

es
po

ns
iv

e
tr

an
sc

ri
pt

io
n

fa
ct

or
ER

F0
62

Et
hy

le
ne

si
gn

al
in

g
pa

th
w

ay
9.

46
44

,2
83

37
68

A
ra

bi
do

ps
is

th
al

ia
na

(M
ou

se
-e

ar
cr

es
s)

24
3

5.
31
↑

1.
77
↑

Q
9S

M
09

V
-t

yp
e

pr
ot

on
A

TP
as

e
ca

ta
ly

ti
c

su
bu

ni
tA

H
yd

ro
ge

n
io

n
tr

an
sp

or
t

5.
29

68
,9

23
34

70
C

itr
us

un
sh

iu
(S

at
su

m
a

m
an

da
ri

n)

55
4

1.
99
↑

1.
39
↑

Q
1P

FG
1

F-
bo

x
pr

ot
ei

n
A

t1
g6

64
90

U
nc

ha
ra

ct
er

iz
ed

8.
75

43
,5

77
26

65
A

ra
bi

do
ps

is
th

al
ia

na
(M

ou
se

-e
ar

cr
es

s)

30
0

2.
98
↑

2.
13
↑

Q
39

25
1

A
ct

in
-d

ep
ol

ym
er

iz
in

g
fa

ct
or

2
C

yt
os

ke
le

ta
lp

ro
te

in
5.

24
15

,9
63

36
65

A
ra

bi
do

ps
is

th
al

ia
na

(M
ou

se
-e

ar
cr

es
s)

44
7

2.
36
↑

1.
17
↑

B1
A

98
6

N
A

D
(P

)H
-q

ui
no

ne
ox

id
or

ed
uc

ta
se

su
bu

ni
t

4L
,c

hl
or

op
la

st
ic

O
xi

do
re

du
ct

as
ea

ct
iv

ity
,

A
TP

sy
nt

he
si

s
co

up
le

d
el

ec
tr

on
tr

an
sp

or
t

9.
65

11
,3

27
54

67
C

ar
ic

a
pa

pa
ya

(p
ap

ay
a)

7



Int. J. Mol. Sci. 2015, 16, 19326–19346

T
a

b
le

2
.

C
on

t.

S
p

o
t

N
u

m
b

e
r

F
C

(I
/C

)
F

C
(W

/C
)

A
cc

e
ss

io
n

(U
n

ip
ro

t)
P

ro
te

in
D

e
sc

ri
p

ti
o

n
F

u
n

ct
io

n
p

I
M

W
C

o
v

e
ra

g
e

S
co

re
O

rg
a

n
is

m

10
20

2.
81
↓

2.
35
↓

Q
9S

K
Q

0
Pe

pt
id

yl
-p

ro
ly

lc
is

-t
ra

ns
is

om
er

as
e

C
Y

P1
9-

2
B:

pr
ot

ei
n

fo
ld

in
g

8.
33

18
68

48
63

A
ra

bi
do

ps
is

th
al

ia
na

(M
ou

se
-e

ar
cr

es
s)

68
3

2.
58
↓

1.
69
↓

Q
5X

F0
3

Pr
ob

ab
le

gl
yc

er
ol

-3
-p

ho
sp

ha
te

ac
yl

tr
an

sf
er

as
e

8
Li

pi
d

bi
os

yn
th

es
is

9.
14

56
,3

45
29

60
A

ra
bi

do
ps

is
th

al
ia

na
(M

ou
se

-e
ar

cr
es

s)

50
6

1.
36
↓

1.
65
↑

Q
8W

0A
1

β
-g

al
ac

to
si

da
se

2
C

ar
bo

hy
dr

at
e

m
et

ab
ol

ic
pr

oc
es

s
5.

59
92

,6
30

19
62

O
ry

za
sa

tiv
a

su
bs

p.
ja

po
ni

ca
(R

ic
e)

82
2

1.
92
↓

1.
06
↑

C
5X

3M
7

Pu
ta

ti
ve

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

Sb
02

g0
09

23
3

N
uc

le
ic

ac
id

bi
nd

in
g

5.
60

14
,5

33
88

73
So

rg
hu

m
bi

co
lo

r
(S

or
gh

um
)

31
8

1.
48
↓

1.
62
↑

A
5C

9D
0

Pu
ta

ti
ve

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

Pr
ot

eo
ly

si
s

9.
41

11
9,

43
4

20
71

So
rg

hu
m

bi
co

lo
r

(S
or

gh
um

)

43
8

2.
24
↑

1.
02
↑

A
4P

U
48

S-
ad

en
os

yl
m

et
hi

on
in

e
sy

nt
ha

se
A

de
no

sy
lm

et
hi

on
in

e
bi

os
yn

th
es

is
5.

59
43

,7
08

29
63

M
ed

ic
ag

o
tr

un
ca

tu
la

(B
ar

re
lm

ed
ic

)

88
4

1.
61
↓

1.
45
↓

P2
33

12
S

N
it

ra
te

re
du

ct
as

e
[N

A
D

H
]

N
it

ri
te

as
si

m
ila

ti
on

6.
25

10
4,

70
3

68
62

Sp
in

ac
ia

ol
er

ac
ea

(S
pi

na
ch

)

31
3

2.
44
↑

2.
47
↑

Q
42

83
6

D
el

ta
-a

m
in

ol
ev

ul
in

ic
ac

id
de

hy
dr

at
as

e,
ch

lo
ro

pl
as

ti
c)

Po
rp

hy
ri

n
bi

os
yn

th
es

is
6.

05
46

,6
39

46
80

H
or

de
um

vu
lg

ar
e

(B
ar

le
y)

A
rr

ow
s

in
d

ic
at

e
th

e
p

ro
te

in
s

u
p

(↑)
an

d
d

ow
n

(↓)
re

gu
la

ti
on

s,
FC

=
Fo

ld
ch

an
ge

,
I

=
R

P
W

In
fe

st
ed

sa
m

p
le

s,
W

=
M

ec
ha

ni
ca

lly
W

ou
nd

ed
sa

m
p

le
s;

p
I

=
Is

oe
le

ct
ri

c
p

oi
nt

,
M

W
=

M
ol

ec
ul

ar
W

ei
gh

t.

8



Int. J. Mol. Sci. 2015, 16, 19326–19346

The expression of calcium binding protein, calmodulin (spot no. 1308) increased (1.6-fold) in
response to the infestation of RPW. Calmodulin is a calcium-binding messenger protein and regulates
downstream functions in response to Ca2+. It has several targets including ion channel and a large
number of enzymes (i.e., kinases, phosphatases, cytoskeletal proteins, synaptic proteins, cell cycle
proteins) [44–47] and also is involved in heat-shock signal transduction [48]. RPW infestation associated
upregulation of this protein probably is associated with enhanced signaling activity associated with
infestation. The signaling cascade involves a number of proteins, and its interactions with several
above-described proteins have been previously reported.

Protein belonging to S-adenosylmethionine synthase (spot number 438) showed the increased
expression (2.2-fold) in infested sample relative to control. This enzyme catalyzes the synthesis of
S-adenosylmethionine from methionine and ATP. Also, expression was upregulated by 2.4-fold in
spot number 313, homologous to Delta-aminolevulinic acid dehydratase, chloroplastic) as compared
to control. This enzyme is involved in the formation of porphobilinogen [49]. The expression of the
spot number 137, homologous to heat shock 70 KDa proteins (HSP 70), was increased (1.66-fold)
in the infested samples as compared to control. However, its expression was increased more in
the wounded (~2-fold) relative to control. HSP 70 protein is a chaperone that assists the folding
process of newly synthesized proteins and minimizes aggregation [50]. High expression of this protein
under stress conditions has also been reported previously [50,51]. Several other HSPs have also been
reported in response to different stress conditions like because of pea and Erysiphe pisi interaction [52],
pea and Mycosphaerella pinodes interaction [53], or triticale under low N fertilization level [54]. The
over-expression of these stress responsive proteins should not be surprising, because it is a natural
defense mechanism that responds, as mentioned above, to any outer biotic/abiotic stress. The over
expression of HSP 70 in present study could be a useful marker against RPW infestation.

The 2-spots (781 and 683) matching glycerol-3-phosphate acyltransferase, an essential enzyme
for glycerolipid biosynthesis, were found to be down regulated in infested samples. Another down
regulated spot (506) matched with protein β-galactosidase 2 was identified. This enzyme is responsible
for non-reducing β-D-galactose residues in β-D-galactosides.

Furthermore, spot number 1073 was identified as ethylene response factor (ERF1) and its
expression was upregulated (2.07-fold) in infested date palm sample relative to control. ERF1 is
a member of the novel family of plant-specific transcriptional factors in Arabidopsis thaliana [55],
and it is activated by either ethylene (ET) or jasmonate (JA) and is activated synergistically by both
hormones [56]. ERF1 regulates defense response genes to the necrotrophic fungi B. cinerea and P.
cucumerina by integrating ET and JA defense responses in Arabidopsis [57,58]. ERFs have been reported
to affect a number of developmental processes, and are also differentially adapted to biotic or abiotic
stresses such as pathogen attack, wounding, extreme temperature, and drought [59,60]. Our results
suggest that ERF1 could be a key element in defense against RPW attack.

Another spot 884 matching with nitrate reductase was suppressed (1.6-fold) in date palm infested
sample compared to control. This enzyme plays a key role in the synthesis of nitric oxide (NO) [61], an
important signaling molecule mediating physiological and developmental processes. Also, NO plays
an important role in plant responses to biotic and abiotic stresses [62–64]. Furthermore, NO was also
reported to modulates ethylene, salicylic acid, and jasmonic acid-signaling pathways and abscisic acid
(ABA)-induced stomatal closure [65,66].

Another important protein identified as nonsymbiotic hemoglobins 3 (spot numbers 994 and
1281) was upregulated in infested and wounded samples that are induced in plants during hypoxic
stress. Nonsymbiotic hemoglobin AHb1 plays an important role in NO detoxification in Arabidopsis
by scavenging NO and reducing its emission under hypoxic stress. These proteins were reported to
protect plants during hypoxia or other similar stresses [67,68] and scavenge NO produced in stress
conditions [69]. Nonsymbiotic hemoglobin AHb1 plays an important role in NO detoxification in
Arabidopsis thaliana by scavenging NO and reduces NO emission under hypoxic stress [70].
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A significant increase (2.98-fold) of actin depolymerizing factors (ADFs) (spot number 300) was
found in infested samples compared to control. ADF is a small actin-binding protein and involved
in plant growth, development stress response, and pathogen defense [71–73]. The role of actin had
also been reported in response to plant hormones and biotic or abiotic stresses [71,74]. The ADFs
have been found related to plant resistance to various pathogens in Arabidopsis and barley [75,76].
The energy produced by the depolymerization and polymerization of actin is used for the directional
movement of cells, which is necessary for wound healing, immune response, embryonic development
and development of tissues [77–79]. In this process a number of actin binding proteins, such as profillin,
actin depolymerizing factor (ADF)/cofilin, myosin, fibrin and villin, are also involved.

Spot number 447 corresponding to NAD(P)H-quinone oxidoreductase subunit 4L, chloroplastic
showed a significant increase (2.34-fold) in infested date palm samples as compared to control.
NAD(P)H-quinone oxidoreductase is an important enzyme that is involved in the detoxification
of quinones and their derivatives [80,81]. Taken together, this enzyme increased to reduce oxidative
stress and to detoxify toxic molecules produced by the stress.

The spot no. 1020 corresponding to peptidyl-prolyl cis-trans isomerase (PPIase) CYP19-2 was
downregulated (2.8-fold) in the infested samples. This enzyme catalyses the cis-trans isomerisation
process of proline residues during protein folding [82]. Important groups of proteins, such as
cyclophilin proteins, have this PPIase domain. Cyclophilins have been shown to be involved in a wide
range of cellular processes like stress tolerance [83], cell division [84], transcriptional regulation [85],
protein trafficking, [86] cell signaling [87], pre-mRNA splicing [88], and molecular chaperoning [89].
Taken together, a majority of identified proteins were directly or indirectly related to defense of date
palm and could be exploited for the early diagnosis of RPW infestation. The information obtained here
must contribute to clarification of plant defensive mechanism and RPW management.

Our current study also reveals that 21 differentially expressed peptides identified through our
proteomic analyses have a major group of ion transport proteins. Furthermore, proteins belonging to
various groups like lipid biosynthesis, protein folding, plant defense, carbohydrate metabolism, lignin
biosynthesis, cytoskeletal proteins and a few others in plant stem, manifest integrated signaling
mechanisms involved in injury/infestation processes. Once the date palm genome is revealed
completely, study of proteomics networks involved upon infestation or injury will be of great interest.
If we compare our current findings with the previous proteomic optimization from plant leaves [29]),
it is clear that stem and leaves have different metabolic activities. Particularly, the stem part of the date
palm plant serves several purposes such as storage, transport to aerial parts and maintaining overall
plant integrity. Our report on differential proteomics of leaves showed 11 modulated peptides falling
into only three categories, i.e. stress/defense, photosynthetic and ion transport. These findings make
more sense as the aerial part of this plant is involved with photosynthetic processes whereas stem
mainly contributes to plant overall structure and defense. The 11 peptides having no homologous
counterparts in the plant proteome will be part of our future research interests. Diversity of modulated
proteins either upon artificial injury or red palm weevil infestation shows integrated signaling in
various metabolic aspects once the plant is exposed to unnatural circumstances either through injury
or infestations.

3. Experimental Section

3.1. Date Palm Material and Infestation with RPW Larvae

Six-year old tissue cultured date palm plants of Khudry cultivar were obtained from Al Rajhi
Tissue Culture Laboratory, Riyadh, Saudi Arabia. These plants were divided into 3 groups, with three
replicates each, and were then used for mechanical wounding and infestation with RPW as described
previously [90]. Group one was artificially infested (I) with RPW larvae, group two artificially wounded
(W), and the third group was kept without any treatment as control (C). For artificial infestation each
plant was introduced with 5 second instar RPW larvae by making tiny holes in the stem using drill
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machine with 6-mm size bit to accommodate larva. After treatment the stem part of the plants were
wrapped up with fine steel mesh. The stem samples were taken after 3-days of infestation and stored
at −80◦C until use.

3.2. Protein Extraction and SDS-PAGE

Total proteins from control, infested, and wounded date palm stem samples (three replicates
from each sample) were extracted using phenol/SDS extraction method as described by
Gomez-Vidal et al, [33] with minor modifications [29]. Briefly, stem tissues (one gram) were ground
into fine powder in liquid nitrogen in pestle/mortar and suspended in 5 mL phenol and 5 mL dense
SDS buffer (30% w/v sucrose, 2% w/v SDS, 0.1 M Tris-HCl, pH 8.0, 5% v/v 2-mercaptoethanol).
After mixing and vortexing, mixture was centrifuged for 5 min at 10,000 rpm at 4 ◦C. The upper
phenolic phase was collected and precipitated with five volumes of cold 0.1 M methanolic ammonium
acetate. After incubating at −20 ◦C for 30 min, precipitated proteins were recovered by centrifugation
at 1000 rpm for 5 min at 4 ◦C and then washed two times with cold methanol solution containing
0.1 M ammonium acetate and then two times with cold 80% v/v acetone. The protein pellet was
recovered each time by centrifugation at 8000 rpm for 5 min. The final protein pellet was air-dried
at room temperature and suspended in 100 mM Tris buffer pH 8.0 and the then added equal volume
of 2X SDS-reducing buffer (100 mM Tris–Cl (pH 6.8), 4% SDS, 0.2% bromophenol blue, 20% glycerol)
containing 200 mM mercaptoethanol. SDS-PAGE analysis was carried out as described by Laemmli [91].
The gel was stained with Coomassie brilliant blue G-250 with constant and gentle agitation overnight.
After staining the gel was placed in destining solution until the background becomes clear.

3.3. Two-Dimensional Difference Gel Electrophoresis (2D-DIGE)

The dried protein sample for 2D-DIGE was solubilized in rehydration buffer containing
the chaotropic agent urea, alongside surfactants 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS) and thiourea (7 M urea, 2 M thiourea, 2% CHAPS w/v, 2% Dithiothreitol
(DTT), 0.5% Immobilized pH Gradient (IPG) buffer pH 3–11, 0.002% bromophenol blue) by shaking
at 150 rpm for 1 h at 25 ◦C. The insoluble residue was removed by centrifugation at 12,000 rpm for
10 min. Protein concentration was measured using 2-D Quant kit (GE Healthcare, Buckinghamshire,
United Kingdom) in accordance with to the manufacturer’s protocol and using bovine serum albumin
(BSA) as a reference standard. The samples were further cleaned for 2D using the 2D Clean-Up Kit
(GE Healthcare, Buckinghamshire, United Kingdom) and solubilized in buffer (7 M urea, 2 M thiourea,
2% CHAPS, 30 mM Tris-Cl, pH 8.5) without DTT and IPG buffer, and then they were quantified again
using 2-D Quant kit (GE healthcare, Buckinghamshire, United Kingdom). Protein was aliquoted to
required amount (300 μg) and frozen.

After adjusting the pH to 8.5, each protein sample was labeled with CyDye Fluor minimal dyes
(GE healthcare, Buckinghamshire, United Kingdom) according to manufacturer’s recommendation.
Briefly, 50 μg each protein sample was incubated with 400 pmol CyDye Fluor minimal dyes on ice for
30 min in the dark. The control, wounded, and infested samples were labeled alternatively with Cy3
or Cy5 (Table 1). Internal standard containing equal amount of proteins from each sample was labeled
with Cy2. The reaction was stopped by adding 1 μL of 10mM lysine solution and incubated 10 min on
ice and proteins samples were combined according to experimental design as shown in Table 1.

For 2D-DIGE, five IPG Immobiline DryStrips 24 cm pH 3-11 (GE Healthcare, Buckinghamshire,
United Kingdom) were rehydrated for 16 h with rehydration buffer (7 M urea, 2 M thiourea, 2%
CHAPS w/v, 0.2% DTT, 0.5% IPG buffer pH 3–11, 0.002% bromophenol blue) containing the protein
samples for each gel. Isoelectric focusing was performed with Ettan IPGphor3 IEF unit (GE Healthcare,
Buckinghamshire, United Kingdom) at 50 μA per strip at 20 ◦C according to following programme:
(1) 500V for 1 h, (2) 1000V for 1 h, (3) 8000V for 3 h, (4) 8000 V for 45,000Vh. Strips were immediately
equilibrated after Isoelectric focusing for 15 min in equilibration buffer 1 (50 mM Tris-HCl, pH 8.8;
6 M urea; 20% (v/v) glycerol and 2% (w/v) SDS) containing 2% DTT at room temperature under
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gentle agitation, and then by equilibration buffer 2 (50 mM TrisHCl, pH 8.8; 6 M urea; 20% (v/v)
glycerol and 2% (w/v) SDS) containing 2.5% iodoacetamide. Second-dimension sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed on 5%–20% polyacrylamide gradient
gels using the Ettan DALT six vertical unit (GE Healthcare, Little Chalfont, UK) at 15 ◦C for 1W per gel
for 1 h and then 2W per gel until the bromophenol blue dye reached the end of gel. Polyacrylamide
gradient gels were prepared on low fluorescence glass using 2D Optimizer (Nextgen Sciences).

3.4. Image Acquisition and Analysis

The 2D gels were scanned using fluorescence gel scanner, Typhoon imager (Trio) (GE Healthcare,
Uppsala, Sweden), using appropriate wavelengths and filters for Cy2, Cy3 and Cy5 dyes according to
manufacturer’s recommended protocol. The 2D gels images were analyzed using Progenesis Same
Spot software version 3.3 (Nonlinear Dynamics Ltd, Newcastle upon Tyne, UK). The differential
expression was ascertained using normalized protein spots in the Cy5 and Cy3 channels compared to
the internal standard (Cy2). The spots of infested and wounded date palm samples were compared
to control samples. One-way ANOVA was used to calculate the fold difference values and p-values.
A threshold level was set at 1.5-fold up or downregulation, at p ≤ 0.05 level.

3.5. Protein Identification by Mass Spectrometry

Preparative 2D gels were run using 700 μg total protein sample obtained by pooling all the
samples present in the experimental design. The gels were fixed in ethanol (35% v/v), with phosphoric
acid (2% v/v) overnight and then washed three times with water for 30 min each time. Then the gels
were incubated for 1 h in methanol (34% v/v) containing ammonium sulfate (17% w/v) and phosphoric
acid (3% v/v) for I h and after that 0.5% g/L Coomassie G-250 were added. The gels were stained for
5 days followed by rinsing in Milli Q water and stored until spots were picked and identified by Mass
spectrometry (UltraFlexTrem, Bruker Daltonics, Bremen, Germany). Corresponding differential spots
were matched to a colloidal Coomassie-stained image of the preparative gel, which was first mapped
to the reference image.

The differential protein spots were manually excised form Coomassie-stained preparative gels
and washed with solution containing 50 mM Ammonium bicarbonate. Then, the gel pieces were
destained with 50 mM ammonium bicarbonate and 50% acetonitrile followed by 100% acetonitrile.
Once destained, gel pieces were dried using vacuum centrifugation at 40 ◦C for 5 min. Dried gel
pieces were rehydrated and digested with 10 μL trypsin at a concentration of 2ng/μL (Promega,
Madison, WI, USA) in 25 mM NH4HCO3 pH 8.0 at 4 ◦C for 60 min, and digestion was continued for an
additional 16–24 h at 37 ◦C. The digestion was stopped and digest mixtures were transferred to 0.5 mL
tube, and the peptides were extracted by adding 50% acetonitrile having 0.1% Trifluoroacetic acid
followed by drying to 10 μL using vacuum centrifugation. The 0.5 μL peptides was mixed with the
matrix (10 mg α-Cyano-4-hydroxycinnamic acid in 1 mL of 30% acetonitrile containing 0.1% TFA) and
applied on MALDI-target and dried before MS analysis, and then it was subjected to MALDI-TOF-MS
(UltraFlexTrem, Bruker Daltonics, Bremen, Germany) in a positive mode. Peptide mass fingerprints
were processed using flex analysis software (version 2.4, Bruker Daltonics, Bremen, Germany). MS data
were interpreted by BioTools 3.2 (Bruker Daltonics, Bremen, Germany) in combination with the Mascot
search algorithm (version 2.0. 04) against Swiss-Prot database for green plants. The validity/accuracy
of identified proteins was only accepted when the mascot score was ≥ 60.

4. Conclusions

Date palm infestation with RPW is a key threat to the survival of date palm trees in the Kingdom
of Saudi Arabia and other Gulf countries. We have utilized proteomic methodologies to identify
molecular changes associated with RPW infestation of this plant. Though our interest is to identify
RPW-specific molecular responses, it was however interesting to note that similar molecular moieties
are upregulated in artificial wounding as well as RPW infestation. Nevertheless, relative modulation

12



Int. J. Mol. Sci. 2015, 16, 19326–19346

(downregulation/upregulation) remained quite differential. As both mechanical injury and RPW
infestation impinges upon the same molecular moieties of date palm stem, we would have to establish
certain baselines of proteomic changes for characterizing RPW-specific molecular changes. This study
mainly provides a proof of concept that the stem, the hard part of the date palm tree, is amenable
to molecular analytical procedures for understanding infestation with RPW. Furthermore, this work
opens new avenues for understanding the proteome of this important tree. Techniques established and
data generated will be crucial for date palm scientists in understanding diseases/infestation associated
with the physiological process in this plant, in addition to developing new cultivars.
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Abstract: Tea (Camellia sinensis L.) is a perennial woody plant that is widely cultivated to produce
a popular non-alcoholic beverage; this beverage has received much attention due to its pleasant
flavor and bioactive ingredients, particularly several important secondary metabolites. Due to the
significant changes in the metabolite contents of the buds and the young expanding leaves of tea
plants, high-performance liquid chromatography (HPLC) analysis and isobaric tags for relative and
absolute quantitation (iTRAQ) analysis were performed. A total of 233 differentially expressed
proteins were identified. Among these, 116 proteins were up-regulated and 117 proteins were
down-regulated in the young expanding leaves compared with the buds. A large array of diverse
functions was revealed, including roles in energy and carbohydrate metabolism, secondary metabolite
metabolism, nucleic acid and protein metabolism, and photosynthesis- and defense-related processes.
These results suggest that polyphenol biosynthesis- and photosynthesis-related proteins regulate
the secondary metabolite content of tea plants. The energy and antioxidant metabolism-related
proteins may promote tea leaf development. However, reverse transcription quantitative real-time
PCR (RT-qPCR) showed that the protein expression levels were not well correlated with the gene
expression levels. These findings improve our understanding of the molecular mechanism of the
changes in the metabolite content of the buds and the young expanding leaves of tea plants.

Keywords: Camellia sinensis L.; proteome; iTRAQ

1. Introduction

Tea (Camellia sinensis L.) is a perennial woody plant that is widely cultivated to produce a popular
non-alcoholic beverage; this beverage has received much attention due to its pleasant flavor and
bioactive ingredients, particularly several key secondary metabolites [1]. Tea leaves contain important
secondary metabolites, including polyphenols (catechins, flavones, anthocyanidin and phenolic acid),
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alkaloids (theobromine, theophylline and caffeine), and theanine, which not only contribute to tea
quality but also have important human health benefits [2].

The changes in the chemical composition of the buds and the young expanding leaves of tea have
been extensively studied. A previous study showed that during seeding development, total catechins,
epigallocatechin gallate (EGCG) and epicatechin gallate (ECG) decreased, whereas the epigallocatechin
(EGC) content increased [3]. As the shoots matured, the total flavonol glycoside and myricetin contents
increased, but the kaempferol content decreased [4]. Purine alkaloid metabolism also appears to be
closely associated with leaf development and aging in tea seedlings. In addition, the expression levels
of several genes related to metabolite synthesis in tea leaves were analyzed. A positive correlation
was found between the catechin concentration and the expression of flavanone 3-hydroxylase (F3H) in
tea leaves at different developmental stages [5]. A study has shown that most catechins accumulate
to higher levels in the shoots than in the mature leaves; similarly, the genes involved in catechin
synthesis, including phenylalanine ammonia-lyase 1 (PAL1), chalcone synthase (CHS), dihydroflavonol
4-reductase (DFR), leucoanthocyanidin reductase (LCR), and F3H are more highly expressed in the
shoots than in the mature leaves [6]. Zhang et al. also found that the content of non-galloylated
catechins—except gallocatechin (GC)—as well as the activity of DFR and anthocyanidin reductase
(ANR), gradually increased from the buds to the mature leaves [7]. An analysis of purine alkaloids
in different parts of the seedlings showed that the caffeine and theobromine content was greater in
young leaves and decreased with increasing leaf maturity, and the levels of tea caffeine synthase (TCS)
transcripts were also highest in young leaves and declined markedly during leaf development [8,9].
Different levels of metabolites in tea leaves are likely characterized by diverse gene and protein
expression profiles at each developmental stage.

Despite studies on the metabolite synthesis-related genes in tea plants, the molecular mechanisms
underlying the changes in metabolite content have not yet been examined in detail. In this study,
isobaric tags for relative and absolute quantitation (iTRAQ) analysis were first used to separate the
differentially expressed proteins. In addition, the content of a set of important metabolites was studied,
and the expression of the genes associated with the differentially expressed proteins was also measured.
The purpose of this study is to provide an improved understanding of the molecular mechanisms
behind the change in the metabolite content between the apical buds and the young expanding leaves
of tea plants.

2. Results

2.1. Analysis of Metabolite Profiles

To further investigate the important changes in metabolite content, the polyphenol, catechin,
and flavonoid contents of the buds and the young expanding leaves of tea plants were analyzed
(Figure 1). As shown in Figure 1A, the concentration of total catechin in young expanding leaves
(132.507 ± 3.889 mg/g) was 0.839-fold lower (p < 0.05) than that in the buds (150.851 ± 3.640 mg/g).
The total polyphenol content of the young expanding leaves (329.395 ± 6.984 mg/g) was 0.951-fold
lower than that of the buds (346.219 ± 8.609 mg/g), but this difference was not significant (p > 0.05).
However, the total flavonoid content of the young expanding leaves (44.754 ± 3.731 mg/g) was
1.734-fold higher than that of the buds (25.803 ± 2.619 mg/g) (p < 0.01).

The levels of non-galloylated catechins, including EGC, epicatechin (EC) and DL-catechin (DL-C),
were significantly greater in the young expanding leaves (13.280 ± 0.338 mg/g) than in the buds
(7.574 ± 0.053 mg/g) (p < 0.01). However, the contents of galloylated catechins, including EGCG, GCG
and ECG, were significantly lower in the young expanding leaves (119.226 ± 0.997 mg/g) than in the
buds (143.277 ± 0.823 mg/g) (p < 0.05) (Figure 1A). In both the buds and the young expanding leaves
the most abundant individual catechin was EGCG, and the least abundant individual catechin was
GCG (gallocatechin gallate). The relative concentrations of each individual catechins in both the buds
and the young expanding leaves were EGCG > ECG > EGC > EC > DL-C > GCG. The concentrations
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of EGC and EC in the young expanding leaves (EGC: 7.626 ± 0.859 mg/g, EC: 4.244 ± 0.060 mg/g)
were greater than those in the buds (EGC: 3.167 ± 0.034 mg/g, EC: 3.127 ± 0.044 mg/g) (p < 0.01 for
EGC and p < 0.05 for EC), and the level of DL-C was slightly higher (p > 0.05) in the young expanding
leaves (1.410 ± 0.095 mg/g) than in the buds (1.280 ± 0.081 mg/g). However, the concentrations
of EGCG and ECG were lower in the young expanding leaves (EGCG: 80.292 ± 2.216 mg/g, ECG:
38.646 ± 0.769 mg/g) than in the buds (EGCG: 101.169 ± 2.343 mg/g, ECG: 41.705 ± 1.204 mg/g)
(p < 0.05), and the GCG level was also slightly lower (p > 0.05) in the young expanding leaves
(0.288 ± 0.008 mg/g) than in the buds (0.403 ± 0.051 mg/g) (Figure 1B). In the young expanding leaves,
the levels of individual flavonols, including myricetin, quercetin and kaempferol, were all greater than
those in the buds (1.181 ± 0.026 mg/g myricetin, 3.627 ± 0.051 mg/g quercetin, and 4.441 ± 0.063 mg/g
kaempferol in the leaves compared with 0.635 ± 0.017 mg/g myricetin, 1.767 ± 0.021 mg/g quercetin,
and 3.193 ± 0.038 mg/g kaempferol in the buds, p < 0.01 for myricetin and quercetin, and p < 0.05
for kaempferol) (Figure 1C). Three types of alkaloids, including theobromine, theophylline and
caffeine, were also detected via HPLC analysis. The theobromine and caffeine levels were lower
in the young expanding leaves than in the buds (theobromine: 23.165 ± 0.213 mg/g in leaves and
29.418 ± 0.299 mg/g in buds, p < 0.01; caffeine: 38.167 ± 0.704 mg/g in leaves and 40.484 ± 0.396 mg/g
in buds, p < 0.05), and the theophylline levels were slightly higher in the young expanding leaves
(0.247 ± 0.017 mg/g) compared with the buds (0.235 ± 0.013 mg/g) (p > 0.05) (Figure 1D). Due to
the significant changes in the metabolite contents of the buds and the young expanding leaves of tea
plants, iTRAQ analysis was performed to determine the molecular mechanisms behind this change.

Figure 1. Changes in the levels of secondary metabolites in the buds and the young expanding
leaves of tea. (A) Total polyphenols (TP), total flavonoids (TF), total catechins (TC), non-galloylated
catechins (NG-C) and galloylated catechins (G-C); (B) Individual catechins; (C) Myicetin, quercetin
and kaempferol; and (D) Individual alkaloids. Statistical significance: * p < 0.05 and ** p < 0.01.
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2.2. Protein Identification

To explore the correlation between the proteomic and metabolite profiles of buds and young
expanding leaves, samples were analyzed by iTRAQ proteomics coupled with LC-MS/MS. A total of
60,820 spectra were generated from the iTRAQ experiment and the data were analyzed using Mascot
software. A total of 8015 spectra were matched to known spectra, 6974 spectra were matched to unique
spectra, 4746 were matched to peptides, 4260 were matched to unique peptides and 2507 were matched
to proteins (Figure 2A). The distribution of the number of peptides defining each protein is shown in
Figure 2B; over 55% of the proteins were represented by at least two peptides.

Figure 2. The spectra, peptides, and proteins, as well as the number of peptides in the iTRAQ proteomic
analysis identified as matching proteins. The spectra, peptides and proteins were identified by searching
against a database (A); and The number of peptides matched to proteins using MASCOT (B).

2.3. Functional Classification of the Differentially Expressed Proteins

The proteins whose levels changed more than 1.5-fold and had a p-values of less than 0.05 were
considered differentially expressed. Based on these two criteria, 233 proteins were differentially
expressed between the buds and the young expanding leaves, and these proteins were isolated and
quantified using comparative proteomics via iTRAQ. Of the 233 differentially expressed proteins, 116
were more abundant and 117 were less abundant in the young expanding leaves compared with the
buds. GO analysis revealed that the differentially expressed proteins participated in several biological
processes (p < 0.05), as shown in Table S1. KEGG enrichment analysis suggested that the differentially
expressed proteins are involved in several pathways (p < 0.05), including phenylalanine metabolism
(Table S2).

The proteins were classified into seven functional categories based on their functional
biological properties and pathways: metabolism (58, 25.11%), nucleic acid metabolism (33, 14.04%),
protein metabolism (59, 25.11%), biological regulation and signal transduction (24, 10.21%),
stress/defense/detoxification (19, 8.09%), transport (7, 2.55%), and unknown function (35, 14.89%)
(Figure 3A). Of the up-regulated proteins, 25.00% (29 proteins) function in metabolism, 16.38%
(19 proteins) function in nucleic acid metabolism, 16.38% (19 proteins) are involved in protein
metabolism, 7.76% (nine proteins) have biological regulation and signal transduction function,
9.58% (11 proteins) function in stress/defense/detoxification, 4.31% (5 proteins) are involved in
transport and 20.69% of them (24 proteins) were of unknown function (Figure 3B). Among the
down-regulated proteins, 24.37% (29 proteins) function in metabolism, 11.76% (14 proteins) function in
nucleic acid metabolism, 33.61% (40 proteins) have a role in protein metabolism, 12.61% (15 proteins)
are involved in biological regulation and signal transduction, 6.72% (8 proteins) are involved in
stress/defense/detoxification, 1.68% (two proteins) function in transport and 9.24% (11 proteins) were
of unknown function (Figure 3C). More detailed information can be found in Table 1.
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Figure 3. Functional classification of the differentially expressed proteins. Functional groups and
the numbers of proteins of all 233 differentially expressed proteins that fall into each group (A);
categorization of the 116 up-regulated proteins (B); and categorization of the 117 down-regulated
proteins (C). The number in each functional category represents the number of proteins in that category.
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2.4. RT-qPCR Analysis and Enzyme Activity Assay

To evaluate the iTRAQ results, RT-qPCR analysis and enzyme activity assays were performed.
Five proteins were selected for RT-qPCR analysis; three were up-regulated (flavonol synthase, FLS;
dehydrin, DHN; and 60S acidic ribosomal protein p2, RPLP2), and two were down-regulated
(phenylalanine ammonia-lyase, PAL; photosystem I reaction center subunit XI, PRC subunit XI)
in the young expanding leaves compared with the buds. As shown in Figure 4, the expression levels
of FLS and DHN were significantly up-regulated in the young leaves compared with the buds (FLS:
2.01 ± 0.06-fold, p < 0.01. DHN: 3.33 ± 0.34-fold, p < 0.01). However, the expression levels of PAL
and PRC subunit XI were significantly down-regulated in the young leaves compared with the buds
(PAL: 0.51 ± 0.04-fold, p < 0.05. PRC subunit XI: 0.41 ± 0.02-fold, p < 0.05). The expression of RPLP2
was also down-regulated in the young expanding leaves compared with the buds (0.64 ± 0.05-fold),
but no significant difference was observed (p > 0.05). The transcription levels of FLS, DHN, PAL and
PRC subunit XI were closely correlated with the levels of their translation products in the buds and
the young expanding leaves, whereas the RPLP2 transcript levels did not correspond with those of its
translation products. As shown in Figure 5, PAL activity was significantly lower in young expanding
leaves than in buds, which is consistent with its gene and protein expression levels in the buds and the
young expanding leaves of tea plants.

Figure 4. RT-qPCR analysis of the transcript levels of the differentially expressed proteins. FLS: flavonol
synthase; PAL: phenylalanine ammonia-lyase; PRC subunit XI: photosystem I reaction center subunit
XI; DHN: dehydrin; RPLP2: 60S acidic ribosomal protein p2. Statistical significance: * p < 0.05 and
** p < 0.01.
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Figure 5. PAL activity in the buds and in young expanding leaves. Statistical significance: * p < 0.05.

3. Discussion

A previous study used subtractive cDNA library analysis to reveal the genes involved in the
production of polyphenols and other secondary metabolites that are relatively abundant in young
leaves [2]. However, because of post-transcriptional regulation, protein expression levels cannot
always be predicted from quantitative mRNA data; the mRNA level does not always correlate with the
protein level [10]. Therefore, proteomic analysis could improve our understanding of the molecular
mechanisms underlying the change in the metabolite contents of the apical buds and the young
expanding leaves of tea plants.

3.1. Changes in Secondary Metabolites

Tea leaves contain large amounts of flavonoids, including flavanones, flavones, flavonols,
flavan-3-ols, and anthocyanidins. The predominant flavonoid in tea is catechin, which distinguishes
tea from other plants and is an important determinant of tea quality and taste. A previous study
showed that the concentrations of total catechins and polyphenols in tea leaves declined with leaf age,
but changes in individual catechins varied [11]. Our HPLC analysis showed that EGCG and ECG were
the most abundant catechins in both the buds and the young expanding leaves. These compounds exist
in the green parts of tea seedlings but were not detected in the roots or cotyledons [12]. The catechins
index [(EGCG + ECG)/EGC] was positively correlated with the sensory evaluation of brewed green
tea [13]. Based on HPLC results, the green tea quality indexes of the buds and the young leaves were
45.11 and 15.59, respectively. These results were consistent with previous research [7,11]. Historically,
tea has been valued for its purine alkaloids, including theobromine, theophylline and caffeine [14].
Theobromine is formed as part of the caffeine biosynthetic pathway and is produced in abundance
if the methylation pathway of caffeine biosynthesis is absent [14]. An analysis of purine alkaloids in
different tea seedling organs showed that more than 99% of the caffeine was in the leaves, with older
leaves containing more per gram of fresh weight. Theobromine was found only in the younger leaves,
and theophylline was either not present or present only in trace amounts [8]. Our study showed
that the concentrations of theobromine and caffeine were lower in young expanding leaves, but no
significant difference in theophylline levels was observed. Purine alkaloid metabolism also appears to
be closely associated with leaf development and aging in tea seedlings [9,15]. The major biosynthetic
route for caffeine is thought to be xanthosine→7-methyxanthosine→7-methylxanthine→theobromine
→caffeine, and previous studies have indicated that caffeine biosynthesis was primarily controlled by
the first N-methyl-transfer reaction, which is catalyzed by 7-methylxanthosine synthase [16,17]. Hence,
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the relatively lower caffeine and theobromine contents of young expanding leaves found in this study
may be attributable either to a smaller supply of xanthosine for caffeine biosynthesis or to the lower
activity of 7-methylxanthosine synthase in young expanding tea leaves.

3.2. Proteins Involved in Carbohydrate and Energy Metabolism

In plants, glycolysis and the tricarboxylic acid (TCA) cycle provide not only energy and
cofactors but also important substrates for the synthesis of metabolites, as well as feedback
signals [18]. Dynamic proteomic analysis revealed that the levels of glycolysis- and TCA cycle-related
proteins increased during early-stage seed development in rice [19]. Our present results show
that a subset of the differentially expressed proteins were involved in glycolysis and TCA, such
as NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (NADP-dependent GAPDH),
dihydrolipoyl dehydrogenase (DLD), pyruvate dehydrogenase E3 subunit (PDE3), dihydrolipoamide
succinyltransferase component of 2-oxoglutarate dehydrogenase (DLST) and phosphoenolpyruvate
carboxylase (PEPC); these proteins were present at higher levels in the young, expanding leaves than in
the buds. These results indicated that glycolysis and the TCA cycle increased in the young, expanding
leaves and that more energy and substrates were required during the developmental stage at which
young, expanding leaves are present.

3.3. Proteins Related to Secondary Metabolism

Polyphenols are the most important chemical compounds in tea plants, and have received
increasing attention in recent years because of their benefits to human health [20–23]. The polyphenols
in tea are predominantly members of three subclasses: flavanols, flavones and flavonols [24]. Four
major catechins (flavanols), (−)-epicatechin (EC), (−)-epicatechin gallate (ECG), (−)-epigallocatechin
(EGC), and (−)-epigallocatechin gallate (EGCG), constitute approximately one-third of the dry weight
of green tea [25]. Quercetin, kaempferol, myricetin and their glycosides (flavonols), as well as
apigenin glycosides (flavones), are also present, but at much lower concentrations [24]. Several
proteins related to polyphenol biosynthesis were differentially expressed between the buds and the
young, expanding leaves. Flavonol synthase (FLS), a dioxygenase that converts dihydroflavonols into
flavonols, was initially found in parsley and was shown to require 2-oxoglutarare and Fe/ascorbate
for full activity [26]. In FLS-silenced tobacco, there was a 25%–93% reduction in the flavonoid
(quercetin) content and an increase in the catechin and epicatechin content [27,28]. Our previous
study also indicated that FLS expression was a negative regulator of catechin biosynthesis, and
especially of ECG and EGCG [29]. In our proteomic analysis, the expression of FLS was increased
at the stage of young, expanding leaves, which indicated that at this stage, flavonol biosynthesis
was enhanced and catechin biosynthesis was inhibited. These results also agree with our metabolic
data, which show that compared with the buds, the flavonol content was greater and the total
catechin content was lower in the young, expanding leaves. Isoflavone reductase homolog P3
belongs to the NmrA-type oxidoreductase family and the isoflavone reductase subfamily. Isoflavone
reductase (IFR) specifically recognizes isoflavones and catalyzes a stereospecific, NADPH-dependent
reduction to (3R)-isoflavanone [30]. In tea plants, IFR catalyzes the conversion of leucocyanidin and
leucodelphinidin to (+)-catechin and (+)-gallocatechin, respectively. In our proteomic analysis, the
expression of IFR homolog P3, which is involved in the accumulation of high levels of catechins,
was more highly expressed in the buds compared with the young, expanding leaves. Phenylalanine
ammonia-lyase (PAL) is an enzyme that catalyzes the conversion of L-phenylalanine to ammonia
and trans-cinnamic acid [31]. PAL resides at a metabolically important position, linking secondary
metabolism to primary metabolism. PAL is part of the first committed step in the phenylpropanoid
pathway and is a key enzyme in the allocation of significant amounts of carbon from phenylalanine
into the biosynthesis of several important secondary metabolites, such as lignins, flavonoids, and
coumarins [32,33]. The overall flux into phenylpropanoid metabolism has been suggested to be
regulated by PAL, which acts as a rate-limiting enzyme [34]. Park et al. found that PAL gene expression
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and catechin content were also reduced in mature leaves compared with young leaves [2]. A positive
correlation between catechin content and the gene expression of PAL was observed under drought
stress, after wounding and after abscisic acid treatment [35]. In the present study, the expression
of both the PAL gene and protein were inhibited, and the catechin content was also reduced in
young, expanding leaves. These results indicated that the carbon flux from phenylalanine into
the biosynthesis of secondary metabolites was inhibited in the young, expanding leaves compared
with the buds. Hydroxycinnamoyl-CoA: shikimate/quinate hydroxycinnamoyltransferase (HCT),
which converts p-coumarate from CoA to shikimate/quinate esters, has been described as reversible
enzyme [36]. It is involved in a step in lignin synthesis, and its down-regulation affects lignin content
and composition [37,38]. In our proteomic analysis, the expression level of HCT was lower in the
young, expanding leaves than in the buds. Arabidopsis plants in which HCT is silenced or lignin is
repressed direct the metabolic flux into flavonoids through chalcone synthase [39], which may explain
why the non-galloylated catechin content increased in the young, expanding tea leaves.

3.4. Photosynthetic Proteins

Photosynthesis is a key biological process in plant growth and development. In the present study,
the abundance of several proteins involved in photosynthesis differed between the buds and the young
expanding leaves. These proteins include ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
and its large subunit (RubiscoL), sedoheptulose-1,7-bisphosphatase (SBPase) precursor, photosystem
I reaction center subunit XI (PS I-E), thylakoid lumenal 29 kDa protein (TL29), peroxiredoxin Q
(PRXQ) and chlorophyll A/B binding protein (CitCAB1,2). Several studies have shown that during
leaf development, photosynthetic activity gradually increases, and photosynthetic enzymes slowly
accumulate [40–43]. Correlations between the photosynthetic rate and the catechin content of the
leaves of tea plants showed that there was a positive correlation between the photosynthetic rate and
the EC and GCG contents but a negative correlation between the photosynthetic rate, the total catechin
content and the galloylated catechin content [44]. A study focusing on the relationship between
the synthesis and accumulation of phenolics and flavonoids and the photosynthetic rate in ginger
showed that when photosynthesis decreased, the synthesis of flavonoids such as quercetin, catechin,
epicatechin and naringenin increased, and the soluble carbohydrates and plant biomass decreased [45].
The results of our proteomic analysis also showed that the expression of photosynthetic proteins was
down-regulated in the buds compared with the young, expanding leaves. We infer that in the buds,
the rate of photosynthesis is lower, so the carbon flow shifts from photosynthesis to the shikimic acid
pathway, thereby producing more phenolics and flavonoids.

3.5. Defense-Related Proteins

The cellular antioxidant system consists of different enzymes. In our proteomic analysis,
antioxidant proteins, such as superoxide dismutase (SOD), thioredoxin O2 (TO2), NADPH thioredoxin
reductase (NADPH-TR), and glutaredoxin (GRX), were more abundant in young, expanding leaves
than in buds. The activity of antioxidant enzymes, such as SOD also increased at early stages of leaf
expansion and was sustained throughout leaf expansion [46,47]. Therefore, the proteins involved in
the antioxidant system may be related to leaf expansion. Another study also indicated that a certain
concentration of reactive oxygen species (ROS) is necessary for leaf elongation, but it could not be
determined if H2O2 or other ROS are the active agents [48]. We suggest that the accumulation of
antioxidant proteins could dissipate excess excitation energy and protect leaves against photodamage,
which can be caused by a certain levels of ROS in expanding tea leaves.
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4. Experimental Section

4.1. Plant Materials

Tea plants were grown in the experimental tea garden of Hunan Agricultural University in
Changsha, China. The apical buds and the first unfolding leaves were plucked from the same plants
at different stages of development, briefly washed with sterile water, immediately frozen in liquid
nitrogen and stored at −80 ◦C prior to analysis (Figure 6).

 

Figure 6. The buds and young expanding leaves of tea plants.

4.2. Metabolic Analysis of Tea Samples

Total polyphenols, catechins and alkaloids were extracted from the samples and analyzed as
previously described with a slight modification [29]; a total of 0.20 g of freeze-dried, ground leaves
was accurately weighed and extracted twice with 5 mL of a 75:25 (v/v) ethanol:water solution at
80 ◦C for 15 min. The extract was filtered through filter paper and then diluted to 50 mL. The total
polyphenol and flavonoid content in the sample was determined using the ferrous tartrate method [49]
and the aluminum trichloride method [50]. The catechin and alkaloid contents were determined
with high-performance liquid chromatography (HPLC) according to Wang et al. [51] with slight
modifications. A Shimadzu HPLC system (Shimadzu, Tokyo, Japan) with 10AD dual pumps was
used with a reversed-phase column (Welchorm C18 200 × 4.6, 5 μm), a mobile phase of distilled water
(A) and a mobile phase (B) of 40% N,N-dimethylformamide, 2% methanol and 1.5% acetic acid. The
gradient was as follows: 0.01–13.00 min, linear gradient from 14% to 23% B; 13.00–25.00 min, linear
gradient from 23% to 36% B; 25.00–28.00 min, 36% B; 28.00–30.00 min, linear gradient from 36%–14%
B; 30.00–34.00 min, 14% B. The samples were eluted at 35 ◦C and at a flow rate of 1.00 mL/min. The
chromatograms were recorded at 278 nm. The peaks were identified by comparing the retention times
of the sample to those of authentic standards. The extraction for flavone hydrolysis was carried out
as follows: plant material (0.5 g dry weight) was mixed with 20 mL methanol and 2.0 mL HCl (6 M).
After refluxing at 95 ◦C for 1.5 h, the hydrolyzed solution was filtered through filter paper, then diluted
to 25 mL with methanol. Flavonols were detected with the following HPLC method [52]: the mobile
phase consisted of 30% acetonitrile in 0.025 M KH2PO4 buffer solution (v/v); the pH of the mobile
phase was adjusted to 2.5 using H3PO4. The samples were eluted at 35 ◦C at a flow rate of 1.00 mL/min
and were monitored at 370 nm. The peaks were identified by comparing the retention times of the
sample to those of authentic standards. All experiments included three separate biological replicates.

4.3. Protein Extraction

Leaf samples were weighed and ground in liquid nitrogen, then suspended in lysis buffer [7 M
urea, 2 M thiourea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]propanesulfonate (CHAPS), 40 mM
Tris-HCl, pH 8.5, 1 mM Phenylmethanesulfonyl fluoride (PMSF), 2 mM Ethylene Diamine Tetraacetic
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Acid (EDTA), 10 mM DL-Dithiothreitol (DTT)] and kept in an ice bath for 2 h. After this 2 h lysis, the
samples were sonicated in an ice bath for 15 min and were clarified by centrifugation at 25,000× g.
The supernatant was collected, and the protein concentration was determined with a 2D quantification
kit (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).

4.4. iTRAQ Analysis

iTRAQ analysis was performed at the Beijing Genomics Institute (BGI, Shenzhen, China). Protein
samples were reduced with 10 mM DTT, alkylated with 55 mM iodoacetamide, digested using
sequencing-grade trypsin (Promega, Madison, WI, USA), and labeled using an iTRAQ Reagent
Multiplex Kit (AB SCIEX, Foster City, CA, USA) according to the manufacturer’s protocol. The bud
and leaf samples were labeled with 114 and 117 Da, respectively. After labeling, all samples were
pooled and purified using a strong cation exchange chromatography (SCX) column (Phenomenex,
Torrance, CA, USA) with an LC-20AB HPLC system (Shimadzu, Tokyo, Japan). The labeled peptides
were separated with mobile phase B (2% water, 98% acetonitrile and 0.1% formic acid) at a flow rate of
300 nL/min, 0%–5% over 1 min, 5%–35% over 40 min and 35%–80% over 5 min on a nanoACQuity
system (Waters, Milford, MA, USA). The LC fractions were analyzed using a Triple TOF 5600 mass
spectrometer (AB SCIEX, Foster City, CA, USA) fitted with a Nanospray III source (AB SCIEX, Concord,
MA, USA) and a pulled quartz tip (New Objectives, Woburn, MA, USA). The data were acquired
using an ion spray voltage of 2.5 kV and an interface heater temperature of 150 ◦C. Curtain gas
and nebulizer gas were delivered at 30 pounds per square inch (PSI) and 15 PSI, respectively. For
information-dependent acquisition (IDA), survey scans were acquired in 250 ms, and once the detection
of ions with a 2+ to 5+ charge state crossed a threshold of 150 counts per second, as many as 35 product
ion scans were collected. The total cycle time was fixed at 2.5 s. A rolling collision energy setting was
applied to all precursor ions for collision-induced dissociation (CID). Two independent biological
experiments with three technical replicates each were performed.

4.5. Data Analysis

MS/MS data acquisition was performed with Analyst QS 2.0 software (AB SCIEX, Foster City,
CA, USA). For protein identification, MS/MS data were searched against the “plant” subset of the
National Center for Biotechnology Information Non-redundant protein sequences (NCBInr) database
using Mascot version 2.3.02 (Matrix Science, London, UK). The search parameters were as follows:
a peptide mass tolerance of 10 ppm was allowed for intact peptides and ± 0.05 Da for fragmented ions;
a maximum of one missed cleavage was allowed in the trypsin digests; cysteine carbamidomethylation
was considered a fixed modification; glutamine pyrophosphorylation variable oxidation of methionine
and iTRAQ labeling of tyrosine were set as variable modifications; carbamidomethylation of cysteine
and iTRAQ labeling of lysines and the N-terminal amino group of peptides were set as fixed
modifications. Only peptides with significance scores greater than “identity score” were considered
identified, and a protein was considered identified if at least one such unique peptide match was
apparent for the protein. For protein quantitation, the peptide to be quantified was automatically
selected using the Pro Group algorithm to calculate the reporter peak area, the error factor (EF), and the
p-value. Proteins with a fold change of >1.5 and a two-tailed p-value of less than 0.05 were considered
to have significantly different expression.

4.6. Bioinformatic Analysis of Proteins

Differentially expressed proteins were mapped to Gene Ontology Terms (GO) using a local
Bell Labs Layered Space-Time (BLAST) against a reference database downloaded from the website
(GO-Annotation@EBI). The Clusters of Orthologous Groups of Proteins system (COG) can be used
to functionally annotate genes from new genomes and for research on genome evolution [53].
The Kyoto Encyclopedia of Genes and Genomes (KEGG) is an updated system that computerizes
current knowledge on biochemical pathways and other types of molecular interactions and can
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be used as a reference for the systematic interpretation of sequencing data [54]. To augment
the biological and functional properties of differentially expressed proteins, the proteins were
further analyzed using the COG (http://www.ncbi.nlm.nih.gov/COG/) and KEGG databases
(http://www.genome.jp/kegg/pathway.html).

4.7. Real-time Quantitative PCR Analysis

Total RNA for RT-qPCR analysis was extracted from leaves at the two developmental stages
using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and an RNase-Free DNase Set (Qiagen,
Hilden, Germany). cDNA was synthesized from the total RNA (1 μg) using oligo(dT)18 primers and
Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The primers used for RT-qPCR (Table 2) were designed using Beacon
Designer 7.0 software (Premier Biosoft, Palo Alto, CA, USA) and were based on the cDNA sequences.
The reactions were carried out with a Rotor-Gene Q 6200 real-time PCR system (Qiagen, Hilden,
Germany) using three-step cycling conditions of 95 ◦C for 10 min followed by 45 cycles of 95 ◦C for 10
s, 56 ◦C for 15 s and 72 ◦C for 20 s. The reaction mixture (20 μL) contained 1 μL of cDNA solution, 10
μL of Platinum SYBR® Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA) and primers at
a concentration of 6 μM each. For each RT-qPCR sample, there were three biological replicates with
three technical replicates. The GAPDH gene was used as an internal standard for the normalization
of gene expression, and the tea buds were used as a reference sample whose value was set to 1. The
relative gene expression was evaluated using the comparative cycle threshold method [55].

Table 2. Primers used in RT-qPCR analysis.

Gene Name Accession Number Primer Sequence (5′–3′)

Flavonol synthase DQ198089
Forward: ggagaacagcaaggctatcg

Reverse: tctcctcctgtgggagctta

Phenylalanine ammonia-lyase D26596
Forward: tccgatcatcgacaaaatca

Reverse: agctcagagaattgggcaaa

Photosystem I reaction
center subunit XI

HM003371
Forward: tcaaagaaggagagccatcg

Reverse: gcaagaaataggcccaaatg

Dehydrin FJ436978
Forward: gaggagaggaccaacagcag

Reverse: acgacaccgacacacacatt

60S acidic ribosomal protein p2 HM003314
Forward: gggtgctattgcagtgacct
Reverse: attgggggagaaagaaggaa

4.8. PAL Extraction and Enzyme Assays

Tea samples (1 g) were ground into a fine powder with a mortar and pestle in liquid N2.
The powder was extracted with 5 mL of extraction buffer 50 mM Tris-HCl pH 8.9, 10 μM leupeptin,
5 mM EDTA, 15 mM β-mercaptoethanol, 5 mM Vc, 1 mM PMSF, 0.15% Polyvinylpyrrolidone (PVP)],
and then was stirred on ice for 10 min. Subsequently, the mixture was centrifuged at 30,000× g for
30 min at 20 ◦C. The supernatant was stirred on Dowex (1 × 2) in the chloride (Cl) form for 30 min to
remove residual phenolics. The cleared supernatant was used in a PAL enzyme assay. The protein
concentrations in the enzyme extract were measured with a 2D quantification kit (GE Healthcare,
Chalfont St Giles, Buckinghamshire, UK). PAL activity was assayed using the method of Solecka and
Kacperska [29].

4.9. Statistical Analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences software
(SPSS; Chicago, IL, USA). ANOVA and Student’s t-tests were used to determine significant differences
between different groups. A p-value <0.05 was considered significant.
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5. Conclusions

The quantitative protein expression data presented in this study provide a global overview of a set
of proteins that are expressed in the buds and the young, expanding leaves of tea. A total of 233 proteins
were identified as being differentially expressed between the buds and the young leaves. A large array
of diverse functions, including energy metabolism and the metabolism of carbohydrates, secondary
metabolites, nucleic acids and proteins, as well as photosynthesis and defense-related processes, were
revealed. Based on these results, we infer that the proteins involved in polyphenol biosynthesis and
photosynthesis may also mediate the secondary metabolite content in tea plants. The proteins related
to energy and antioxidant metabolism may promote tea leaf development. However, the RT-qPCR
results showed that the protein expression levels did not closely correlate with their gene expression
levels. Overall, these findings improve our understanding of the molecular mechanisms underlying
the change in the metabolite content from the buds to the young, expanding leaves of tea plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/06/
14007/s1.
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Abstract: Herbaceous peony (Paeonia lactiflora Pall.) is an emerging high-grade cut flower worldwide,
which is usually used in wedding bouquets and known as the “wedding flower”. However, abundant
lateral branches appear frequently in some excellent cultivars, and a lack of a method to remove
Paeonia lactiflora lateral branches other than inefficient artificial methods is an obstacle for improving
the quality of its cut flowers. In this study, paclobutrazol (PBZ) application was found to inhibit the
growth of lateral branches in Paeonia lactiflora for the first time, including 96.82% decreased lateral
bud number per branch, 77.79% and 42.31% decreased length and diameter of lateral branches,
respectively, declined cell wall materials and changed microstructures. Subsequently, isobaric tag for
relative and absolute quantitation (iTRAQ) technology was used for quantitative proteomics analysis
of lateral branches under PBZ application and control. The results indicated that 178 differentially
expressed proteins (DEPs) successfully obtained, 98 DEPs were up-regulated and 80 DEPs were
down-regulated. Thereafter, 34 candidate DEPs associated with the inhibited growth of lateral
branches were screened according to their function and classification. These PBZ-stress responsive
candidate DEPs were involved in eight biological processes, which played a very important role in
the growth and development of lateral branches together with the response to PBZ stress. These
results provide a better understanding of the molecular theoretical basis for removing Paeonia lactiflora
lateral branches using PBZ application.

Keywords: herbaceous peony; paclobutrazol application; proteomics analysis; iTRAQ

1. Introduction

Herbaceous peony (Paeonia lactiflora Pall. (P. lactiflora)) is an emerging high-grade cut flower
worldwide, which is usually used in wedding bouquets and known as the “wedding flower” [1].
As an ideal cut flower, it not only requires excellent flower shape, flower color, flower fragrance,
inflorescence stem, leaf and the performance of vase, but also possesses the property of few or no
lateral branches. However, the more lateral branches have hampered the cutting flower production of
Chinese P. lactiflora cultivars. These lateral branches not only consume plant nutrition but also affect
the growth and development of the terminal buds, thereby further worsening the quality of cut flowers.
Therefore, the lateral branches should be removed as soon as possible in the process of P. lactiflora cut
flower production, which plays an important role in enhancing the cut flower quality of P. lactiflora,
such as prolonging the full opening stage of flowers as well as increasing the flower diameters, the
thickening rate, and elongation rate of inflorescence stems [2]. However, only artificial methods have
been used to remove P. lactiflora lateral branches until now, which are inefficient, require a lot of labor
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and time, and have a negative impact on the large-scale production. Therefore, exploring a method to
inhibit the growth of P. lactiflora lateral branches is of considerable significance.

Paclobutrazol (PBZ), a triazole compound, is widely used as a growth retardant for controlling
vegetative growth in a wide range of horticultural plants [3–6]. In P. lactiflora, Wang et al. [7] has
also studied the effect of PBZ on the growth of five cultivars, their plant heights and crown breadths
were reduced, the plant stem diameters were increased, and 100 mg/L concentration PBZ had the
best integrated effect. In addition to the above-mentioned effects, we also found that PBZ could
significantly inhibit the growth of P. lactiflora lateral branches and reduce lateral buds to blossoming
out, which was rarely seen in the existing literature. This finding would greatly save on the labor
and time needed for removing P. lactiflora lateral branches, and reduce the cost and difficulty of the
production and management.

Until now, it has been generally believed that the formation of plant lateral branches involves
two processes: one is the initiation of the lateral buds, and the other is the growth and development
of the lateral buds. After the formation of lateral bud primordiums, they begin with the elongation
growth to form lateral buds, and then continue to develop into the lateral branches [8]. Meanwhile,
the growth and development of lateral branches is believed to be linked to plant hormones, including
auxin (IAA), cytokinin (CK) and strigolactone (SL), and a large number of molecular biology studies
have been performed around them [8]. For example, in the biosynthetic pathway of strigolactone, a lot
of genes including dwarf27 (D27) [9], D14 [10], teosinte branched1 (TB1) [11], branched1 (BRC1) [12,13]
and fine culm1 (FC1) [14] have been identified as associated with the growth and development of
lateral branches. However, the formation and development of plants’ characters is often controlled by
numerous genes; thus, it is very difficult to fully clarify the inherent mechanism of its development and
regulation only from the perspective of hormones. As a powerful technique to perform quantitative
proteome analysis, isobaric tag for relative and absolute quantitation (iTRAQ) can shed light on
the inherent mechanism of the growth and development of lateral branches [15]. Compared with
the two-dimensional-electrophoresis-based approaches, iTRAQ has many advantages including high
identification rate of proteins, accurate quantification of different proteins, and high reproducibility [16,17].
This technique has been widely applied in a number of studies, such as fiber differentiation and
initiation of cotton [18], and wheat grain development [15]. However, the application of iTRAQ in the
growth and development of lateral branches is little known. In this study, to illustrate the molecular
metabolism of PBZ inhibiting the growth of P. lactiflora lateral branches, proteomics analysis of the
lateral branches (except leaves and buds) under control and PBZ application was performed using
iTRAQ. A greater understanding of this information can provide a theoretical basis to breed ideal
P. lactiflora cut flower varieties without lateral branches.

2. Results

2.1. Morphological Indices

The effect of PBZ on the morphology of P. lactiflora lateral branches was first investigated in this
study (Figure 1). In the full-bloom stage, there were 3.49 lateral buds in a single branch of control, and
after PBZ application, the lateral bud number per branch was significantly decreased by 96.82%, the
length and diameter of lateral branches were also significantly lower than those of the control with
77.79% and 42.31%, respectively.
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(A) 

 Control PBZ 
(B) 

Figure 1. Effect of PBZ application on morphology of P. lactiflora lateral branches: (A) Photographs of
P. lactiflora lateral branches; (B) statistics of morphological indices in P. lactiflora lateral branches. Three
biological replications with each 100 plants were used to perform the statistical analysis. Red circles
indicate P. lactiflora lateral branches under PBZ application. Different letters indicate highly significant
differences (p < 0.01). PBZ: paclobutrazol.

2.2. Microstructures and Cell Wall Materials

The microstructures of lateral branches are intuitively shown in Figure 2A–D. Compared with the
control, the deformation of sclerenchyma cells was observed and its cell walls had not been thickened
under PBZ application. By micrometer measurement, the average cell area and the thickness of
the sclerenchyma cell walls in a cross section of the lateral branches under PBZ application were
significantly decreased by 19.54% and 60.86%, respectively (Figure 2E).
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(A) (B) 

(C) (D) 

(E) 

Figure 2. Effect of PBZ application on microstructure of P. lactiflora lateral branches: (A,C) Photographs
of P. lactiflora lateral branches with a magnification of 200 times (Scale bar = 200 μm); (B,D) Photographs
of partial enlargement in (A,C) marked by the arrow. Scale bar = 50 μm; and (E) Statistics
of microstructure in P. lactiflora lateral branches. Different letters indicate highly significant
differences (p < 0.01).

Cellulose and lignin were the major cell wall components, their contents under PBZ application
were all lower than those of the control with 13.51% and 42.18%, respectively, and their differences
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all reached highly significant levels. In addition, the pectin content under PBZ application was also
decreased by 3.36%, but the difference was not significant (Figure 3).
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Figure 3. Effect of PBZ application on cell wall materials of P. lactiflora lateral branches. Different letters
indicate highly significant differences (p < 0.01).

2.3. Protein Identification

In order to deeply explore the mechanism of PBZ inhibiting the growth of P. lactiflora lateral
branches, proteomics analysis was performed by iTRAQ. Firstly, the total proteins of P. lactiflora
lateral branches under control and PBZ application were extracted. Subsequently, mass spectrometry
(MS) was used to identify these proteins according to a Triple TOF5600, and the error distribution of
the peptide spectra match quality was adopted to assess its identified quality. Errors over 0.05 Da
were defined as false positives. The error distribution of the proteomic identification in P. lactiflora
lateral branches is shown in Figure S1, which was mainly concentrated between −10 and 10 ppm,
indicating that the identified result was relatively good. Furthermore, the basic information of the
protein MS according to iTRAQ was analyzed. Overall, 4547 unique peptides and corresponding to
3733 proteins were identified (Figure 4A, Table S1). The distribution of identified protein sequences
coverage showed that the number of proteins was basically presented a declining trend with increased
coverage (Figure 4B). However, the protein mass distribution was not uniform, and most of the protein
molecular weights were concentrated on 20–70 kDa (Figure 4C). In addition, the protein number
was basically decreased with the increased number of matching peptides, and the peptide number
in most of identified proteins was within 10 (Figure 4D). In addition, the functional annotation and
classification of these identified proteins was showed in Figure S2 and Figure S3, Table S2 and Table S3.
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Figure 4. Cont.
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(D) 

Figure 4. The basic information of protein mass spectrometry in P. lactiflora lateral branches by
iTRAQ: (A) basic information statistics; (B) distribution of protein’s sequences coverage; (C) protein
mass distribution; and (D) peptide number distribution. iTRAQ: isobaric tag for relative and
absolute quantitation.

2.4. Comparative Analysis of DEPs between Control and PBZ Application

To identify candidate differentially expressed proteins (DEPs) controlling the growth of P. lactiflora
lateral branches, the distribution of the protein abundance was analyzed, and a 1.2-fold cut-off was
used to implicate significant changes in the abundance of DEPs (Figure 5, Table S4 and Table S5). Of
the 3733 identified proteins, 178 showed more than 1.2-fold changes with p-value < 0.05 in the protein
expression level. Among these 178 proteins, 98 DEPs were up-regulated (red scatters) and 80 DEPs
were down-regulated (green scatters). Furthermore, the pathway analysis in Kyoto Encyclopedia
of Genes and Genomes database (KEGG) was illustrated to help us understand this result, and
165 DEPs (92.70%) were assigned to 74 KEGG pathways (Table S6). According to the p-value ≤ 0.05
and DEPs ≥ 5, only nine KEGG pathways were obtained involving large amounts of substance
metabolism processes. Among them, metabolic pathways contained the largest number of DEPs (90
DEPs, 54.55%, ko01100), with the biosynthesis of secondary metabolites (55 DEPs, 33.33%, ko01110),
phenylpropanoid biosynthesis (14 DEPs, 8.48%, ko00940), ribosome (14 DEPs, 8.48%, ko03010), carbon
fixation in photosynthetic organisms (13 DEPs, 7.88%, ko00710) and glyoxylate and dicarboxylate
metabolism (12 DEPs, 7.27%, ko00630) following behind, whereas cysteine and methionine metabolism
(7 DEPs, 4.24%, ko00270), alanine, aspartate and glutamate metabolism (7 DEPs, 4.24%, ko00250) as
well as flavonoid biosynthesis (5 DEPs, 3.03%, ko00941) demonstrated the fewest DEPs.
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Figure 5. The distribution of protein abundance quantified in P. lactiflora lateral branches. The protein
would be marked with red or green if protein ratios >1.2; red scatters indicate up-regulated DEPs and
green scatters indicate down-regulated DEPs.

2.5. Screening of Candidate DEPs Associated with the Growth Inhibition of Lateral Branches

According to the function and classification of the 178 identified DEPs, 34 candidate DEPs
associated with the growth inhibition of P. lactiflora lateral branches were obtained, which could
be classified into eight categories (Table S7). Among them, cell wall metabolism belonging to
biosynthesis of secondary metabolites and phenylpropanoid biosynthesis demonstrated the largest
number of DEPs (13 DEPs), followed by cell structure-related proteins (5 DEPs), defense and stress
response (4 DEPs), hormone-related proteins (4 DEPs), energy metabolism (3 DEPs), carbohydrate
transport and metabolism (2 DEPs) together with protein transport and metabolism (2 DEPs), while
lipid transport and metabolism (1 DEPs) contained the fewest DEPs. As expected, the expression
levels of DEPs in cell wall metabolism, cell structure-related proteins and energy metabolism
all presented downtrends under PBZ application, whereas the opposite trends were observed in
defense and stress response, carbohydrate transport and metabolism, lipid transport and metabolism
together with protein transport and metabolism in comparison with the control. Of the 34 candidate
DEPs, 1-aminocyclopropane-1-carboxylate oxidase (ACO), phenylalanine ammonia-lyase (PAL), and
cinnamate 4-hydroxylase (C4H) were blasted to P. lactiflora, which had been submitted to NCBI by us,
and auxin-repressed protein (ARP) was blasted to tree peony, which was the closest living relative of
P. lactiflora. Therefore, the gene sequences corresponding to these 4 DEPs were amplified and their
changes in the P. lactiflora lateral branches under control and PBZ application were verified. Gene
expression patterns displayed that PAL, C4H and ARP were expressed lowly under PBZ application,
whereas ACO presented the opposite trend (Figure 6), which was not consistent with the changes of
the corresponding DEPs expression levels due to translational or post-translational regulation [19].
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Figure 6. mRNA expression patterns of four representative DEPs in P. lactiflora lateral branches.
Different letters indicate highly significant differences (p < 0.01).

3. Discussion

iTRAQ technology is a powerful means of determining relative protein levels with high
repeatability, and it is one of the most sensitive markers in the current studies of proteomics [20,21]. This
technology has been widely used in life science research and made great achievements [15,18,19,22],
but little information is available about the protein study of P. lactiflora using iTRAQ. In the present
study, we found PBZ inhibited the growth of P. lactiflora lateral branches, including their length,
diameter and the number of lateral buds. In order to further clarify the mechanism of PBZ inhibiting
the lateral branch growth, iTRAQ technology was firstly used to compare the protein expression
differences of P. lactiflora lateral branches under control and PBZ application. According to searching
of the eudicotyledons database, 3733 proteins were obtained, and 178 DEPs were identified, including
98 up-regulated DEPs and 80 down-regulated DEPs. Thereafter, 34 candidate DEPs associated with
the growth inhibition of P. lactiflora lateral branches were obtained according to their function and
classification. To better understand the molecular mechanism of PBZ inhibiting the growth of lateral
branches, these 34 candidate DEPs were classified into eight categories, their functions and regulation
in inhibiting the growth of lateral branches were discussed in the below.

3.1. Defense and Stress Response

In this study, four identified DEPs were classified into this category, including lipoxygenase
(LOX), peroxiredoxin-2E (PRX2E), catalase (CAT) and heat-shock protein (HSP). Under adversity
stress, a plant can perceive the stress signal, and reactive oxygen species (ROS) are produced due
to lipid peroxidation catalyzed by LOX, as well as a large amount of H2O2 is accumulated due to
the enhanced ROS metabolism. Moreover, both ROS and H2O2 impair the cells and accelerate cell
aging and disintegration [23]. ROS can be scavenged by PRX2E, and H2O2 can be reduced to H2O by
CAT [24,25]. In P. lactiflora lateral branches, the expression levels of LOX, PRX2E and CAT were all
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increased under PBZ application, suggesting that P. lactiflora suffered from PBZ stress and both PRX2E
and CAT were important protective enzymes in plants.

HSP is a type of stress protein in plants induced by high temperature, heavy metal ions and other
adverse environmental factors. It is believed that HSP plays a key part in reducing the damage caused
by adversity stress [26]. In this study, the expression level of HSP was also enhanced to protect lateral
branches under PBZ application, which was consistent with the reports in Primula [27].

3.2. Hormone-Related Proteins

The growth and development of lateral branches involves a variety of changes in hormone
levels. In this category, ACO, ARP, isopentenyl diphosphate isomerase (IPI) and geranylgeranyl
pyrophosphate synthase (GGPS) were identified. ACO catalyzes the synthesis of ethylene, and ACO is
widely accepted as the rate-limiting gene [28]. When P. lactiflora was treated with PBZ, the expression
level of ACO was up-regulated, which could increase the content of ethylene inducing the senescence
and abscission of lateral branches and finally inhibiting their growth.

The physiological role of PBZ was primarily to accelerate the decomposition of IAA and hinder
the biosynthesis of gibberellin (GA), which slowed and inhibited the vegetative growth of plants [29].
Similar results were found in this study. ARP, an auxin-repressed protein, was up-regulated under PBZ
application, which revealed that the content of IAA in P. lactiflora could be significantly reduced, which
enabled the lateral buds to elongate normally, but stop their growth and maintain a dormant state.
Similar results were reported in shoot elongation of black locus [30]. Moreover, the down-regulated
expression levels of IPI and GGPS involved in the biosynthesis of GA could decrease GA synthesis,
which also could not promote the growth of lateral branches.

3.3. Carbohydrate Transport and Metabolism

Aquaporins (AQPs) are a type of membrane proteins that mediate water transport through the
membrane and play an important role in maintaining cell osmotic balance [31]. In this category, only
two AQPs were identified, one belonged to the plasma membrane intrinsic proteins (PIPs) and the
other could not be identified. Liu et al. [32] found that the AQP1 from wintersweet was expressed most
heavily in the leaves under high temperature stress. The study of Ahamed et al. [33] demonstrated
that PIPs controlled rice root water uptake functions in a cold acclimation process. Similarly, the
expression levels of our identified AQP and PIP1-2 were higher in P. lactiflora lateral branches under
PBZ application than those of control, suggesting that P. lactiflora lateral branches controlled the
expression of AQPs to restore normal growth, which provided water for resuming their growth.

3.4. Lipid Transport and Metabolism

Phospholipase D (PLD), one of the key enzymes of hydrolyzing phospholipids in cell membranes,
plays a key part in maintaining the structure, function and stability of cell membranes [34]. Li et al. [35]
found that UV-B irradiation induced the degradation of membrane lipids, and the degradation of
membrane lipids in PLD δ-knockout plants was more severe than that in wild type plants. Under PBZ
application, P. lactiflora also experienced stress; meantime, the up-regulated PLD in lateral branches
could induce the hydrolysis of numerous phospholipids in cell membranes, which damaged the
structure and function of the cell membrane, resulting in the inhibited growth of the lateral branches.

3.5. Protein Transport and Metabolism

Proteasome is responsible for the degradation of abnormal or damaged proteins [36]. In this
category, two forms, a 20S proteasome subunit α type 7 (PSA7) as well as an ATP-dependent 26S
proteasome regulatory subunit (PRS) were obtained, and they were expressed heavily under PBZ
application, which was consistent with tea leaves under polyethylene glycol stress [37]. This meant
that the increased proteasome activity maintained the growth of the lateral branched by degrading
these proteins.

57



Int. J. Mol. Sci. 2015, 16, 24332–24352

3.6. Energy Metabolism

Embden meyerhof generally existing in the organism can provide energy for the biological activity
of an organism [29]. In this study, pyruvate kinase isozyme A (PKIA), phosphoglycerate kinase (PGK)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the embden meyerhof pathway were
identified, which were the key enzymes in the process of triose oxidation. These proteins were lowly
expressed in P. lactiflora lateral branches under PBZ application, which implied that P. lactiflora rarely
provided energy for the growth of lateral branches.

3.7. Cell Structure-Related Proteins

The cell is the basic unit of organism structure and function. Under PBZ application, lateral
branches were significantly affected including the average cell area and thickness of the sclerenchyma
cell wall. Moreover, five cell structure-related proteins were identified, including xyloglucan
endotransglucosylase (XT), isoflavone reductase (IFR), actin (ACTIN) and actin-3 (ACTIN3). XT
catalyzes the transfer of xyloglucan, which has a key part in cell wall modification and the cell
elongation process [38]. IFR is associated with the secondary cell wall thickening [39]. The expression
levels of XT and IFR in P. lactiflora lateral branches under PBZ application were all decreased, which
might be closely related to secondary cell wall thinning.

ACTIN plays many important roles in cell shape, cell movement, cell junction, cytoplasmic
streaming and cell contraction [40,41]. Two ACTIN were obtained in this study, and they were all
down-regulated under PBZ application. These results revealed that the cell shape and cell division
were affected, which was consistent with cell shrinkage and a smaller average cell area in cross section
(Figure 2).

3.8. Cell Wall Metabolism

Cell wall plays important roles in maintaining cell shape, controlling cell growth, material
transportation and information transfer, defense and resistance. In addition, polysaccharides (cellulose,
hemi-cellulose, pectin, etc.), protein, lignin and other materials are the most important chemical
components in the cell wall [29]. In the present study, 13 proteins related to cell wall metabolism were
identified. Among of them, bifunctional 3-dehydroquinate dehydratase/shikimate dehydrogenase
(DHD/SHD), PAL, C4H, cinnamoyl CoA reductase (CCR), cinnamyl alcohol dehydrogenase
(CAD) and cinnamyl alcohol dehydrogenase 2 (CAD2) controlled the synthesis of lignin [42],
pectinesterase/pectinesterase inhibitor 35-like (PE/PEI35L) inhibited methyl esterification of cell
wall pectin [43], and sucrose synthase 2 (SUS2) was an integral component of the cellulose synthesis
machinery [44]. Moreover, UDP-glucose pyrophosphorylase (UGPase) catalyzed the reversible reaction
of glucose-1-pyrophosphate and UTP to UDP-glucose and pyrophosphate, and UDPG as the glucose
donor was involved in the anabolism of sugar, cellulose, hemi-cellulose and pectin [45]. Under PBZ
application, these proteins were all down-regulated, which was consistent with the results of our
physiological and biochemical measurements (Figure 3), revealing that PBZ application interfered
with the synthesis and accumulation of the main cell wall components and significantly affected the
function of the cell wall, eventually inhibited the growth of P. lactiflora lateral branches.

4. Experimental Section

4.1. Plant Materials

A P. lactiflora cultivar “Zifengyu” with lots of lateral branches was taken as a plant material, which
was cultivated in the germplasm repository of Horticulture and Plant Protection College, Yangzhou
University, Jiangsu Province, China (32◦30′N, 119◦25′E). When their buds were exposed to the ground
in March, foliar-spraying PBZ with 100 mg/mL was performed once a week until the withering stage
of the flowers, whereas the control was treated with deionized water. After counting the number of
lateral buds that grew well and could blossom in the full-bloom stage, the length and diameter of the
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lateral branches under the control and PBZ application were measured. These lateral branches were
partly used for microstructure observation which were fixed in 3% glutaraldehyde, and the others were
used for physiological measurement and quantitative proteomics analysis, which were immediately
frozen in liquid nitrogen and then stored at −80 ◦C until analysis. Three biological replications with
each 100 plants were performed when P. lactiflora was treated with PBZ application and control.
Furthermore, there were three biological replications in morphological indices, microstructures and
cell wall materials. But there were 100 equally mixed samples for the protein identification.

4.2. Microstructures Observation

The fixed top lateral branches of P. lactiflora were firstly washed three times with 0.1 mol/L
phosphate buffer, and then dehydrated using a gradient ethanol solution (30%, 50%, 70%, 85%, 95%
and 100%, 15 min each), treated with the mixture of acetone:anhydrous alcohol (1:1, 2:1, 1:0, v/v) (15
min), the mixture of acetone:isoamyl acetate (1:1, 1:2, v/v) (10 min) and pure isoamyl acetate (30 min).
After the critical point drying and spraying gold using ion sputtering equipment (EIKO IB-3, Ibaraki,
Japan) for 5 min, the environmental scanning electron microscopy (Philips XL-30 ESEM, Amsterdam,
The Netherlands) was used to observe the samples.

4.3. Cell Wall Materials Fractionation and Determination

The cell wall materials were fractioned according to the method of Rose et al. [46] with some
modifications. Anthrone–H2SO4 colorimetry was used to determine the cellulose content [47], the
lignin content was measured according to the report of Müsel et al. [48] and the measurement of pectin
content referred to the reports of Blumenkrantz et al. [49] and Majumder et al. [50].

4.4. Protein Extraction and Quantification

Lateral branches of P. lactiflora were firstly ground into powder, and then their total proteins were
extracted from the freeze-dried powder using 500 μL lysis buffer (40 mM Tris-HCl, 7 M Urea, 4%
CHAPS, 2 M Thiourea, pH 8.5) including 10 mM DTT, 2 mM EDTA and 1 mM PMSF. Subsequently, the
resuspended powder was treated with 200 W ultrasonic for 15 min and 4 ◦C together with 25,000× g
centrifugation for 20 min. Moreover, the mixture of supernatant and 5× volume of chilled acetone
including 10% (v/v) TCA was performed, and then they were treated with −20 ◦C incubation for
2 h. After 4 ◦C and 16,000× g centrifugation for 20 min, the precipitate was transferred to another
1.5 mL centrifuge tube washing with lysis buffer including 10 mM DTT, 2 mM EDTA and 1 mM PMSF.
After treatment with 200 W ultrasonic for 15 min and 4 ◦C together with 25,000 × g centrifugation for
20 min, in order to reduce the disulfide bonds in proteins and block the cysteines, 10 mM DTT and
55 mM IAM were separately added to the supernatant. Subsequently, the solution was treated with
dark incubation for 45 min, and then the mixture of supernatant and 4× volume of chilled acetone
was performed to precipitate proteins at −20 ◦C for 2 h. After 4 ◦C and 25,000× g centrifugation for
20 min as well as 5 min air-drying, 200 μL 0.5 M TEAB was used to dissolve the precipitate which was
treated with 200 W ultrasonic for 15 min. Finally, the supernatant was transferred to a new tube after
4 ◦C and 25,000× g centrifugation for 20 min again. The Bradford method was used to quantify total
protein and its integrity was assessed by 10% SDS-PAGE. The proteins in the supernatant were sent to
the Beijing Genomic Institute (Shenzhen, China) and stored at −80 ◦C.

4.5. iTRAQ Labeling and Strong Cation Exchange (SCX) Fractionation

A sample of 100 μg total protein was treated with 37 ◦C digestion for 4 h via trypsin
(protein/trypsin = 20:1). The digestion using trypsin was repeated at 37 ◦C for 8 h. Subsequently,
vacuum centrifugation was used to dry the peptides which was reconstituted in 0.5 M TEAB and
iTRAQ labeled by the manufacturer’s protocol for 8-plex iTRAQ reagent (Applied Biosystems, Foster,
CA, USA). Finally, vacuum centrifugation was used to dry the labeled peptide mixtures again.
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Next, a LC-20AB high-performance liquid chromatograph (HPLC) system (Shimazu, Kyoto,
Japan) with an Ultremex SCX column (4.6 mm × 250 mm) (Phenomenex Inc., Torrance, CA, USA) was
used to fractionate the samples. Four milliliters of buffer A (10 mM KH2PO4 in 25% ACN, pH 2.6)
were used to reconstitute the iTRAQ-labeled peptide mixtures, subsequently, SCX separation was
performed at a flow rate of 1 mL/min using 5% elution buffer B (25 mM NaH2PO4, 1 M KCl in 25%
ACN, pH 2.7) for 7 min, followed by a linear gradient of 5%–60% buffer B for 20 min, 60%–100% buffer
B in 2 min, maintenance at 100% buffer B for 1 min, and finally backed to 5% buffer B for 10 min
equilibration. The measurement of the absorbance at 214 nm was used to monitor the elution, and 20
fractions were obtained after screening, a Strata X C18 column (Phenomenex Inc.) was used to desalt
them and then vacuum-dried.

4.6. LC-ESI-MS/MS Analysis Based on Triple TOF 5600

Each fraction was resuspended to approximately 0.5 μg/μL using buffer A (5% ACN, 0.1% FA)
and centrifuged at 20,000× g for 10 min to remove the insoluble substances. A 5 μL volume of the
supernatant of each fraction was separated by a LC-20AD nanoHPLC (Shimadzu, Japan), and the
details were as follows: the samples were loaded onto a C18 trap column in 4 min at 8 μL/min,
and then the samples were eluted onto a 10 cm analytical C18 column (inner diameter 75 μm) at
300 nL/min, separated and transferred to an MS system; the eluted system was run starting from 5%
buffer B (95% ACN, 0.1% FA) for 5 min, followed by a 35 min linear gradient of 5%–35% buffer B,
35%–60% buffer B for 5 min, 60%–80% buffer B for 2 min, maintenance at 80% B for 2 min, and finally
returned to 5% for 1 min and equilibration for 10 min.

A TripleTOF 5600 System (AB SCIEX, Concord, ON, Canada) with an ion spray voltage of 2.5 kV,
a curtain gas of 30 psi, a nebulizer gas of 15 psi, and an interface heater temperature of 150 ◦C was
used to acquire data. The MS was operated with an RP of greater than or equal to 30,000 FWHM for
the TOF MS scans. For IDA, 250 ms was used to collect survey scans, and up to 30 product ion scans
were acquired if exceeding a threshold of 120 counts/s and with a 2+ to 5+ charge-state. Total cycle
time was 3.3 s, and Q2 transmission window was 100 Da for 100%. Four time bins with the 40 GHz
multichannel TDC detector with a four-anode channel detection were summed for each scan at a
pulser frequency value of 11 kHz. All precursor ions for collision-induced dissociation were happened
at a sweeping collision energy setting of 35 ± 5 eV with the addition of iTRAQ adjust rolling collision
energy. 1/2 of the peak width (15 s) was used for dynamic exclusion, and the precursor was refreshed
off the exclusion list.

4.7. Database Search and Quantification

Proteome Discoverer 1.2 (PD 1.2, Thermo Fisher Scientific, San Jose, CA, USA) was used to
convert raw data files (sample.wiff) into the mgf format files (sample. mgf), and then Mascot search
engine (Matrix Science, London, UK; version 2.3.02) was used to searched against core eudicotyledons
database (Available online: http://www.ncbi.nlm.nih.gov/protein/?term=txid91827 (Organism:exp))
including 910,008 sequences. A mass tolerance of 0.05 Da was accepted for intact peptide masses and
0.1 Da for fragmented ions to identify protein, allowing one missed cleavages in the trypsin digests.
The considered potential variable modifications contained Gln- > pyro-Glu (N-term Q), Deamidated
(NQ) and Oxidation (M), and the fixed modifications contained Carbamidomethyl (C), iTRAQ8plex
(K) and iTRAQ8plex (N-term). +2 and +3 were set as the charge states of peptides. Specifically, an
automatic decoy database search was conducted in Mascot by choosing the decoy checkbox where a
random sequence of database was generated and tested for raw spectra together with the real database.
In order to decrease the probability of false peptide identification, only the significance scores (≥20)
at the 99% confidence interval peptides were considered as the identified protein. Moreover, each
confident protein contained at least one unique peptide. In order to quantify protein, at least two
independent peptides were included in a protein. The median ratio in Mascot was used to weigh and
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normalize the quantified protein ratios, and differentially expressed proteins were only defined as
those with fold changes >1.2 and p-values < 0.05.

4.8. Bioinformatics and Annotations

Blast2GO program [51] was used to perform the functional annotations of proteins against the
non-redundant protein database (NR; NCBI, Bethesda, MD, USA; Available online: http://www.
ncbi.nlm.nih.gov), and these identified proteins were also classified and grouped by matching the
COG database (NCBI, Bethesda, MD, USA; Available online: http://www.ncbi.nlm.nih.gov/COG/).
Moreover, the GO enrichment and KEGG pathway enrichment analysis were conducted.

4.9. Quantitative RT-PCR (Q-PCR) for Identified Proteins

Gene expression pattern was detected by Q-PCR technology via a BIO-RAD CFX96™ Real-Time
System (Bio-Rad, Hercules, CA, USA). CTAB extraction protocol was modified to extract total
RNA [52], and then 1% agarose gel electrophoresis and a spectrophotometer (Eppendorf, Hamburg,
Germany) were used to confirm the integrity of RNA. Next, 1 μg RNA from each sample was used
as templates to synthesize the cDNA with PrimeScript® RT reagent Kit With gDNA Eraser (TaKaRa,
Kyoto, Japan). In this study, the internal control was P. lactiflora Actin (JN105299) [53], and Table S8
listed all gene-specific primers. SYBR® Premix Ex Taq™ (TaKaRa) was used to conduct the Q-PCR,
and the 2−ΔΔCt comparative threshold cycle (Ct) method was calculated the levels of gene relative
expression [54], meanwhile, the PAL expression level of control was used as the control. A Bio-Rad
CFX Manager V1.6.541.1028 software (Bio-Rad, Hercules, CA, USA) was used to gather the Ct values
of three triplicate reactions.

Figure 7. An overview of P. lactiflora lateral branches response to PBZ application. LOX: lipoxygenase;
PRX2E: peroxiredoxin-2E; CAT: catalase; HSP: heat-shock protein; AQP: Aquaporin; PIP: plasma
membrane intrinsic protein; DHD/SHD: dehydratase/shikimate dehydrogenase; PAL: phenylalanine
ammonia-lyase; C4H: cinnamate 4-hydroxylase; CCR: cinnamoyl CoA reductase; CAD: cinnamyl
alcohol dehydrogenase; PE/PEI35L: pectinesterase/pectinesterase inhibitor 35-like; SUS2: sucrose
synthase 2; UGPase: UDP-glucose; PKIA: pyruvate kinase isozyme A; PGK: phosphoglycerate
kinase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; PLD: Phospholipase D; XT: xyloglucan
endotransglucosylase; ACTIN3: actin-3; IFR: isoflavone reductase; ARP: auxin-repressed protein;
ACO: 1-aminocyclopropane-1-carboxylate oxidase; IPI: isopentenyl diphosphate isomerase; GGPS:
geranylgeranyl pyrophosphate synthase; PSA7: proteasome subunit α type 7; PRS: proteasome
regulatory subunit.
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5. Conclusions

In conclusion, differential proteomic analysis of P. lactiflora lateral branches under PBZ application
and control displayed significant changes in the biological processes. Figure 7 summarizes the
major findings. When PBZ was applied in P. lactiflora, defense and stress response began to reduce
the damage quickly, but the excessive accumulation of abnormal proteins made lateral branches
degrade the damaged proteins by increasing the PSA7 and PRS expression levels in protein transport
and metabolism, and water was transported to lateral branches by enhancing the AQP and PIP1-2
expression levels in carbohydrate transport and metabolism, which made the lateral branches restore
normal growth. However, the increased PLD expression level in the lipid transport and metabolism
and the decreased cell structure-related proteins (XT, ACTIN, ACTIN3 and IFR) expression levels
caused the cell membrane and other cellular structures to be destroyed. Furthermore, a significant
reduction of energy in the embden meyerhof pathway (decreased PKIA PGK and GAPDH expression
levels) was produced, and the synthesis of the cell wall materials was blocked (decreased DHD/SHD,
PAL, C4H, CCR, CAD, CAD2, PE/PEI35L, SUS2 and UGPase expression levels). In addition, the
contents of IAA (increased ARP expression level) and GA (decreased IPI and GGPS expression levels)
promoting the growth of lateral branches were reduced, and ethylene (increased ACO level) causing
the lateral branches to age was produced in abundance, eventually inhibiting the growth of lateral
branches. These results provide a theoretical basis for removing P. lactiflora lateral branches using PBZ.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/10/
24332/s1.
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Abstract: Global warming and climate change intensified the occurrence and severity of abiotic
stresses that seriously affect the growth and development of plants, especially, plant photosynthesis.
The direct impact of abiotic stress on the activity of photosynthesis is disruption of all photosynthesis
components such as photosystem I and II, electron transport, carbon fixation, ATP generating system
and stomatal conductance. The photosynthetic system of plants reacts to the stress differently,
according to the plant type, photosynthetic systems (C3 or C4), type of the stress, time and duration
of the occurrence and several other factors. The plant responds to the stresses by a coordinate
chloroplast and nuclear gene expression. Chloroplast, thylakoid membrane, and nucleus are the
main targets of regulated proteins and metabolites associated with photosynthetic pathways. Rapid
responses of plant cell metabolism and adaptation to photosynthetic machinery are key factors
for survival of plants in a fluctuating environment. This review gives a comprehensive view of
photosynthesis-related alterations at the gene and protein levels for plant adaptation or reaction in
response to abiotic stress.

Keywords: abiotic stress; photosynthesis; gene regulation; protein expression

1. Introduction

Abiotic stresses are major constraints to all living organisms with more challenges to the plants,
as they cannot move as other organisms [1]. Several reports indicated that the structure of living
macromolecules such as lipids, proteins, and nucleic acids are disposed to damage and/or degradation
under severe abiotic stress conditions [2]. From an agricultural context, abiotic stresses are ultimately
defined in terms of their effects on crop yield as final economic output [3]. Despite that plant growth is
controlled by a variety of physiological, biochemical, and molecular processes, photosynthesis is a key
mechanism, which provides to a large extent energy as well as organic molecules for plant growth and
development [4]. Generally in the plant kingdom and specifically in higher plants, leaves serve as a
highly specialized part that is basically appointed in the photosynthetic process [5]. Photosynthesis
represents one of the most important photo-chemical reactions in plants, since energy from sunlight is
trapped and converted into biological energy. Hence, improving the efficiency of photosynthesis could
have a huge beneficial impact [6]. Photosynthesis is a consequence of a multi-step and complicated
process that involves several biological pathways. The Pathways are photosynthetic electron transport
system (PETs), in which the light energy is altered into ATP and NADPH; The Calvin–Benson cycle
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that is also known as a photosynthetic carbon fixation cycle in which CO2 is fixed into carbohydrates,
as well as assimilation, transport, and utilization of photoassimilates as the organic products of
photosynthesis [7–9].

The two important steps, PETs and the Calvin–Benson cycle, are under the control of many
genes/gene products encoded from chloroplast as well as nuclear genomes. While the products of
genes involved in photosynthesis have obvious functions, they operate together within the framework
of an extensively coordinated photosynthetic network of genes, regulatory components, signaling
factors, and metabolic processes. The expression of genes in both cellular organelles is highly variable
and affected by a diverse range of environmental factors [10]. Many environmental stresses such
as drought, salinity, flooding, light, unfavorable temperatures, and its rapid fluctuations adversely
affect the process of photosynthetic carbon metabolism in plants. It may alter the ultrastructure of
the organelles, change the concentration of various pigments and metabolites as well as stomatal
regulation [3,11]. Several reports indicate that photosynthesis cascades are highly correlated with the
accumulation of some important proteins such as ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) and other photosynthesis-related proteins [12,13].

To get insight into the photosynthetic gene expression and regulation under abiotic stresses,
OMICS technologies such as genomics, transcriptomics, proteomics, and metabolomics can provide
detailed information which can be later applied to improve plant yield potentials. In response to
various abiotic stresses plants continuously need to adjust their transcriptome profile [1]. In recent
decades, transcriptomic and proteomic approaches have emerged as powerful tools to analyze genome
expression at the transcription and translational levels, respectively [14]. These high-throughput
technologies have been extensively accepted to study the expression of certain genes and proteins in
response to different abiotic stresses [15]. Proteomics, as one of the cutting edge molecular techniques,
efficiently deals with the functional molecular studies. Recently, improvement of techniques for
isolation and purification of cell organelles and compartments gave new insights into organelle
proteomics [16].

Photosynthesis in plants is under the control of a complex network of proteins. Four major
multisubunit protein complexes, photosystem (PS) I, PSII, the ATP synthase complex and cytochrome
b6/f complex are involved in the process [17]. These proteins are greatly affected under abiotic stress
conditions. This review paper provides an overview of the effect of abiotic stresses on gene regulation
and protein expression involved in photosynthesis in plants with emphasis on the data reported
through transcriptome and proteome technologies. It describes molecular mechanisms that determine
how these different classes of genes and proteins are regulated in response to abiotic stress conditions.

2. Photosynthesis in C3 and C4 Plants in Response to Elevated CO2 Concentration

2.1. C3 Plants

Plants with the metabolic pathways of C3 for carbon fixation are distributed worldwide. They
represent over 95% of the earth’s plant species, especially in cold and wet climates, usually with low
light intensity. In C3 plants, the photosynthetic Carbon Reduction or Calvin–Benson cycle for CO2

fixation produces a three-carbon compound, phosphoglycerate. Therefore, plants utilizing this pathway
are often named as C3 species [18]. According to a systems biology analysis, the photosynthetic
metabolism of C3 plants has a highly cooperative regulation in changing environments [19]. Effects
of environmental changes and abiotic stresses on photosynthesis system of many C3 plants, from
stomatal conductance to carbon assimilation and from gene regulation to protein expression are well
documented [3,20]. Various components are involved in the mechanism of photosynthesis in response
to environmental stresses, including photosynthetic pigments and photosystems, the electron transport
system, and CO2 reduction pathways.

Changes in CO2 level of atmosphere is an environmental factor with the most direct and instant
effect on photosynthesis. Global atmospheric CO2 concentration of the earth is 380 μL/L which is 40%
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more than pre-industrial times. Values are predicted to reach between 530 and 970 μL/L by the end
of this century [21]. In theory, elevated CO2 will directly affect the balance between photosynthetic
carbon fixation and photorespiration. However, plant response to high CO2 is under the influence of
several factors, including plant carbon fixation pathways. Foyer et al. [9] reviewed the literature related
to the C3 and C4 plant responses to elevated CO2 concentration compared with those grown with
ambient CO2 [9]. Exposing C3 leaves to high CO2, immediately increases net photosynthesis because
of decreased photorespiration [22,23] and enhances the expression of genes associated with cyclic
electron flow pathways. However, long-term elevated CO2 often decreases photosynthetic capacity,
RuBisCO activity and CO2 fixation [9].

2.2. C4 Plants

C4 plants are named for the four-carbon organic acids produced in the first product of carbon
fixation. C4 plants have an improved photosynthetic efficiency with minimized water loss in hot and
dry environments. Generally, these kind of species are native to the tropics and warmer climates
with high light intensity exhibiting a higher photosynthetic and growth rate due to gains in the water,
carbon and nitrogen efficiency uses [24]. Maize (Zea mays), sugar cane (Saccharum officinarum) and
sorghum (Sorghum bicolor) are among the most productive crops with C4 photosynthesis pathway [25].
Although, C3 and C4 plants are alike in the basic photosynthetic pathways such as Calvin–Benson
cycle and electron transport chain components, significant differences exist in their response to
environmental changes.

Response of C4 plants to elevated CO2 concentration is not similar to those in C3 plants. C4 species
have greater rates of CO2 assimilation for a given leaf nitrogen [25]. The association of photosynthesis
rate and intercellular CO2 concentration was compared in soybean (C3) and corn (C4). The CO2

concentration of 384 μmol/mol as the ambient level of 2009 was compared with 700 μmol/mol for
the predicted concentration at the end of this century. According to the results, while photosynthesis
was stimulated by 39% in soybean, there was no change in the photosynthesis rate of corn under
elevated CO2 concentration [26]. Ghannoum [27] reviewed the C4 photosynthesis response to water
stress and in interaction with CO2 concentration and emphasized that elevated CO2 concentration
alleviates the deleterious effect of drought on plant productivity. It is well known that abiotic stresses
such as drought, reduces stomatal conductance, CO2 assimilation rate, and intercellular CO2 [27,28].
Therefore, saturating CO2 concentration keeps the photosynthetic capacity unchanged.

3. Impact of Abiotic Stress on the Photosynthetic System of Plants

Abiotic stresses such as drought, cold, salinity, high temperature and so on can adversely affect
growth and productivity of plants. Hence, an overview of the effect of these stresses is presented
on the profile of gene expression/protein abundance of photosynthesis related pathways and their
regulation networks in plants.

3.1. Drought

Drought has been recognized as a primary constraint in limiting the growth and development
of plants. It usually causes loss of water content, reduced leaf water potential, stomatal conductance,
and transpiration rate [18]. Stomatal closure is the earliest response to drought causing a decrease in
mesophyll CO2 diffusion and reduction in the photosynthesis rate [29]. In crop plants, decrease in
carbon gain through photosynthesis is the major reason for loss of yield under drought. Drought stress
has been shown to inhibit photosynthesis in plants within a few days of limiting water supply, thereby
causing a significant reduction in CO2 assimilation rate [30]. Decrease in photosynthesis under stress,
reduces utilization of absorbed light energy in chloroplasts and the excess light energy could lead to
photoinhibition. Photoinhibition, reduces quantum yield of PSII and induces photorespiration and
H2O2 production [31,32]. In this situation, plants can increase utilization of absorbed light energy by
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improving CO2 fixation to minimize photoinhibition [33]. Prolonged and severe drought stress will
result in interruption of the energy production process and metabolism and ultimately cell death.

Gene expression profiles of model plants from mocots and dicots includingrice [34–38], and
Arabidopsis [39,40] in response to drought stress were extensively studied using heterogenous
genotypes [41–46] or near isogenic lines [36] at both vegetative and reproductive stages through
transcriptome analysis with single or multiple stress treatments. Results from these experiments
indicated that most genes involved in photosynthesis are down-regulated in response to drought stress
treatments. Chlorophyll a/b-binding protein CP24, PSI reaction center subunit V, protochlorophyllide
reductase A, peptidyl-prolyl cis-trans isomerase, and others functioning in the photosynthetic
pathways are examples of down-regulated genes in rice leaf tissues when subjected to drought
stress [37]. Gene expression profiling of physic nut (Jatropha curcas L.) seedlings exposed to drought
indicated that the expression of genes involved in PSI, PSII and Calvin cycle components such as
light-harvesting complex proteins, and genes encoding key enzymes in the Calvin cycle, RuBisCO
small subunit, phosphoglycerate kinase and phosphoribulokinase were significantly down-regulated.
However, several genes encoding glycolysis and the TCA cycle, including 6-phosphofructokinase,
aconitate hydratase, and dihydrolipoamide succinyltransferase were up-regulated [47]. The evidence
from these reports showed that inhibition of photosynthesis is the major consequence of drought
reaction in rice leaf.

Gene expression analyses in tolerant genotypes of C3 and C4 plants were already reported. Genes
encoding components of PSI, PSII as well as several genes related to the Calvin–Benson cycle, such
as triosephosphate isomerase, fructose-1,6-bisphosphatase, RuBisCO small subunit and RuBisCO
activase were repressed in tolerantrice genotypes, such as a C3 plant [36,41] and in tolerant maize
genotypes, as a C4 plant [48] in response to drought stress. There were several common genes related
to photosynthesis, which were down-regulated in tolerant and susceptible genotypes in response to
drought stress. Therefore, it can be assumed that plants avoid photo-oxidation of the photosynthetic
machinery and the creation of free radicals that are destructive for the cell.

In the meantime, activation of several key genes at different cycles of the photosynthetic
pathways were reported in rice [36], maize [48] and Arabiodopsis [49]. Some of the activated
gene transcripts were PSII (P680 chlorophyll a, LOC_Os07g01480) from photosystem and electron
transport, phosphoglycolate phosphatases (LOC_Os03g24070) from photorespiration, and RuBisCO
(LOC_Os03g09090) together with eight more gene transcripts from Calvin–Benson cycle which was
reported in two near-isogenic lines (NILs) of rice against water-deficit treatments (Table 1). Reduction
in photosynthetic activity in response to drought stress is due to a decline in stomatal conductance
as well as RuBisCO activities resulting in lower carbon fixation followed by the over-reduction of
components of the electron transport system and production of reactive oxygen species.
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Table 1. Significant differentially expressed genes involved in photosynthesis pathway in rice genotypes
including two pairs of near-isogenic lines (NILs) and their susceptible parent (IR64) in response to
severe drought stress [42].

Photosynthesis
Cycle

Locus_ID Reaction ID
Gene Expression, log2ratio *

IR64 † NIL10 NIL13 NIL11 NIL18

Calvin cycle

LOC_Os03g56869 ribose-5-phosphate isomerase −3.465 −3.211 −3.139 −3.229 −2.624
LOC_Os07g08030 ribose-5-phosphate isomerase −3.844 −3.463 −3.263 −3.015 −2.710
LOC_Os04g50880 uridine kinase −3.140 −3.140 −2.952 −2.185 −2.102
LOC_Os02g47020 uridine kinase −2.574 −2.495 −3.062 −2.185 −1.861

LOC_Os03g07300 orotidine-5′-phosphate
decarboxylase −2.570 −2.449 −2.164 −1.826 −1.507

LOC_Os06g04270 Transketolase −1.844 −1.333 −1.390 −1.394 −1.293
LOC_Os04g19740 Transketolase 3.525 3.068 2.905 3.630 3.341
LOC_Os06g04270 Transketolase −1.844 −1.333 −1.390 −1.394 −1.293
LOC_Os04g19740 Transketolase 3.525 3.068 2.905 3.630 3.341
LOC_Os03g16050 phosphoric ester hydrolase −2.582 −2.252 −2.539 −1.504 −1.300
LOC_Os01g64660 phosphoric ester hydrolase −3.897 −3.802 −4.389 −3.268 −2.591

LOC_Os11g07020 fructose-bisphospate
aldolase isozyme −3.383 −2.558 −2.670 −2.045 −2.522

LOC_Os06g40640 fructose-bisphosphate aldolase −2.820 −2.738 −3.224 −2.088 −1.927
LOC_Os01g02880 fructose-bisphosphate aldolase 1.500 1.333 1.412 1.480 1.342

LOC_Os10g08960 pyridoxin biosynthesis protein
ER1, putative −1.946 −1.623 −1.534 −1.371 −1.176

LOC_Os10g30550 tRNA methyltransferase,
putative, expressed 1.974 2.427 1.890 2.048 2.217

LOC_Os06g45710 phosphoglycerate kinase 3.423 3.643 3.260 3.662 3.066
LOC_Os05g41640 phosphoglycerate kinase −3.760 −3.652 −4.003 −3.513 −3.312

LOC_Os03g19240 AMP-binding enzyme,
putative, expressed −4.206 −4.022 −3.931 −3.537 −3.428

LOC_Os03g51740 tyrosine transaminase −3.771 −5.202 −5.041 −4.316 −4.475
LOC_Os11g02760 ribulose-bisphosphate carboxylase −3.068 −3.428 −2.905 −3.534 −2.015
LOC_Os03g09090 ribulose-bisphosphate carboxylase 1.578 1.350 1.501 1.521 1.820
LOC_Os12g17600 ribulose-bisphosphate carboxylase −5.512 −5.732 −6.115 −4.999 −5.034
LOC_Os12g19381 ribulose-bisphosphate carboxylase −3.091 −3.135 −3.337 −2.661 −3.216
LOC_Os12g19394 ribulose-bisphosphate carboxylase −4.124 −4.089 −4.936 −3.427 −3.177
LOC_Os12g19470 ribulose-bisphosphate carboxylase −3.197 −2.578 −3.097 −2.215 −1.978

LOC_Os11g32770 ribulose bisphosphate carboxylase
large chain precursor −2.279 −2.726 −2.444 −1.093 −1.093

LOC_Os11g47970
ribulose bisphosphate

carboxylase/oxygenase activase,
chloroplast precursor

−4.174 −3.598 −3.109 −2.294 −2.931

LOC_Os10g21280 ribulose bisphosphate carboxylase
large chain precursor −2.597 −2.746 −2.203 −1.288 −1.083

Photorespiration

LOC_Os03g52840 glycine hydroxymethyltransferase −3.369 −3.170 −3.199 −2.666 −2.509
LOC_Os08g37940 phosphoglycolate phosphatase −3.938 −3.938 −4.637 −4.789 −4.146
LOC_Os04g41340 phosphoglycolate phosphatase −3.807 −3.432 −3.621 −2.600 −2.386
LOC_Os03g36750 phosphoglycolate phosphatase −2.712 −2.462 −2.400 −2.516 −2.328
LOC_Os03g19760 phosphoglycolate phosphatase −1.144 −1.076 −1.134 −1.253 −1.167
LOC_Os02g57100 Hydrolase −2.129 −1.749 −1.795 −2.283 −1.990

Antenna
proteins

LOC_Os01g41710 −6.434 −6.434 −6.409 −5.622 −6.342
LOC_Os01g52240 −6.346 −6.441 −5.927 −6.023 −5.902

LOC_Os02g10390 Light-harvesting
chlorophyll-protein complex −1.972 −1.823 −2.190 −1.020 −1.958

LOC_Os02g52650 Light-harvesting
chlorophyll-protein complex −2.998 −2.967 −3.451 −3.194 −2.554

LOC_Os03g39610 −3.766 −3.797 −4.078 −3.380 −3.969
LOC_Os04g38410 −5.128 −4.972 −5.069 −5.043 −5.131

LOC_Os06g21590 Light-harvesting
chlorophyll-protein complex −2.223 −2.249 −2.761 −1.919 −2.098

LOC_Os07g38960 Light-harvesting
chlorophyll-protein complex −3.290 −3.182 −3.243 −2.598 −2.337

LOC_Os08g33820 Light-harvesting
chlorophyll-protein complex −2.651 −2.651 −2.999 −2.582 −2.504

LOC_Os07g37240 Light-harvesting
chlorophyll-protein complex −5.463 −5.674 −5.660 −4.875 −4.614

LOC_Os09g17740 −2.365 −1.729 −1.918 −1.438 −1.943

LOC_Os07g37550 Light-harvesting
chlorophyll-protein complex −2.005 −1.726 −2.079 −1.022 −1.637

LOC_Os11g13890 Light-harvesting
chlorophyll-protein complex −4.353 −4.353 −4.858 −3.783 −3.739
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Table 1. Cont.

Photosynthesis
Cycle

Locus_ID Reaction ID
Gene Expression, log2ratio *

IR64 † NIL10 NIL13 NIL11 NIL18

Photosystem
and electron

transport
system

LOC_Os02g51470 F-type ATPase −1.708 −1.475 −1.876 −1.781 −1.645
LOC_Os07g32880 F-type ATPase −2.999 −2.940 −2.441 −2.189 −2.222
LOC_Os02g01340 Photosynthetic electron transport −1.446 −1.317 −1.640 −1.011 −1.184
LOC_Os03g48040 Photosynthetic electron transport −2.058 −1.945 −2.137 −1.937 −1.935
LOC_Os06g01210 Photosynthetic electron transport −3.000 −2.915 −3.315 −2.440 −3.101
LOC_Os06g01850 Photosynthetic electron transport −2.085 −1.803 −2.114 −1.728 −1.800
LOC_Os08g01380 Photosynthetic electron transport −3.417 −2.474 −2.750 −2.516 −2.461
LOC_Os03g56670 Photosystem I (P700 chlorophyll a) −2.801 −2.714 −2.990 −2.314 −2.535
LOC_Os05g48630 Photosystem I (P700 chlorophyll a) −1.841 −1.810 −1.876 −1.990 −1.596
LOC_Os07g05480 Photosystem I (P700 chlorophyll a) −4.478 −4.499 −5.141 −4.467 −4.418
LOC_Os07g25430 Photosystem I (P700 chlorophyll a) −2.573 −2.470 −2.949 −2.652 −2.617
LOC_Os08g44680 Photosystem I (P700 chlorophyll a) −2.151 −2.231 −2.468 −1.649 −2.432
LOC_Os09g30340 Photosystem I (P700 chlorophyll a) −4.405 −4.523 −4.857 −3.808 −3.681
LOC_Os12g08770 Photosystem I (P700 chlorophyll a) −4.552 −4.540 −4.975 −3.700 −4.317
LOC_Os12g23200 Photosystem I (P700 chlorophyll a) −2.255 −1.965 −2.449 −1.349 −1.924
LOC_Os01g31690 Photosystem II (P680 chlorophyll a) −3.108 −3.089 −2.917 −2.665 −2.833
LOC_Os01g56680 Photosystem II (P680 chlorophyll a) −3.117 −3.034 −3.817 −3.196 −3.728
LOC_Os01g64960 Photosystem II (P680 chlorophyll a) −2.733 −2.504 −3.035 −2.133 −2.002
LOC_Os01g71190 Photosystem II (P680 chlorophyll a) −2.982 −2.887 −3.073 −2.683 −2.349
LOC_Os03g21560 Photosystem II (P680 chlorophyll a) −2.878 −2.814 −3.727 −3.547 −3.263
LOC_Os07g04840 Photosystem II (P680 chlorophyll a) −3.009 −2.943 −3.494 −2.656 −2.836
LOC_Os07g36080 Photosystem II (P680 chlorophyll a) −5.421 −5.449 −5.847 −4.821 −4.372
LOC_Os08g02630 Photosystem II (P680 chlorophyll a) −3.645 −3.537 −3.488 −2.570 −2.621

Xanthophyll_Cycle LOC_Os04g31040 violaxanthin de-epoxidase −2.836 −2.562 −2.680 −2.452 −2.284
LOC_Os01g51860 violaxanthin de-epoxidase −1.326 −1.326 −1.479 −1.290 −1.198

chlorophyll a
biosynthesis II

LOC_Os02g51080 geranylgeranyl reductase −2.447 −2.447 −2.803 −1.883 −2.140
LOC_Os02g51080 geranylgeranyl reductase −2.447 −2.447 −2.803 −1.883 −2.140

† Rice NILs: NIL10 = IR77298-14-1-2-B-10; NIL13 = IR77298-14-1-2-B-13, NIL18 = IR77298-5-6-B-18; NIL11 =
IR77298-5-6-B-11; * Signal intensities of gene expression from microarray data (4 × 44 K, agilenttechnologies) which
converted to log2; Negative log2ratio are down-regulated genes and positive (yellow) log2ratio are up-regulated
genes; Genes with no change in their expression are not shown; Severe drought stress: water deficit treatments with
a fraction of transpirable soil water (FTSW) of 20 percent.

Drought stress in various plants has also been studied using proteomics techniques. Most of the
leaf proteome analysis in response to water stress clearly confirmed the regulation of the proteins
related to photosynthesis pathway. The activity of enzymes related to photoelectron transport and
carbon reduction cycle, including the key enzyme RuBisCO are reduced under drought stress [50–52].
Regulation of this protein is highly affected by the duration and severity of the stress as well as plant
type. Summary of selected proteins involved in photosynthesis pathway in response to abiotic stress is
represented in Table 2. Up-regulation of chloroplast ATP synthase, both the CF1α and CF1β [52,53],
cytochrome b6/f complex, chloroplast oxygen-evolving enhancer protein 1 [54,55], two key enzymes
involved in sucrose utilisation, invertase and sucrose synthase [56] were reported in response to
drought stress. However, the activity of the key enzyme in sucrose synthesis, sucrose-phosphate
synthase, is down-regulated by water stress [56].
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Table 2. Summary of selected differentially expressed proteins involved in photosynthesis pathway in
response to abiotic stress.

Stress Plant Species Protein Description Expression * Ref.

Drought

Sugar cane (Saccharum officinarum L.)
phosphoenolpyruvate carboxylase;

NADP malic enzyme; pyruvate
orthophosphate dikinase

− [4]

Maize (Zea mays L.) phosphoenolpyruvate carboxylase − [4,27]

Arabidopsis (Arabidopsis thaliana)
fructose-1,6-bisphosphatase; genes

related to ATP synthesis,
PSI and PSII

− [20]

Norway spruce (Piceaabies)Wheat
(Triticum aestivum L.)

oxygen-evolving enhancer protein
2 RuBisCO LS + [55,57]

Cotton (Gossypium herbaceum) RuBisCO subunit binding protein − [52]

Cotton (Gossypium herbaceum) chloroplast ATP synthase + [52]

Wheat (Triticum aestivum L.) RuBisCOactivase; RuBisCO LS +

Wild watermelon (Citrullus lanatus)
ATP synthase; chloroplast Rieske ISP;

RuBisCO SS; PSI subunit D;
oxygen-evolving enhancer protein 2

+

Salinity

Common bean (Phaseolus vulgaris L.);
Sunflower (Helianthus annuus L.);

Wheat (Triticum aestivum L.); Maize
(Zea mays L.)

fructose-1,6-bisphosphatase;
RuBisCO; phosphoenolpyruvate

carboxylase; ATP synthase
− [4,54,58]

Potato (Solanum tuberosum L.); Rice
(Oryza sativa L.) fructose-1,6-bisphosphatase + [4]

Arabidopsis (Arabidopsis thaliana)
fructose-1,6-bisphosphatase; genes

related to ATP synthesis,
PSI and PSII

− [20]

Wheat (Triticum aestivum L.) oxygen-evolving enhancer protein 2;
RuBisCOactivase; + [54]

Maize (Zea mays L.)

23 kDa polypeptides of PSII;
ferredoxin NADPH1;

oxidoreductase; chlorophyll a/b
binding protein

+ [58]

Heat

Maize (Zea mays L.) RuBisCOactivase − [4]

Cotton (Gossypium hirsutum L.);
Tobacco (Nicotiana tabacum L.) RuBisCO − [4]

Wheat (Triticum aestivum L.) RuBisCO; phosphoenolpyruvate
carboxylase − [4]

Populus euphratica PSII stability/assembly factor − [59]

Populus euphratica plastid ATP synthase CF1 a chain + [59]

Rice (Oryza sativa L.)

glyceraldehyde-3-phosphate
dehydrogenase; RuBisCO LS; 23 kDa

polypeptide of PSII;
Oxygen-evolving complex protein 1;

oxygen-evolving protein of PSII;

− [60]

Rice (Oryza sativa L.)

RuBisCOactivase; glutamine
synthetase;

glyceraldehyde-3-phosphate
dehydrogenase;

+ [60]

Flooding Cacao (Theobroma cacao)

oxygen-evolving enhancer protein;
light harvesting chlorophyll

a/b-binding protein; light-harvesting
complex II protein Lhcb2;
light-harvesting complex I

chlorophyll a/b binding protein 3;
phosphate dikinase 1

+ [61]

Cold
Thellungiella halophila

glyceraldehyde-3-phosphate
dehydrogenase; oxygen-evolving

enhancer 33; RuBisCO SS
+ [62]

Maize (Zea mays L.) cytochrome b561/ferric reductase − [62]

* Up- and down-regulation are represented as + and −, respectively.
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Not only the leaf, but also the root proteome is also highly affected by drought stress which
subsequently impairs photosynthesis in plants. Two key enzymes of carbohydrate metabolism,
UDP-glucose pyrophosphorylase and 2,3-bisphosphoglycerate independent phosphoglycerate mutase,
were down-regulated in soybean root upon exposure to drought [63]. The levels of abundance of
both proteins tended to revert to that of the control plants when watering was restored. Because the
shift in carbon partitioning under drought stress is an adaptive response, a decrease in the expression
of glycolytic enzymes in response to drought stress might be a consequence of reduced growth.
Furthermore, it is a mechanism for accumulating sugars as an energy source for recovery and rapid
growth once water is available. It has been shown that the expression of S-adenosylmethionine
synthetase in soybean root decreases upon exposure to drought stress [63]. Down-regulation of this
enzyme under drought is consistent with the inhibition of photosynthetic activity as a general feature
of abiotic stresses. It is postulated that whole plant should be considered to study of photosynthesis
activity in response to drought stress.

3.2. Salinity

Salt stress derived from the high accumulation of salts near the root zone causes accumulation of
saline ions in plant tissues. Osmotic effect and ion toxicity are two main reasons of growth reduction,
when plants are exposed to salt stress. Although several reports did not separate these two effects,
Munns [64] proposed a two-phase growth model in the plant response to salt. According to the model,
water deficit is the primary effect of salt stress (Phase 1) with equal effect on leaf expansion rate of a
given plant species regardless of the degree of tolerance. The effect of ions (Phase 2) causes the leaves
of a sensitive variety to die faster. Restriction of CO2 diffusion into the chloroplast and reduction of
carbon metabolism are among the physiological changes in leaves under salt stress [20]. Intensity
and duration of the stress, leaf age as well as plant species are the main determining factors in plant
response to the stress.

It is crucial to determine the molecular basis of the variation in important traits such as
photosynthesis rate in plants in response to salinity stress. Photosynthesis is a complex pathway and
many genes are involved in this system, hence when plants are exposed to salinity stress, expression of
several photosynthesis related genes may change. Chaves et al. [20] summarized the number of affected
genes and proteins of some model plants under drought and salt stress. They showed that several
genes related to ATP synthase, PSI and PSII were down-regulated by salt and drought stress. In-depth
study of the mitochondrial proteome during salt stress induced programmed cell death in rice was
performed by Chen et al. [65]. S-adenosylmethionine synthetase was among the four down-regulated
proteins in response to salt stress. This protein was already discussed to be down-regulated in response
to drought stress.

Photosynthesis-related proteins were down-regulated in soybean seedling leaf under salt
stress [66]. Sobhanian et al. [67], reviewed the effects of salt stress on several plants, including rice,
soybean, wheat, potato and Aleuropus lagopoides. They concluded that reducing photosynthesis activity
under salt stress was the only common response in the plants. Using in vivo hydroponic rice seedling
culture system, proteome of rice leaves under salt stress was evaluated. Among the photosynthesis
related proteins, oxygen evolution proteins, a protein related to PSII, was up-regulated in response to
salt stress [68]. Salt stress alters the expression of proteins even after hours of stress exposure. It has
been shown that in the initial phase of moderate salt stress (up to 4 h), sodium ions accumulate quickly
and excessively in chloroplast of maize. This could enhance the expression of polypeptides of PSII,
ferredoxin NADPH+ oxidoreductase, ATP synthase and chlorophyll a/bbinding protein [58]. Since
the water potential of the leaves remained unchanged, it can be assumed that the rapid response of
plant to salinity, is a reflecting mechanism to alleviate the detrimental effects of sodium ions on the
photosynthetic machinery.
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3.3. Cold

Cold climate significantly reduces crop productivity and when the temperature drops to the
freezing point, the damage is more severe. The key change in plant cells when exposed to cold stress
is the fluidity of the membrane and by reduction of the fluidity, the plant cell senses cold stress [69].
Changes in carbohydrate metabolism, secondary metabolism and photosynthesis are other common
responses of plant cells under cold stress. It has been shown that cold stress significantly altered the
maximum quantum yield of PSII (Fv/Fm), the maximum photo-oxidizable P700 (Pm), the energy
distribution in PSII and the redox state of P700 in seedlings of three promising oilseed crops originating
from tropical regions [70]. Although PSI is the main target of stress under cold conditions, it has been
shown that PSII is more sensitive to low temperature than PSI [70,71]. A decrease of photosynthetic
activity, may cause photodamage which ultimately causes generation of ROS. Aggregation of ROS
may inhibit protein synthesis, necessary for the repair of photodamage. The D1 protein, required for
the repair of PSII, is one of the proteins suppressed by ROS [70].

In rice, as a model C3 plant, several reports indicated that cold stress prevents chlorophyll
synthesis and chloroplast formation in leaf tissues. Therefore, a reduction in chlorophyll content can be
a sign of low temperature effect on rice genotypes [72]. Previous study showed that when rice seedling
were treated at 10 ◦C for 72 h, a large number of genes including those involved in photosynthesis
were highly down-regulated (Figure 1). Proteins related to the photosynthetic pathway are widely
affected by low temperature stress. In C4 plants, however, cold stress is one of the main limiting factors
for growth and development. Although there are examples of C4 species with cold adaptation, they
cannot compete with C3 plants in cold climates. Sage and McKown [73] noted possible reasons of
poor C4 photosynthesis rate at cold climate which are: declinein activity of the C4-cycle enzymes
phosphoenolpyruvate carboxylase and pyruvate phosphate dikinase; lower maximum quantum yield
of C4 photosynthesis compared to C3 species in low temperature environment; and limitation in
RuBisCO capacity [73]. Thus, the effect of cold on the photosynthesis of C4 plants is more severe than
C3 plants.

Gao et al. [62] analyzed the proteome of Thellungiella halophyila, a chilling-tolerant plant, under
cold stress and reported that 28% of the regulated proteins were photosynthesis-related proteins.
Glyceraldehydes-3-phosphate dehydrogenase B, chloroplast precursor, RuBisCO small and large
subunits, chloroplast carbonic anhydrase precursor andpastocyanin, oxygen-evolving enhancer,
cytochrome b6/f complex iron- sulfur subunit, and alanine-2-oxoglutarate aminotransferase were
among the regulated proteins. Identification of a large number of chloroplast-related proteins (nearly
half of the regulated proteins) supports the idea that cold stress tolerance of T. halophilais achieved,
at least partly, by regulation of chloroplast function.
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Figure 1. Gene ontology (GO) analysis of the down-regulated differentially expressed genes of rice in
response to cold treatment. This figure shows a colorful model of the PAGE analysis of gene expression
data under the cold treatment after 72 h. The information includes the following: GO terms, (including
3 GO categories: biological process (P), molecular function (F) and cellular component (C)), number
of annotated genes for each GO term, GO description, a simple colorful model in which the red color
system indicates up-regulation and blue color indicates down-regulation, and different statistical
parameters such as z-scores, means and adjusted P values (FDR) in the different rice genotypes.
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3.4. Light

The photosynthesis system in plants is directly related to both quality and quantity of light.
Changes in light intensity leads to imbalance in light captue by the photosystems. To ensure optimal
photosynthesis efficiency, plants adjust the relative abundance of PSI and PSII according to the light
quality [9]. When plants are exposed to high light intensity, a rapid repression may happen in genes
encoding light-harvesting complex components, PSI and PSII reaction centre subunits [74,75]. While
PSII is highly susceptible to photodamage, PSI is efficiently protected against photodamage. However,
photoinhibition of PSI has been reported similar to PSII in Arabidopsis when plants are exposed to low
temperature [76]. Foyer et al. [9], explained the mechanisms that regulate reactions in the photosynthetic
electron transport chain so that the rate of production of ATP and NADPH is coordinated with the
rate of their utilization in metabolism. This mechanism optimizes light use efficiency at low irradiance
or dissipates excess excitation energy as heat at high light condition. The energy absorbed by plants
under high irradiance exceeds the capacity of light utilization in photosynthesis and this cause
photoinhibition. Although PSII is a primary site of inhibition, there is evidence that under certain
circumstances, PSI can be photoinhibited even faster than PSII [77]. According to a review of the
literature, most of the studies focused on high light stress rather than low light irradiance, because of
the deletorious effects of photoinhibition and photodamage on plants [76,77].

It has been shown that transcripts encoding proteins involved in photoprotection such as the
PSII-S and early light inducible protein 2 (ELIP2) are enhanced in high light [74,75]. ELIPs are
nuclear-encoded proteins belonging to the chlorophyll a/b-binding protein family located in thylakoid
membranes. The proposed function of the protein is a transient binding to the released chlorophylls
under high light stress and prevent the formation of free radicals [78]. Recently, a proteome analysis of
Arabidopsis in response to increased light conditions could identify proteins related to photosynthesis,
carbon metabolism and plastid mRNA processing. The results confirmed the participation of the
EXECUTER proteins in signalling and control of chloroplast metabolism, and in the regulation of plant
response to environmental changes [79]. A proteome analysis of Arabidopsis exposed to high light
conditions revealed that 35 out of 64 identified proteins were related to photosynthesis [80]. Therefore,
it can be assumed that the deletorius effects of light stress on the photosynthetic pathway is higher
than otherabiotic stresses.

3.5. Flooding

Flooding is a complex abiotic stress that affects the growth and development of plants and
significantly decreases the productivity of crops. Higher plants are aerobic organisms that die when
oxygen availability is limited due to soil flooding [81]. Plants may encounter oxygen depletion as a
preliminary stress signal, when the soil water content rises above field capacity [69]. The response of
plant to flooding stress is highly correlated with the level of tolerance or susceptibility to the stress.
It has been shown that reduction in gas exchange parameters was varied among the citrus genotypes,
and the tolerant genotypes maintain CO2 assimilation rate and carboxylative efficiency at control
levels for a longer time than sensitive genotypes under continuously flooded conditions [82]. Thus,
the ability to maintain gas exchange parameters may be presumed as the main indication of tolerance
to flooding. Mutava et al. [83] used four contrasting soybean genotypes for tolerance or susceptibility
to flooding and drought. They reported different mechanisms contributing to the reduction of net
photosynthesis under drought and flooding. Under drought stress, ABA and stomatal conductance
were responsible for reduced photosynthetic rate; while under flooding stress, accumulation of starch
granules played a major role.

Transcriptional responses to flooding stress in soybean seedlings have been studied by
Nanjo et al. [84]. Using a soybean microarray chip, genome-wide changes in gene expression were
analyzed in which photosynthsis related genes were up-regulated [84]. A comparison of soybean
tolerant and susceptible genotypes showed that seven fibrillin proteins were up-regulated in the
tolerant genotype, but down-regulated in the susceptible genotype [83]. Photosynthesis related
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proteins can be identified not only in the leaf, but also in other green organs. A comparative
proteomic analysis of cotyledon of soybean under flooding stress using gel-free quantitative techniques
resulted in the identification of 165 proteins which are commonly observed in both control and
flooding-stressed plants. Photosynthesis related proteins were not among the main group of the
regulated proteins. However, the role of ferritin in protecting plant cells against oxidative damage
under flooding conditions was highlighted [85]. Study of gene expression and protein profiles of clonal
genotypes of cocoa in response to flooding stress indicated that photosynthesis-associated proteins
such asoxygen-evolving enhancer protein, light harvesting chlorophyll a/b binding protein, RuBisCO
activase, light harvesting complex I and complex II proteins were highly up-regulated [61]. These
proteins improve the plant’s ability to maintain glycolysis and induce fermentation against anoxia and
may also serve to distinguish tolerant and susceptible genotypes.

3.6. Heat

Physiological studies have indicated that short and long-term exposure to heat stress in temperate
and tropical crops reduced the net photosynthesis rate and the PSII activity [86]. High temperature can
significantly reducethe maximal quantum yield of PSII in plants [87] such as rice [60,88], Populus [59]
and tomato [89]. Chloroplast and thylakoid membrane are highly susceptible to heat stress. Carbon
metabolism of the stroma, photochemical reactions in thylakoid lamellae and changes instructural
organization of thylakoids are considered as the primary sites of injury in chloroplast at heat stress [87,90].
It also caused reduction in electron transport, damage to photosystems and activation of the glycolate
pathway and generation of H2O2 in poplar [91].

Hasanuzzaman et al. [87] reviewed the molecular mechanisms of high temperature stress in
different crop species. Reduction inthe amount of photosynthetic pigments as a result of lipid
peroxidation of chloroplast and thylakoid membranes, decrease in gas exchange and CO2 assimilation
rates, leaf water potential, leaf stomatal conductance, intercellular CO2 concentration, total chlorophyll
content and leaf area were major effects of heat stress in plants. Heat stress reduces starch and sucrose
synthesis, soluble proteins, RuBisCO binding proteins and large and small subunits. It also decreases
the activity of sucrose phosphate synthase, ADP-glucose pyrophosphorylase, and invertase [87].

Gene ontology analysis under moderately high temperatures (30 ◦C) revealed a significant
increase in the expression of transcripts related to photosynthesis and those encoding polypeptides
associated with PSII, ferredoxins, subunits of RuBisCO, RuBisCO activase and a number of Calvin cycle
enzymes [92]. It seems that under moderate high temperature, plants may improve the photosynthesis
mechanisms aimed at reaching the best possible performance in the new situation. However,
when plant encounter heat stress, the expression of a wide range of proteins are down-regulated.
Proteins associated with primary carbon assimilation, Calvin cycles, PSI, PSII, RuBisCO subunits,
carbonic anhydrase, electron transport proteins such as oxygen-evolving enhancer protein and
ferredoxin-NADP reductase are down-regulated following exposure to heat [60,86]. The opposite
reaction of plants under acute heat stress, indicates that the photosynthesis apparatus is impaired by
the stress.

4. Nucleus and Chloroplat Genes/Proteins Control Photosynthesis under Abiotic Stress

4.1. Coordination of Nucleus and Chloroplast

Photosynthesis is a complex mechanism in green plants as a result of a coordination between
chloroplast and other organelles and compartments of the cell. Chloroplasts are the main site for
light- and dark-dependent reactions of photosynthesis. Besides photoassimilation of carbohydrates,
chloroplasts are involved in the biosynthesis of lipids, aromatic amino acids, hormones, vitamins, and
secondary metabolites [93]. This organelle is highly sensitive to various environmental stresses and it is
one of the initial sites of the stress response in plant cells [3]. Under stress conditions, electron balance
and redox homeostasis are highly important. Therefore, proteins involved in electron transport play a
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major role in the chloroplast. Ferredoxins are small and soluble proteins that play a key role in electron
distribution in all types of plastids [94]. Down-regulation of ferredoxin, shortage of NADP+and
over-reduction of the photosynthetic electron transport chain forms superoxide radicals and singlet
oxygen in the chloroplast.

In the process of photosynthesis, the chloroplast and nucleus regulates almost all of the required
genes and proteins in photosynthesis. The number of proteins in chloroplasts which are encoded in
the nucleus is significantly higher than that in plastid. It has been reported that chloroplasts contain
3000–4000 different proteins which are mostly encoded in the nucleus, with only a small number
encoded in the plastid genome [95]. According to an estimation, in comparison with about 2300
nuclear-encoded proteins in the chloroplast of Arabidopsis, only 87 proteins are plastid-encoded [96].
Therefore, a high degree of coordination should exist between nucleus and chloroplast to express
the required genes. The mechanisms of coordination and bilateral information exchange between
nucleus and chloroplast are explained by Fey et al. [95], where the role of redox signals as well as
photosynthetic products like sugars and ROS as photosynthetic by-products in plastid-to-nucleus
signaling are highlighted. The signaling components such as genomes uncoupled 1, cryptochrome1 and
chloroplastic EXECUTER proteins which mediate signaling processes to the nucleus were explained
by Kangasjärvi et al. [93]. Recently, various mechanisms involved in the signals coming from
the chloroplasts to the nucleus via retrograde signaling were explained [97]; the nucleus-plastid
coordination and signaling mechanisms are more important when a plant is exposed to abiotic stress
since this coordination should lead to the alleviation of damage to the photosynthesis system of plants.

4.2. Overexpression of Photosynthesis-Related Proteins

The performance of photosynthetic pathways is improved in transgenic plants overexpressing
the genes encoding photosynthesis-related proteins under abiotic stress. It has been shown that
co-expression of the two soluble flavoproteins in the chloroplast stroma reduced ROS accumulation and
improved the tolerance to stress [98]. Overexpression of MYB transcription factor in Arabidopsis [99];
glycine betaine in rice and tomato [100,101]; betaine aldehyde dehydrogenase in sweet potato [102];
plastidal protein synthesis elongation factor in wheat [103]; chloroplast small heat shock protein
in tomato [104]; sucrose non-fermenting1-related protein kinase 2 in Arabidopsis [105]; Na+/H+

antiporter in Arabidopsis and cotton [106,107] and aquaporin in tobacco [108] are already reported.
Transgenic plants with the overexpressed genes performed at least one of the following characteristics
under abiotic stress conditions: enhance cell membrane stability, CO2 fixation rate, PSII activity and
photosynthetic rate, and reduce heat injury to thylakoids, electrolyte leakage and destruction of
chlorophyll. To have efficient protein overexpression, understanding the type of the stress and its
effects on plant is necessary. A survey on the localization of the overexpressed proteins related to
photosynthesis pathway indicated that not all of the proteins are localized in the chloroplast [16].
Abundance of proteinin other organelles indicates the complexity of the pathway and highlights the
role of signaling especially under abiotic stress.

4.3. Role of Thylakoid Membrane in Photosynthesis

A thylakoid, a membrane-bound compartment inside chloroplasts, is a place for primary reactions
of photosynthesis. The thylakoid membrane contains the four major multisubunit protein complexes,
PSI, PSII, ATP synthase complex and cytochrome b6/f complex. Around 100 proteins are controlling
the reactions in thylakoid membranes. The proteins are mainly involved in the conversion of light
energy to chemical energy, but several other proteins have a function in assembly, maintenance,
and regulation of the four multiprotein complexes [17]. Isolation and analysis of proteins located in
thylakoid membrane can give an overview of the complex function of the membrane especially under
stress conditions. Thylakoid membrane proteins were isolated from wild-type and mutant strains
of Chlamydomonas reinhardtii and analyzed using proteomic techniques. More than 30 different spots
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were identified as light-harvesting complex proteins. The function of this protein in response to abiotic
stress was reported in plants by Kono et al. [109] and Muneer et al. [110].

Environmental stress impairs the activity of the thylakoid membrane by disruption of the
membrane, thereby, inhibiting the activities of membrane-associated electron carriers and enzymes
and resulting in reduction of the PSI and PSII and photosynthesis rate [3]. Fluctuation of light intensity
affects the architecture and protein distribution of thylakoids. It has been shown that chloroplasts in
the shade havea higher density of thylakoids per chloroplast sectional area and more extensive grana
stacks, and thereby more granal thylakoids than chloroplasts in the sun [109] indicating variation in
the capacity of photosynthetic electron transport.

5. Phosphorylation of the Photosynthesis-Related Proteins under Abiotic Stress

Protein posphorylation at specific serine, threonine and tyrosine residues is able to change many
properties of proteins such as interaction with other proteins, stability, localization and activity [111].
Reversible phosphorylation plays an important role in the regulation of cellular mechanism, signaling
pathways and several developmental processes of plant such as cell growth, differentiation, migration,
metabolism, apoptosis and stress responses [112,113]. Under abiotic stress, reversible protein
phosphorylation is a powerful tool to alleviate damage to plant cell and specifically photosynthesis
system. Phosphorylation of the thylakoid proteins in response to drought, high light, cold, heat and
nutrient deficiency was reported; phosphorylation sites in thylakoid proteins from the green alga
exposed to different environmental conditions indicated that 31 in vivo protein phosphorylation sites
affect the photosynthetic machinery in the alga [111]. A survey of the photosynthetic pathways
indicated that several critical functions of photosynthesis-related proteins are under control of
reversible phosphorylation. The reversible phosphorylation of chlorophyll a/b binding proteins is part
of the light-harvesting complex under stress for balancing the excitation energy between the PSI and
PSII [109,114]. PSII core protein, the D1, D2, and CP43 phosphorylation in the photoinhibition-repair
cycle [115] are known to be involved in photosynthesis pathways. Although, phosphorylation and
dephosphorylation of the photosynthesis-related proteins occur under ambient conditions, the role of
the modification in reduction of damage is of greater significance under stress conditions.

6. Conclusions and Future Perspectives

Environmental stresses are great challenges for the growth and development of plants. When
plants are exposed to abiotic stress, photosynthetic pathways are highly affected. In crops, reduction
in photosynthesis rate, significantly decrease assimilates and ultimately reduce the yield. Response to
the specific stress is highly dependent on the level of tolerance or susceptibility of plants to the stress
which is mostly controlled by the expression of nuclear genes and proteins. Nuclear gene expression
under stress condition is controlled by retrograde signaling pathways. The signals can regulate the
expression of genes which leads to the expression of proteins. There are four major multi-subunit
protein complexes in the process of photosynthesis. Although all of the complexes are affected by
abiotic stress, review of the regulated proteins under stresses highlights a significant role for PSII in
the thylakoid membrane. Therefore, more attention should be paid to the photosynthesis system,
especially to PSII, when the target is the production of an abiotic stress tolerant plant. Furthermore,
because of the coordinated mechanisms in photosynthetic pathways, the whole plant should be
considered to alleviate the deleterious effects of the abiotic stress.
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Abstract: With the rapid advancement in nanotechnology, release of nanoscale materials into the
environment is inevitable. Such contamination may negatively influence the functioning of the
ecosystems. Many manufactured nanoparticles (NPs) contain heavy metals, which can cause soil
and water contamination. Proteomic techniques have contributed substantially in understanding
the molecular mechanisms of plant responses against various stresses by providing a link between
gene expression and cell metabolism. As the coding regions of genome are responsible for plant
adaptation to adverse conditions, protein signatures provide insights into the phytotoxicity of NPs
at proteome level. This review summarizes the recent contributions of plant proteomic research to
elaborate the complex molecular pathways of plant response to NPs stress.

Keywords: nanoparticles; oxidative stress; proteomics

1. Introduction

Nanotechnology is an emerging multidisciplinary field with a wide range of applications in
cancer therapy, targeted drug delivery, electronics, cosmetic industry, and biosensors [1]. Nevertheless,
unspecified release of metal-based nanoparticles (NPs) into the ecosystem has raised global concern
about their potential phytotoxic effects. The NPs are extremely fine particles with lengths between
1 and 100 nm in at least two of their dimensions [2]. These are in fact intermediate in size between
molecules and bulk materials. Division of bulk materials into smaller and smaller pieces gives them
very unique physical and chemical properties [3]. Moreover, a high surface-to-volume ratio renders
these nanoscale materials highly reactive or catalytic.

Bulk production of NPs often leads to their indiscriminate release in nature through industrial
waste-waters [4,5]. A majority of the manufactured NPs contain heavy metals. Thus, soil and water
contamination with metallic NPs has become an important environmental issue. Nanoparticles interact
with the plants and results in the uptake and accumulation that affect their fate and transport in
the ecosystem. Moreover, NPs could remain attached to the plant surface and impart physical and
chemical damage to the plant organs. Usually, NPs enter the plant root system through the lateral
root junctions and reach the xylem through the cortex and the pericycle [6]. Notably, NPs’ entry into
the plant can be stopped by the cell wall. The specific properties of cell wall allowing the transport
of NPs could be attributed to the pore size of cell wall [7]. The NPs that are in the size range within
the cell wall pore size could effectively cross the cell wall and reach the plasma membrane [8]. The
rate of entry depends on the size and surface properties of NPs. Indeed, the smaller NPs can enter
into plant cells easily. In contrast, larger NPs, being unable to enter the cells, cannot affect the cell
metabolic pathways [9]. Larger NPs can only penetrate through the hydathodes, flower stigmas, and
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stomata. Mechanism of interaction between NPs and plants could be chemical or physical. Chemical
interactions involve the production of reactive oxygen species [1], disturbance of ion cell membrane
transport activity [10], oxidative damage [11], and lipid peroxidation [12]. Following entry into the
plant cells, NPs after mixing behave as metal ions and react with sulfhydryl, carboxyl groups and
ultimately alter the protein activity. However, while conducting engineered nanomaterials (ENMs)
mediated ecotoxicity study, much attention needs to be paid towards various artifacts which often lead
to misinterpretations of results [13]. These potential factors include toxic impurities in ENM materials,
their proper storage and dispersion in testing medium. Moreover, ENMs exert indirect toxicity which
affects plant growth and development through nutrient depletion with passage of time, and estimation
of ENM dispersal in organisms. In addition, ENMs face different changes (viz. settling, dissolution,
agglomeration, etc.) during the exposure period, which is difficult to measure accurately. Due to
increased surface area and properties, ENMs readily adsorb organic molecules and inorganic ions
from the nutrient medium resulting indirect toxicity symptoms including chlorosis and wilting [14,15].
Moreover, during ENM exposure, organic acid in plant root exudates decreases the pH of the media,
thus altering nutrient supply and ENM properties [16]. Inefficiency to explore the influence of these
factors can direct to an inappropriate explanation of phytotoxicity and ultimately a fabricated impact
of ENMs [13].

2. Plant Response to Nanoparticle Stress

NPs with different composition, size, and concentration, physical/chemical properties have
been reported to influence growth and development of various plant species with both positive
and negative effects [17]. Khodakovskaya et al. [18] reported that multi-walled carbon nanotubes
markedly influenced tomato seed germination and seedling growth by up-regulating stress-related
gene expression. In Arabidopsis, Al2O3-NPs were reported to be least toxic compared to zinc oxide,
iron oxide, and silicon oxide nanoparticles [19]. Previous study highlighted the toxic effects of NPs
on algae [20]. NPs like titanium oxide, zinc oxide, cerium oxide, and silver NPs were deposited on
the surface of cell as well as in the organelles, which resulted in oxidative stress to the cell through
the induction of oxidative stress signaling [21]. In Cucurbita pepo, the effect of silver, copper (Cu), zinc
oxide, and silicon nanoparticles indicated that seed germination was unaffected by these NPs and
their counterpart bulk materials; however, Cu nanoparticles reduced root length compared to the
control and plants treated with the bulk Cu powder [22]. In rice, ZnO NPs, but not titanium oxide
cause deleterious effects on the root length at early growth stages [23]. Riahi-Madvar et al. [24]
indicated that the root growth of Triticum aestivum was affected by different concentrations of
the alumina-nanoparticles; however, NPs did not affect the seed germination, shoot length, and
dry biomass. In rice seedlings, nano-CuO treatment led to an increase in activity of antioxidant
enzymes and elevated MDA concentration [25]. A similar experiment on the nano-CuO modulated
photosynthetic performance and antioxidative defense system in Hordeum vulgare demonstrated
restriction in root and shoot growth with decreased photosynthetic performance index [26]. Moreover,
nano-CuO mediated DNA damage and plant growth restriction were reported in radish (Raphanus
sativus) and ryegrass (Lolium perenne and Lolium rigidum) [27]. Changes in enzyme activities, ascorbate
and free thiol levels resulting in higher membrane damage and photosynthetic stress have been
documented in shoots of germinating rice seedlings on exposure to very high concentration of cerium
oxide NPs [28]. Generation of ROS and reactive nitrogen species and H2O2 upon exposure to Ag and
ZnO engineered NPs on the duckweed (Spirodela punctuta) suggest that toxicity of Ag and ZnO-NPs
predominantly caused by both the particulates and ionic forms [29].

Among the various metal NPs, much attention has been paid to Ag-NP owing to their
characteristic physiochemical and biological properties compared to the massive bulk material [30].
The Ag-NPs have wide applications as an essential component in different products like household,
food, and industries because of their bactericidal and fungicidal properties [31]. Compared to the
silver-based compounds, Ag-NPs, with increased surface area available for microbe interaction, are
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reported to be more toxic to bacteria, fungi, and viruses. Like other metal ions, Ag-NPs can also induce
oxidative stress in bacteria, animals, algae as well as higher plants [32]. However, the impact of Ag-NPs
on plants largely depends on various factors such as plant species, growth stage of plant, composition
and concentration of the nanoparticles, and the experimental setup (temperature, treatment period,
media composition, and method of exposure, etc.) [33]. Nano-Ag is one of the most extensively studied
NPs whose toxicology has been examined in various crops [22,32,34]. Although Ag-NPs exposure is
reported to be detrimental for plant growth, some studies have demonstrated the growth-enhancing
properties of Ag-NPs in Brassica juncea [35], Eruca sativa [33], wetland plants [36], and Phaseolus vulgaris
and Zea mays [37]. An investigation by Kumari et al. [34] revealed chromotoxic effects of Ag-NPs on
the mitotic cell division in root-tip cells of Allium cepa. Moreover, Ag-NPs interact with the membrane
proteins and activate signaling pathways, that leads to inhibition of cell proliferation [38,39].

Perusal of all these nanotoxicity studies over the past decade reveals that plant response to
NPs stress has been evaluated extensively in various crops largely at physiological and biochemical
levels. Rather less focus has been given to the study of plant-NPs interface at transcript level
(Table 1). Microarray-based gene expression analysis of Arabidopsis thaliana roots on exposure to
ZnO-NPs, TiO2-NPs, and fullerene soot indicates that the underlying mechanisms of phytotoxicity are
highly specific to the nanoparticle [40]. Khodakovskaya et al. [41] designed an advanced method by
amalgamating genetic, photothermal, and photoacoustic strategies for highly sensitive detection of NPs
in different parts of tomato plants, most importantly the reproductive organs. Total gene expression
analysis of tomato leaves and roots exposed to carbon nanotubes (CNTs) revealed up-regulation in
the stress and water channel-related genes. A separate study demonstrated selective root growth in
maize upon exposure to single-walled carbon nanotubes (SWCNTs) [42]. Transcriptional analysis
suggests that nanoparticle-root cell interaction selectively modulates gene expression in seminal roots,
thus affecting relative root growth and development. Similar to transcriptome analysis, only limited
numbers of studies have emphasized the effects of nanoparticles stress on plants at proteome level.

3. Modulation of Proteome Composition under Nanoparticle Stress

Over the past decade, phytotoxicity of Ag-NPs has been evaluated extensively in various crops,
largely at morphological, physiological, and biochemical levels. However, only limited studies
have emphasized the effects of Ag-NPs stress on plants at proteome level (Table 2). Recently,
Mirzajani et al. [43] performed a gel-based proteomic study to understand the effects of Ag-NPs toxicity
on Oryza sativa. The root proteome study revealed that Ag-NPs-responsive proteins were primarily
associated with oxidative stress response pathway, Ca2+ regulation and signaling, transcription, protein
degradation, cell wall synthesis, cell division, and apoptosis. Increased abundance of defense-related
proteins including superoxide dismutase, L-ascorbate peroxidase, glutathione-S-transferase implies
accelerated production of ROS under Ag-NPs treatment. It has been hypothesized that Ag-NPs or
released ions impede cell metabolism by binding to second messenger calcium ion receptors, calcium
ion channels, and Ca2+/Na+–ATPases.

Proteomic study on Eruca sativa roots exposed to Ag-NPs and AgNO3 revealed that both forms
of Ag caused changes in the proteins related to redox regulation, disrupting cellular homeostasis
(Figure 1) [33]. However, the Ag-NPs alone were responsible to alter the ER and vacuolar proteins,
thus indicating these organelles as target sites of Ag-NPs. These findings suggest that phytotoxicity of
Ag-NPs is primarily due to their characteristic physiochemical properties, and not by releasing the
Ag+ [33]. We also studied the toxicity mechanisms of Ag-NPs on early-stage-soybean growth under
flooding stress [44]. In total, three different particle sizes (2, 15, and 50–80 nm) and concentrations
(0.2, 2, and 20 ppm) were screened. The Ag-NPs of 15 nm facilitated the soybean growth under
flooding, compared to the larger and smaller nanoparticles. The changed proteins under Ag-NPs
exposure were mainly related to stress, signaling, and cell metabolism.
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Figure 1. Cellular toxicity induced by nanoparticles (NPs). Exposure to NPs potentially leads to toxic
side effects such as enhanced ROS generation, disruption of redox homeostasis, lipid peroxidation,
impaired mitochondrial function, and membrane damage. Upward arrows indicate increased and
downward arrows indicate decreased protein abundance in response to NPs stress, respectively.
Dotted arrow represents shikimate pathway, a common biosynthetic route for the synthesis of
aromatic amino acids. Abbreviations: APX, ascorbate peroxidase; AsA, reduced ascorbate; DAHP,
3-deoxy-D-arabino-heptulosonate-7-phosphate; DHAR, dehydroascorbate reductase; ETC, electron
transport chain; H2O2, hydrogen peroxide; MDA, malondialdehyde; MDAR, monodehydroascorbate
reductase; PS, photosystem; QR, quinone reductase; ROS, reactive oxygen species; SKS4, SKU5 similar
4 protein; SOD, superoxide dismutase; Trx, thioredoxin.

In roots and cotyledons the abundance of glyoxalase II 3, an important enzyme of glyoxalase
detoxification pathway, was increased in a time-course manner under flooding stress; however,
it declined in response to Ag-NPs. Furthermore, Ag-NPs treatment caused a metabolic shift from
fermentative pathways towards normal cellular processes. The results suggested that the Ag-NPs
(15 nm at 2 ppm) treated soybeans experienced less deprivation of oxygen, which acts as an important
factor for enhanced growth of soybeans under Ag-NPs treatment with flooding stress. In contrast,
high concentration of Ag-NPs (20 ppm, 15 nm particle size) was lethal to soybean seedlings [44].Very
recently, we compared the effects of Ag-, ZnO- and Al2O3-NPs on two-day-old soybean under flooding
stress [49]. Interestingly, enhanced soybean growth was observed in 50 ppm Al2O3-NPs treatment.
The Al2O3-NPs-responsive proteins were predominantly related to protein synthesis/degradation,
glycolysis, and lipid metabolism. Moreover, 5-fold enhanced abundance of NmrA-like negative
transcriptional regulator family protein was recorded under Al2O3-NPs treatment. In summary,
proteomic findings suggest that regulation of energy metabolism and reduced root cell death might
promote soybean growth under flooding stress.
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4. Conclusions and Future Prospects

By summarizing proteomic contributions, efforts have been made in the present review to
delineate the molecular basis of acquisition of nanoparticles stress response mechanism. However,
only limited numbers of proteomic studies have so far been conducted in the plant system. Most of the
studies carried out so far primarily deal with the overall plant response towards a specific NPs stress
showing differential abundance of proteins involved in oxidation-reduction, ROS detoxification, stress
signaling, and hormonal pathways. Proteomic studies on Ag-NPs induced phytotoxicity revealed that
the size of the nanoparticle is the key factor in determining the type and magnitude of the cellular
response. Future initiatives need to be taken to find out whether the metallic nanoparticles exert their
toxicity solely due to their unique properties or to the released metal ions. Moreover, research aimed
at identifying and characterizing subcellular organelle proteins are expected for exploring the precise
alterations in the protein signature of cell to withstand the NPs stress. In addition to proteomics,
other “omics” based high-throughput techniques such as transcriptomics and metabolomics have
immense potential to evaluate the effects and toxicity of nanoscale materials [45,50]. Metabolomics
allows fast screening for biomarkers of oxidative stress following the application of NPs. Moreover,
combination of NMR- and LC/MS-based metabolomics approach is being exploited to investigate the
specific pathways of interest including those related to oxidative stress, an inevitable consequence of
nanoparticle exposure [50]. MALDI MS imaging technique, a powerful tool for nanotoxicology study,
provides a snapshot of how NPs are distributed in tissues, which is important for characterizing and
understanding nanomaterial-based toxicity [51]. Furthermore, the plant’s response to combined NPs
would be another topic for future “omics” based research that could highlight the possible interaction
between stress signaling pathways. All these valuable information would further provide us an
extensive and elaborated picture about the response mechanism of NPs stress in plants.
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Abstract: Maize (Zea mays L.) is a host to numerous pathogenic species that impose serious diseases
to its ear and foliage, negatively affecting the yield and the quality of the maize crop. A considerable
amount of research has been carried out to elucidate mechanisms of maize-pathogen interactions
with a major goal to identify defense-associated proteins. In this review, we summarize interactions
of maize with its agriculturally important pathogens that were assessed at the proteome level.
Employing differential analyses, such as the comparison of pathogen-resistant and susceptible maize
varieties, as well as changes in maize proteomes after pathogen challenge, numerous proteins were
identified as possible candidates in maize resistance. We describe findings of various research groups
that used mainly mass spectrometry-based, high through-put proteomic tools to investigate maize
interactions with fungal pathogens Aspergillus flavus, Fusarium spp., and Curvularia lunata, and viral
agents Rice Black-streaked Dwarf Virus and Sugarcane Mosaic Virus.

Keywords: proteomics; maize; pathogen; interaction; defense; resistance; mycotoxin; pathogenesis-related;
Aspergillus flavus; Fusarium spp.; Curvularia lunata; plant virus

1. Introduction

Maize is the most grown cereal crop in the world (990.64 million tons per year according to USDA
WASDE report, May 2015) valued for its nutritional properties as food and feed, and as a source
material for many industrial uses. Diseases inflicted on this important plant species by naturally
occurring pathogens are detrimental to the economy and threaten the food supplies around the globe,
especially in the regions where maize is a staple food commodity. In addition, fungal infection and
consequent contamination with mycotoxins pose serious health hazards to both humans and animals,
which can be directly infected by fungus or can be affected by consumption of contaminated food and
feed. Among the mycotoxins, the aflatoxin B1 (product of Aspergillus flavus) is the most carcinogenic
compound found in nature [1,2], and it represents the most dangerous agent the maize producers and
consumers might potentially face.

For decades, researches around the world have been investigating the processes underlying the
mechanism of maize pathogen recognition and the launch of effective defenses. Engaging the most
advanced system biology approaches, including “omics” disciplines, such as genomics, transcriptomics,
and proteomics, they have moved towards a better understanding of the many processes occurring
during maize interactions with its pathogens. A thorough knowledge of molecular mechanisms of
maize host response to pathogens is critical for the elucidation of a genetic basis of host resistance.

The advent of mass spectrometry (MS) application in proteomic research caused a true paradigm
shift, allowing for many scientists to focus on the maize proteome. Continuous advancements of
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high-throughput technologies, availability of protein, EST and genomic databases (B73 genotype [3])
further accelerated the maize proteomics field.

In this review, we present a summary of proteome-based research of maize interaction with, and
defense against, diverse pathogens. Various proteomic techniques were used, including both gel-based
and gel-free approaches. Numerous potential protein and gene candidates in maize disease resistance
were identified. Of special interest, these proteins could serve as selective markers for the development
of resistant elite varieties, either through conventional breeding or via genetic engineering.

2. Maize-Pathogen Interactions from a Proteomics View

2.1. Maize vs. Aspergillus Flavus and Aflatoxins

Aspergillus flavus is a globally found fungal pathogen that causes disease in many agricultural
crops and contaminates them with aflatoxins, very toxic metabolites that are produced via secondary
metabolism [4,5]. Aspergillus ear rot caused by A. flavus is the major maize disease worldwide,
and grains contaminated with aflatoxins present immense agronomical problems leading to more
than one billion of dollars lost annually, according to The American Phytopathological Society [6].
Disease development can occur pre- and post-harvest and is most serious in the Southern United States,
where hot weather and frequent droughts trigger aflatoxin production. If not controlled, aflatoxins
might be present in a wide range of maize-based foods and feeds, as well as in dairy products. They
pose serious health hazards to both humans and animals, if digested via contaminated food and feed.
In humans, aflatoxins have been directly linked to hepatocellular carcinoma, since they are metabolized
in the liver [7].

2.1.1. Kernel Resistance

A notable number of proteomic investigations has been performed on maize kernel tissues [8–17].
Chen and colleagues examined numerous maize genotypes with dissimilar levels of resistance to
aflatoxins accumulation. In one of their earliest studies using one-dimensional electrophoresis (1DE)
and N-terminal sequencing, they identified a 14-kDa trypsin inhibitor that was significantly more
abundant in kernel protein extracts from seven aflatoxin-resistant inbred lines, while not detectable
or less abundant in kernels of six susceptible genotypes [13]. High constitutive levels of this protein
are believed to be contributing to the maize kernels’ resistance as demonstrated by antifungal assays.
Trypsin inhibitor purified from corn kernels caused spore rupture and abnormal hyphal growth
of A. flavus. It also inhibited A. flavus growth via inhibition of fungal α-amylase, under certain
experimental conditions [15]. Including other kernel tissues (endosperm and embryo), and applying
more advanced proteomic tools such as two-dimensional electrophoresis (2DE) and tandem mass
spectrometry (MS/MS), additional constitutive resistance-related proteins were identified [10–12].
Both embryo and endosperm of resistant lines (MP420, Mp313E, GT-MAS:gk, CI2, MI82, and
T115) exhibited similar defense patterns and unique and/or higher expression (at least 5-fold) of
several interesting proteins. These proteins can be grouped into the following categories: (i) storage
proteins, which include globulin 1 and 2, and late embryogenesis abundant proteins (LEA3, LEA
14); (ii) stress-related proteins, such as aldose reductase (ALD), osmotic stress-related proteins WSI18,
peroxredoxin antioxidant (PER1), cold regulated protein, anionic peroxidase, glyoxalase I protein
(GLX I) and several small heat shock proteins (HSP); and (iii) antifungal proteins, such as trypsin
inhibitor and pathogenesis-related (PR) protein 10 (PR-10). Antifungal PR-10 protein undoubtedly
plays a role in host kernel resistance. Overexpression of ZmPR-10 gene was found to be inhibitory to
both A. flavus hyphal growth and conidial germination [14]. Furthermore, using RNAi gene silencing
approach, fungal colonization and aflatoxin accumulation were more extensive in pr10-silenced
transgenic kernels, while pr10-silenced callus lines displayed enhanced sensitivity to heat stress
treatment, and significantly reduced pr10 transcription.
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Based on their observations, the authors proposed the existence of an association between stress
tolerance and disease resistance [8]. LEA proteins, for example, are known to protect higher plants
from dehydration caused by environmental stresses, especially drought [18]. In maize kernels, LEA
proteins probably assist in aflatoxin resistance as well. Direct and active involvement of GLX1 in
aflatoxin resistance was validated through the control of its substrate, methylglyoxal (MG), which
induced aflatoxin production in infected kernels [11]. Few susceptible genotypes did exhibit significant
increases in MG content when infected. The evidence of association between stress tolerance and
disease resistance can be exploited in the future as a novel strategy to enhance maize resistance to
fungal diseases.

2.1.2. Rachis Resistance

Contamination of grains is of the highest concern for maize marketing and consumption. Therefore,
a majority of the research is being devoted to this tissue. However, infection of other parts of the maize
plant is equally important, as these organs may contribute to the resistance or susceptibility by affecting
the pathogen’s behavior within a maize ear and/or the whole plant. For example, maize rachis (cob)
plays a role in the delivery of nutrients to developing kernels, and it was reported that A. flavus uses it
as a conduit for its spread within a maize ear [19,20]. When developing ears of aflatoxin-susceptible
and aflatoxin-resistant hybrids were inoculated with GUS-tagged A. flavus strain, fungus moved freely
throughout the maize cob and to the kernels in susceptible hybrids. In resistant hybrids, however,
fungal spread was halted in rachis preventing it from entering the kernels [19]. The same phenomenon
was observed in maize inbreds [20]. To elucidate the possible role of rachis in aflatoxin resistance,
a comprehensive large-scale study was carried out by Pechanova et al. [21,22]. The two-dimensional
Difference In Gel Electrophoresis (2D-DIGE) comparison of rachis from 21-day-old maize of four
genetically unrelated maize inbreds (aflatoxin-resistant Mp313E and Mp420, and aflatoxin-susceptible
SC212m and B73) revealed that resistant rachis contained 44 proteins of significantly higher abundance,
mainly abiotic stress-related proteins such as heat shock proteins, antioxidant enzymes (superoxide
dismutase (SOD), ascorbate peroxidase (APX), thioredoxin, etc.), and other diverse stress-related
proteins. Proteins from the phenylpropanoid pathway, such as phenylalanine ammonia lyase
(PAL), caffeoyl-CoA-3-O-methyltransferase1 and chalcone flavonone isomerase, were also present at
considerably higher levels. Susceptible rachis, on the other hand, had significantly higher expression
of 26 proteins, the majority of which were biotic stress-associated PR proteins, such as chitinases, basic
endochitinase C and germin-like proteins (GLP) subfamily 1 member 17.

In regards to a fungal challenge, tremendous differences between resistant and susceptible genotypes
were observed in response to A. flavus, especially after a long-term exposure. Thirty-five days
post-infection, genotypes Mp313E and SC212m reacted with differential expression of 30 and
48 proteins, respectively. However, unlike resistant Mp313E, susceptible inbred SC212m exhibited
a much more robust response via strong upregulation (3–10-fold) of fifteen different PR proteins
including chitinases, glucanases, protein P21, permatin, PR-1, PR-5, PRm3, and PRm6b. The resistant
genotype did not induce strong defenses as these proteins were already constitutively accumulated in
its rachis, as shown in proteomic maturation studies (young vs. mature rachis). The most remarkable
difference was observed for PRm3 (class III chitinase) that accumulated 40-fold during maturation of
resistant rachis, as opposed to a 7.3-fold increase in the susceptible line. These findings indicated that
rachis from resistant and susceptible genotypes differ in their defense mechanisms. While susceptible
rachis relies on inducible defenses via action of antifungal proteins, resistant rachis is almost exclusively
dependent on constitutive defenses. Abiotic stress-related proteins appear to be vital for young rachis
to control oxidative stress caused by heat and drought, whereas biotic stress-responsive proteins,
such as PR proteins, become more important as the ear matures. The subset of defense-related
proteins including several isoforms of chitinases, PRm 6b, β-1.3-glucanase, GLP subfamily 1 member
17, catalase 3, Asr protein, abscisic stress ripening protein 1, auxin-binding protein 1, abscisic acid
(ABA)-responsive protein, caffeoyl-CoA 3-O-methyltransferase 1, and remorin might be especially
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important for rachis resistance, as these proteins mapped near quantitative trait locus (QTL) for
resistance to aflatoxin accumulation present on several chromosomes [22].

Similarly to kernels [13], association between abiotic stress tolerance and aflatoxin-resistance seem
to be a crucial factor in rachis defense. This was the most obvious for two small HSPs that were almost
11-fold more abundant in resistant vs. susceptible rachis [22]. Unlike in susceptible inbreds, resistant
rachis is able to cope better with heat and drought challenges via high expression of abiotic stress-related
proteins, which simultaneously provide a good protection against A. flavus/aflatoxins [22].

2.1.3. Silk Resistance

Comparative protein profiles of silk from maize genotypes (resistant Mp313E, Mp420, and
susceptible SC212m, Mp339) were also investigated via 2DE [23]. Silk seems to play an essential role
in pre-harvest contamination of maize, as it is easily accessible to the pathogenic agents, thus serving
as a main point of entry and conduit for microbial infection. Once external silk of field-grown maize is
colonized with A. flavus, fungal growth down the silk into the cob interior is rapid, and followed by
subsequent colonization of kernel surfaces [24]. At the same time, silk very likely serves as a first line
of defense against microbial infection, and its antifungal properties have previously been reported [25].
Three PR proteins could play a major role in A. flavus/aflatoxin resistance. Hydrolytic enzymes
chitinase A, PRm3 chitinase, and chitinase I were constitutively expressed at higher levels in silks of
both resistant maize varieties when compared to their susceptible counterparts [23]. These findings
were supported by antifungal assay showing that extracts from resistant inbreds had higher antifungal
activity than those from susceptible lines.

2.1.4. Summary of Maize Protein-Based Defenses against A. flavus

Maize resistance to A. flavus infection and aflatoxin accumulation is a polygenic, quantitatively
inherited trait strongly influenced by the environment [26–28].

As indicated from proteomic studies reviewed above, maize ear defense is correspondingly a
very complicated mechanism consisting of diverse proteins, metabolites, and signaling molecules.
It involves antifungal activity, host cells detoxification, cell wall reinforcement, primary and secondary
metabolism, signaling, etc. Constitutive proteins seem to serve as major resistance factors, but inducible
defenses are also essential. Figure 1 summarizes protein-based defenses of maize plant in tissues that
are most instrumental to both infection and resistance by/against the A. flavus.

Figure 1. Selected proteins associated with maize defense against Aspergillus flavus. References are
given in parenthesis next to the tissue-specific protein groups. Proteins in black and blue color represent
constitutive and induced proteins, respectively. Protein in red was constitutively more abundant in
resistant line, and induced in both resistant and susceptible lines (Modified from [29]).

99



Int. J. Mol. Sci. 2015, 16, 28429–28448

2.2. Maize vs. Fusarium Pathogens

Fusarium species represent another major group of fungal pathogens associated with maize
diseases. This ubiquitous soil-borne genus contains several toxigenic species, with F. graminearum
and F. verticillioides being the most common pathogens of maize. They can infect different parts
of the maize plant in all stages of its development, causing significant reductions in maize yield
and quality. Most importantly, under certain favorable environmental conditions during both pre- and
post-harvest processing, these fungi produce harmful mycotoxins further diminishing maize crops [30,31].
The most common mycotoxins produced by toxigenic Fusaria include fumonisin, deoxynivalenol,
and zearalenone. They contaminate maize grains, and therefore represent similar health hazard
like aflatoxins.

2.2.1. F. graminearum and Gibberella Ear Rot

Gibberella ear rot is caused by F. graminearum and results in moldy, mycotoxin-contaminated
maize kernels. Infection is more prevalent in cool and wet weather, at the beginning stages of silking,
and usually originates at the tip of an ear, followed by spreading towards the base [32]. Deoxynivalenol
and zearalenone produced by this fungus are harmful to both humans and farm animals.

To evaluate defense processes occurring early upon encountering this pathogen, protein profiles
of developing maize kernels of two inbred lines were examined 48 h post-inoculation [33]. In this
large-scale study conducted over three growing seasons, 878 proteins were identified and quantified
via iTRAQ MS/MS as differentially expressed between the mock- and fungal-treated kernels, and/or
between the two inbred lines. Both genotypes, resistant (CO441) and susceptible (B73), exhibited
changes in proteomes during both mock inoculation and pathogen challenge. Ninety-six proteins were
differentially abundant in at least one of the treatments. They consisted of several major groups of
defense proteins including PR proteins PR-10, chitinases, xylanase inhibitors (XIP), thaumatin-like
protein, zeamatin precursor, GLPs, and peroxidase. Not only were these proteins among the most
strongly induced ones, but also they were often at significantly higher levels in the resistant vs.
susceptible genotype. Proteins PR-10, PRm3 chitinase, and PR-5 thaumatin, were also identified
via 2DE approach in Fusarium-treated silks of B73 inbred, 48 h post-infection, playing role in
silk defense [33]. Differential expression was also obvious for several important enzymes from
secondary metabolism, especially the phenylpropanoid pathway. PAL, the protein catalyzing the
first and committed step of the pathway, was more significantly induced in susceptible inbred
(B73) when compared to CO441. Cinnamyl alcohol dehydrogenase, 4-coumarate-CoA ligase, and
phenolic O-methyltransferase did not show significant induction in any of the inbreds, but they
were more abundant in the resistant genotype CO441. From the terpenoid biosynthetic pathway,
hydroxymethylbutenyl 4-diphosphate synthase (HDS) of the isoprenoid methylerythritol phosphate
(MEP) pathway was found among the most F. graminearum-responsive proteins in both genotypes.
HDS was also more abundant in resistant CO441. Finally, of the two chalcone flavonone isomerases
that are involved in flavonoid biosynthesis, one was induced by fungal infection in both genotypes,
while another was more abundant in CO441. Overall, resistant genotype CO441 exhibited higher
levels of many defense-associated proteins than susceptible B73, under both mock- and fungus-treated
conditions. However, B73 displayed stronger response to the F. graminearum than the resistant inbred.

2.2.2. F. verticillioides and Fusarium Ear Rot

F. verticillioides causes Fusarium ear and stalk rot. Disease is prevalent, especially during hot and
dry weather, both before and after harvest. Fumonisins produced by this species appear to be one of
the most common maize-based food and feed contaminants, therefore they are of high importance to
the producers [30,31]. Fumonisins are highly toxic and have been associated with several livestock
and humans diseases including cancer [34,35].
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Protection of seeds during germination is critical for plant propagation and ultimately, for survival
of plant species. Defense responses during this vulnerable developmental phase were examined in
20-hour-old germinating maize embryos challenged with F. verticillioides [36]. Twenty-four hours
after infection, proteins from fungus-infected vs. sterile embryos were compared via 2DE, using
neutral and acidic extraction conditions. Several groups of proteins have shown changes in their
expression. Detoxifying enzymes catalase 2, SOD, and glutathione-S-transferase (GST) were almost
completely absent in extracts from sterile embryos, while present in fungus-infected embryos, likely in
order to protect them from oxidative damage and xenobiotics. Proteins involved in protein synthesis,
folding and stabilization such as small HSP 17.2, peptidylprolyl cis-trans isomerase, and cyclophilin
were also more abundant in fungus-challenged embryos. Another up-regulated protein belonging
to this group, eukaryotic translation initiation factor 5A (eIF-5A), might be in demand to facilitate
synthesis of proteins needed for defense. Protein extracts from sterile and fungus-infected embryos
were also compared using immunological reactions, which confirmed induction of P23 protein,
and constitutive expression of β-1,3-glucanases and chitinases. Finally, carbohydrate metabolism
in embryos also appeared to be altered by F. verticillioides. As seen from the expression of two
glyceraldehyde-3-phosphate dehydrogenases (GAPDH) (cytosolic 1 and 2), and fructose-bisphosphate
aldolase, fungus seems to repress glycolysis and activate gluconeogenesis.

2.2.3. F. verticillioides and Extracellular Matrix

Besides its other biological functions, extracellular matrix (ECM) serves as a first line of defense
during the plant-pathogen interaction. As such, ECM is critical for plant survival. Actions taken in this
compartment trigger a complex series of events leading to the rapid defense responses at the infection
site and throughout the plant. To gain an insight into this earliest host-pathogen encounter, a pathogen
attack was simulated by treating cell cultures with elicitor molecules found in an attenuated fungal
pathogen [37]. After a 6-hour-long treatment, they responded by activating three major events. The first
event was characterized by elicitor-induced secretion of six putative XIP isoforms into the ECM culture
medium. These defensive enzymes inhibit xylanases that fungi secrete during infection to hydrolyze
the host’s cell walls [38]. The second event included rapid changes in the phosphorylation status
of several apoplastic peroxidases, implying that the phosphorylation regulatory mechanism is very
likely controlling this host-pathogen contact. More specifically, two peroxidases were consistently
and significantly dephosphorylated within 10 min of Fusarium elicitor treatment, although their
relative abundances remained unchanged. Finally, cell wall-enriched protein fractions contained
considerably increased levels of cytosolic GAPDH and HSPs suggesting that during elicitor-induced
ECM-mediated defenses these classical cytosolic proteins are specifically targeted to the cell walls.
Furthermore, the three major elicitor-induced occurrences were accompanied by increased production
of H2O2 as determined by histochemical staining. Accumulation of H2O2 is consistent with the onset
of elicitor-induced oxidative burst, a central event in the establishment of an effective resistance
response. Also observed was a disappearance of β-N-acetylglucosaminidase (β-NGase) protein spots.
This protein hydrolyses bacterial cell wall peptidoglycan [39], and the authors speculate that the
disappearance of β-NGase is likely the result of its oxidative cross-linking to the cell walls. Fungal
elicitor-induced changes in maize ECM proteome thus strongly imply that this important anatomical
structure plays a complex role in maize defense machinery.

2.2.4. Summary of Maize Protein-Based Defenses against Fusarium spp.

Studies reviewed above strongly indicate that maize resistance to Fusarium spp. and A. flavus
are comparable. Similar groups of proteins were found to be responsive against diseases caused by
both types of fungi [22,33,36]. Suggestion of a common resistance mechanism between Fusarium ear
rot/fumonisins and Aspergillus ear rot/aflatoxins was previously made from QTL mapping, which
showed that some of the genes implicated in resistance to ear rots and mycotoxin accumulation
were identical or genetically linked [40]. Furthermore, in very recent study [41], selected defense pr
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genesand proteins (catalase, superoxide dismutase, peroxidases) were monitored in developing kernels
of resistant and susceptible maize genotypes inoculated with F. proliferatum, F. subglutinans, and A.
flavus. Similarly to rachis tissue [22], higher gene transcription and enzymatic activities in uninoculated
kernels of resistant line testify about constitutive defense against the pathogens. On the other hand,
susceptible lines responded with induction of reactive oxygen species-scavenging proteins. In addition,
maize 9-lipoxygenases (LOX) ZmLOX12 and ZmLOX3 suppressed contamination by F. verticillioides
and A. flavus, respectively [42,43]. Hence, breeding for Aspergillus and Fusarium resistances may
produce parallel outcomes. Figure 2 summarizes protein-based defenses of maize plant in tissues that
are of interest in regards to infection by Fusarium spp.

Figure 2. Selected proteins associated with maize defense against Fusarium spp. References are
given in parenthesis next to the tissue-specific protein groups. Proteins in black and blue color
represent constitutive and induced proteins, respectively. Protein in violet was not detected after the
pathogen challenge.

2.3. Maize vs. Curvularia lunata

Curvularia lunata is a foliar fungal pathogen and a causal agent of Curvularia leaf spot of maize.
It can cause damage to the maize yields, especially in hot and humid climates [44]. It has been reported
that C. lunata produces a furanoid type toxin, both in vitro and in planta, which can possibly lead to leaf
lesions [45]. Unlike Aspergilli and Fusaria, not much is known about C. lunata pathogenesis in maize at
molecular level. Huang et al. attempted to unravel the pattern of resistance by comparing four maize
inbreds ranging from highly resistant to susceptible to C. lunata [46,47]. Leaf proteomes analyzed 24 h
post-infection revealed that resistant lines were much more responsive to infection than susceptible
lines [47]. From 100 differentially expressed spots, only 8 were identified from 10 selected and analyzed
spots. The expression levels ofGLP, translation initiation factor eIF-5A, oxygen-evolving complex
(OEC), and two oxygen-evolving enhancer proteins (OEE 1, OEE 2) were found to be significantly more
abundant in highly resistant variety Luyuan 92, when compared to the three other genotypes. GLPs,
for instance, are ubiquitous developmentally regulated cell wall glycoproteins that possess a wide
range of functions [48], including defense against pathogens [49,50]. Several GLPs have enzymatic
activities of SOD and oxalate oxidase (OXO) producing hydrogen peroxide (H2O2), which can serve
as a signaling molecule for a range of defense reactions, including cell death, and as a cofactor for
cell wall strengthening by cross-linking [50,51]. In addition, GLPs often bind non-covalently to cell
walls [52,53], potentially contributing to structural reinforcement. Consequently, GLPs might be able
to modulate host resistance against pathogen by signaling via H2O2, and/or cell wall strengthening.
This also may be the case for Luyuan 92 resistance to C. lunata but it remains to be confirmed in further
studies. Similarly, Photosystem II proteins OEC and OEEs were previously reported as responsive to
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abiotic and biotic stresses [54,55], therefore they might act in the maize-C. lunata interaction as well.
When longer viral exposures (24, 36, 48, 60 and 72 h) were examined, more proteins were identified
as differentially expressed, especially in the resistant genotype 78599-1 [46]. The majority of these
proteins were, nevertheless, common for both types of inbreds. Twenty-seven proteins that changed at
least 3-fold in abundance were mainly related to photosynthesis, respiration, oxidative and drought
stress, and signal transduction. Among them, putative glutathione peroxidase (GPX), APX and 22
kDa drought-inducible protein are the most common facilitators of plant tolerance to environmental
challenges, as shown for maize-A. flavus interactions. By analogy, these proteins are also possible
mediators between maize stress tolerance and resistance to C. lunata.

2.4. Maize vs.Viral Pathogens

Viral diseases are also fairly common in maize. They occur throughout the maize-growing
regions around the world, and they can cause sporadic but very damaging epidemics. Proteomics of
maize-virus interactions is a relatively new research area, and unlike for fungal pathogenesis, not much
is known about the virus impact on the biology of a maize plant at the molecular, especially proteomic,
level. Several recent studies [56–58] addressing the effect of viruses on maize protein expressions will
be reviewed in the following paragraphs.

2.4.1. Rice Black-Streaked Dwarf Virus

Li and colleagues scrutinized the long-term adjustment of the maize elite, but very susceptible
line (Ye478), to Rice Black-streaked Dwarf Virus (RBSDV) [58]. This insect-transmitted pathogen is
considered a major causal agent of maize rough dwarf disease (MRDD) in China, and it is responsible
for dwarfed and severely damaged maize plants. Fifty days post-infection, virus-infected leaves
responded with significant changes in abundance for 123 proteins, as revealed via 2DE and MS/MS.
Functional variety of 91 identified proteins suggested an engagement of a large arsenal of biological
processes and pathways, most likely due to severe morphological changes taking place upon viral
encounter. For example, the accumulation of detoxifying enzymes peroxidase 39, APx2-cytosolic APX,
and catalase isozyme 3 implies an onset of oxidative stress caused by RBSDV, and a subsequent need
for regulation of cellular redox state. Higher levels of lipoxygenases and small GTP-binding proteins
in virus-infected plants suggest that these proteins modulate the triggering of downstream defenses
via signaling pathways.

UDP-glucosyltransferase BX9 catalyzes conversion of benzoxazinoids to their inactive glucoside
form for their deposition to vacuoles. Benzoxazinoids are major grass phytotoxins that offer protection
against a wide range of herbivores, fungi and bacteria [59]. Up-regulation of UDP-glucosyltransferase
BX9 in RBSDV-infected plants indicates that these natural insecticides are very likely a part of maize
defenses against RBSDV.

Consistent with severely altered leaf morphology, the upregulation of cinnamyl alcohol
dehydrogenase and caffeic acid 3-O-methyltransferase may have led to modified cell walls in infected
plants. These plants had rough leaves with enations on the veins. MRDD establishment is also
followed by profound adaptation in carbohydrate metabolism, as numerous proteins from glycolysis,
TCA cycle, glycogenesis, and pentose phosphate metabolism, were extensively altered in expression.
Particularly evident was the decrease in transketolase levels in diseased plants, leading to a severely
weakened influx of proteins affecting plant growth and development. On the other hand, elevated
amounts of starch granules that were observed in MRDD-diseased leaves were very likely the
result of enhanced expression of ADP-glucose phospohorylase small subunit in virus-infected plants.
Finally, photosynthesis, carbon fixation and assimilation as well as starch synthesis also appeared
intensified in virus-infected leaves [58].

Overall, the invasion by RBSDV causes tremendous changes in maize’s metabolism, which
subsequently leads to severe morphological differences when compared to normal plants.
During MRDD disease, numerous fundamental biochemical pathways become seriously compromised,
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which is accompanied by significant changes in expression of proteins, particularly those associated
with plant growth. The proteomic study reviewed above clearly showed that the occurrence of
MRDD results in very complex responses involving a number of proteins, as well as defensive and
signaling molecules.

2.4.2. Sugarcane Mosaic Virus

Sugarcane Mosaic Virus (SCMV) is another viral pathogen and causal agent of mosaic disease
in maize and other graminaceous plants. SCMV occurs around the globe especially in regions
where susceptible varieties are grown. Two proteomic gel-based investigations were conducted
by Wu et al., in which authors compared leaf protein profiles from resistant (Siyi) and susceptible
(Mo17) inbred lines, 6 and 12 days post-infection (dpi) with SCMV, respectively [56,57]. With regard to
functional classifications, similar groups of responsive proteins were observed in both genotypes for
both time points. Ninety-six (6 dpi) and 93 (12 dpi) differentially expressed and identified proteins
were predominantly from energy and metabolism, stress and defense, and photosynthesis, followed
by protein synthesis and folding, signal transduction/transcription, and carbon fixation. However, a
larger proportion of stress/defense-related and signal transduction/transcription-associated proteins
were upregulated in the resistant genotype relative to the susceptible line, especially after longer
viral exposure. In contrast, photosynthesis-associated proteins were down-regulated in the resistant
inbred. After longer exposure to the virus, (12 dpi) enzymes from the major energy-producing
glycolysis and gluconeogenesis pathways exhibited an increase in expression in the resistant line,
while they were considerably lower in the susceptible maize genotype. Nineteen (6 dpi) and 17
(12 dpi) differentially expressed proteins were novel proteins that have not been previously known
as virus-responsive. Few examples for 6 dpi treatment include remorin, glutamate dehydrogenase,
calcium-dependent protein kinase, ATP synthase CF1 alpha subunit, and bZIP transcription factor
ABI5. Abscisic stress ripening protein, serine/threonine-protein kinase, ferredoxin-NADP reductase,
nucleolar RNA helicase 2, and 30S ribosomal protein S5 were among 17 newly identified proteins
during 12 dpi experiment. More importantly, these proteins broaden the repertoire of possible
virus-defensive maize proteins and may serve as good candidates for future resistance-related studies.
Although similar biological processes in both lines were affected by infection, only 17 proteins were
common for both inbreds. They include aconitase, transketolase, fructose-bisphosphate aldolase,
nucleoside diphosphate kinase, thioredoxin, ABA stress ripening protein, GST, chaperonin, T-complex
protein, Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo) large subunit, RuBisCo subunit
binding protein beta subunit, ferredoxin-NADP reductase, remorin, histidine triad nucleotide binding
protein, cysteine synthase, β-D-glucosidase precursor and electron transporter protein. Similarly to
RBSDV infection, there were dramatic changes in expression of proteins involved in carbohydrates
metabolism in both genotypes, suggesting a significant shift of this metabolic pathway. Viral proteins
were also found and identified in the susceptible line at 6 dpi confirming the presence of infection.
In addition, resistance to SCMV seems to be also instituted via phytohormones-mediated defenses.
Evidence exists that plant pathogens evolved a mechanism to modify the host’s hormone levels to
establish pathogenicity [60–62]. Indeed, quantitative differences in concentrations of salicylic acid (SA),
ABA, ethylene, jasmonic acid (JA) and azelaic acid (AZA) were observed between mock-inoculated
and SCMV-inoculated plants, as well as between the resistant and susceptible plants.

Both studies brought valuable input into previously not much known maize–SCMV interactions.
Identified proteins are subject for further research and possible resistance candidates. Summary of
maize leaf proteins implicated in its defense against viral pathogens is given in Table 1.
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Table 1. Examples of proteins associated with maize defense against viral pathogens.

Pathogen Maize Genotype Induced Proteins Repressed Proteins Reference

Black-Streaked
Dwarf Virus Ye478 Susceptible

Peroxidase 39, APx2-cytosolic
ascorbate peroxidase, catalase 3,
oxygenase, caffeic acid
3-O-methyltransferase, cinnamyl
alcohol degydrogenase,
UDP-glucose pyrophosphorylase,
GAPDH, ADP-glucose
phosphorylase, lipoxygenases,
GTP-binding proteins, enzymes of
starch synthesis, hotosynthesis,
carbon fixation and assimilation

Enzymes of glycolysis,
TCA cycle, glycogenesis,
and pentose phosphate
metabolism, particularly
transketolase

[58]

Sugarcane
Mosaic Virus Siyi Resistant

Enzymes of glycolysis and
gluconeogenesis, remorin,
cysteine synthase, glutamate
dehydrogenase,
calcium-dependent protein kinase,
bZIP transcription factor ABI5,
serine/threonine-protein kinase,
nucleolar RNA helicase 2, 30S
ribosomal protein S5

[56,57]

Sugarcane
Mosaic Virus Mo17 Susceptible

Enzymes of glycolysis
and gluconeogenesis,
remorin, cysteine
synthase, ATP synthase
CF1 α subunit

[56,57]

Sugarcane
Mosaic Virus Siyi and Mo17

Stress/defense-related and signal
transduction/transcription-
associated proteins,aconitase,
transketolase,nucleoside
diphosphate kinase, abscisic stress
ripening protein, chaperonin,
T-complex protein,
ferredoxin-NADP reductase,
histidine triad nucleotide binding
protein, β-D-glucosidase
precursor, electron transporter
protein

Photosynthesis-
associated proteins,
thioredoxin, glutathione
S-transferase, RuBisCo
large subunit, RuBisCo
subunit binding protein α

subunit

[56,57]

3. Commonly Responsive Proteins in Maize-Pathogen Interaction

Several groups of proteins were found commonly associated with the maize response to
fungal and/or viral pathogens (Table 2). Their main functions will be discussed briefly in the
following paragraphs.

3.1. Pathogenesis–Related Proteins

PR proteins represented the largest and most diverse group of proteins associated with maize
resistance. Generally, PRs are inducible by a variety of pathogens via salicylic acid, jasmonic acid, or
ethylene signaling, which leads into their accumulation at the site of the attack but also systemically at
distant parts of the plant [63]. Many are expressed constitutively in healthy plants during growth and
development. This large and diverse group of proteins classified into 17 families possesses a broad
range of enzymatic activities rendering them indispensable for plant survival upon pathogen attack.
An arsenal of PR proteins was found differentially expressed in maize genotypes associated with
fungal diseases imposed by F. verticillioides [36], F. graminearum [33], and A. flavus [14,22,23], including
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chitinase and β-1,3-glucanases. These antifungal hydrolytic enzymes are perhaps the most important
among PR proteins. They are ubiquitous in the plant kingdom, can be preformed or inducible, and
often work synergistically. The mode of their action is degradation of chitin and glucans, major
structural polysaccharides of fungal cell walls and exoskeletons of arthropods and nematodes [64–67].

Table 2. Commonly responsive protein groups during maize interactions with fungal and/or viral
pathogens. Selected proteins are listed.

Protein Group
Elicited by
Pathogen

Tissue Proteins References

Pathogen related
proteins Af, Fv, Fg Embryo, silk,

rachis, kernels

Chitinase, glucanase, trypsin
and amylase inhibitor,
peroxidase

[14,22,23,33,36]

Detoxifying
enzymes

Af, Fv, Fg, Cl,
RBSDV, SCMV

Leaves, foliage,
embryo, silk,
rachis, kernels

SOD, catalase, PER, thioredoxin,
glutaredoxin, glutathione
reductase, GST,
dehydroascorbate reductase

[12,22,33,36,46,56,57,68]

Proteins involved
in secondary
metabolism

Af, Fv, Fg,
RBSDV, SCMV

Rachis, leaves,
ear

PAL, caffeoyl-CoA
3-O-methyltransferase,
chalcone-flavonone isomerase,
cinnamyl alcohol
dehydrogenase,
hydroxymethyl-butenyl
4-diphosphate synthase

[22,56,58]

Proteins involved
in energy
producing
pathways

Af, Fv, RBSDV,
SCMV Rachis, leaves

GAPDH, ADP-glucose
pyro-phosphorylase,
UDP-glucose
pyrophosphorylase, glucose
phosphate isomerase,
fructose-bisphosphate aldolase,
transketolase

[22,33,36,37,47,56–58]

Proteins involved
in protein
synthesis, folding
and stabilization

Af, Fv, Fg Embryo, rachis,
kernel

elF-5A/initiation of translation;
HSPs, chaperonins,
peptidylprolyl cis-trans
isomerase, cyclophilin

[22,33,36,37,46,47,56]

Af —Aspergillus flavus; Fv—Fusarium verticillioides; Fg—Fusarium graminearum; Cl—Curvularia lunata;
RBSVD—Rice Black-streaked Dwarf Virus; SCMV—Sugarcane mosaicvirus.

Other PR proteins important in maize fungal resistance included zeamatin and proteins P21 and
P23. These are the members of PR-5 family that have a close resemblance to a sweet-tasting protein
thaumatin and are also known as thaumatin-like proteins (TLs). They permeabilize fungal cell walls
causing a rapid cell lysis and killing the pathogen [69]. Others have bifunctional trypsin/α-amylase
inhibitor activities that impair fungal germination [70]. Highly basic PR-5 protein P23 was induced
in maize embryo infected by F. verticillioides [36] and highly acidic protein P21 in rachis infected by
A. flavus [22]. Finally, both silks and kernels infected with F. graminearum responded with up-regulation
of zeamatin and thaumatin, respectively [33].

A class III peroxidase belonging to the PR-9 group was also found as fungus responsive. ZmPrx16
increased in abundance in response to F. graminearum in kernels of both resistant and susceptible
inbred, and it was also constitutively expressed at higher levels in resistant kernels [33]. Class
III peroxidases are well-known defense-associated enzymes that are located in plant cell walls
and vacuoles [71,72]. They create a physical barrier in host tissues to halt pathogen invasion by
catalyzing the H2O2-dependentcross-linking of cell wall components resulting in enhanced lignification
or suberization.
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3.2. Detoxifying Enzymes

One of the most critical events upon plant infection is pathogen recognition followed by
rapid apoplastic production of reactive oxygen species (ROS) via a process known as the oxidative
burst [73,74]. The most common reactive ROS include superoxide, hydroxyl radical and hydrogen
peroxide, and their induction is imperative for the outcome of host-pathogen interactions as they
mediate the launch of diverse defensive systems. ROS serve as substrates for strengthening of host
cell walls via oxidative cross-linking of glycoproteins and as secondary messengers for activation of
molecular and physiological responses in plant cells. Although their induction is transient, ROS are
extremely reactive, and if not controlled they can cause detrimental oxidative damage to the host cells
that can lead to their death. Detoxification of ROS is therefore paramount to the cell survival. For
this purpose, plants are equipped with effective ROS-scavenging systems consisting of detoxifying
enzymes that are responsible for the maintenance of the steady state levels of ROS in different
cell compartments. Key detoxifying enzymes found in plant cells include APX [22,74–76],
glutathione peroxidase (GPX) [46,74,77], SOD [22,36,74,76–78], catalase [25,36,41,58,68,77],
peroxiredoxin (PER) [10–12,57,74,79], thioredoxin [22,56,57,74], glutaredoxin [74,80], and glutathione
reductase [74,76,81], and dehydroascorbate reductase [58,82], and their inducibility or repression
was a common characteristic feature following exposure of maize to multiple stressors such as
F. verticillioides [36], F. graminearum [33], A. flavus [22,68], C. lunata [46]. RBSDV [58], and SMV [56].
Catalase 2 and SOD, for example, were two main enzymes protecting maize embryo from oxidative
damage during Fusarium ear rot establishment [36], and combined action of GPX and APX seems to
be required for supporting maize defense response against C. lunata in both resistant and susceptible
varieties [46]. Catalase activity was also significantly higher in immature embryos of maize genotypes
resistant to A. flavus infection, while the challenge by the pathogen caused further increased in catalase
activity [68]. Antioxidant enzymes SOD [Cu–Zn] 4AP, peroxiredoxin, and thioredoxin-like protein
5 were also found constitutively expressed at higher levels in multiple tissues of aflatoxin-resistant
maize varieties [12,22], likely contributing to the maize tolerance to the heat and drought which
renders them better protection against aflatoxin production by A. flavus.

With regard to viral pathogens, APx2-cytosolic ascorbate peroxidase and catalase isozyme 3 were
accumulated in RBSDV-infected leaves suggesting that these proteins protect cells from toxicity of
ROS [58]. Finally, distinct antioxidant activities were observed in SCMV-infected leaves. SOD was
down-regulated in susceptible maize while ascorbate peroxidase was up-regulated resistant line [56].

In addition to ROS, plants also detoxify other contaminants by conjugating them to diverse small
non-protein antioxidants such as glutathione. These reactions are catalyzed by GSTs, a family of
metabolic isozymes that are known to be highly expressed in major cereal crops representing up to 2%
of their total foliage proteome [83]. They have been implicated in maize detoxification of herbicides [84,
85], and during maize infection with F. verticillioides [36] and A. flavus [22]. The xenobiotic detoxifier
GST14 was the most upregulated protein (6.9-fold) in maize rachis after a 35 days exposure to A.
flavus [22].

3.3. Proteins Involved in Secondary Metabolism

Higher plants harbor a wide spectrum of organic compounds that perform a myriad of cellular
roles including protection against predators and pathogenic microorganisms. They are produced
via secondary metabolism, predominantly the phenylpropanoid, the isoprenoid and the alkaloid
pathways [86]. The phenylpropanoid pathway in particular supplies plant cells with a variety of
phenolics with a broad range of defensive properties. Some act as toxins, for example phytoalexins
and isoflavonoids with antimicrobial and antifungal properties, respectively.

Maize 9-LOX converts linolenic and linoleic acid into 10-oxo-11-phytodienoic acid (10-OPDA),
which acts as a phytoalexin, inhibiting growth of A. flavus and F. verticillioides [87]. Direct toxicity
of phenolics to A. flavus is also probable. It was previously reported against A. flavus [88] and
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Fusarium spp. [89,90]. Other phenolics are precursors of lignins, major components of plant secondary
cell walls where they are responsible for wall’s mechanical rigidity [91].

Although proteomic studies on maize-pathogen interaction did not aspire to identify
stress-inducible secondary metabolites, proteins responsible for their production were of great interest
as their induction indicates involvement of chemical defenses. For example, PAL, a key regulatory
enzyme of the phenylapropanoid pathway, together with caffeoyl-CoA 3-O-methyltransferase1 and
chalcone–flavonone isomerase were up to 5-fold higher in rachis from aflatoxin-resistant maize
genotypes [22]. This observation implies that the impediment of A. flavus spread within an ear of
resistant genotypes may be likely a consequence of increased cell wall lignification [19,20]. Cinnamyl
alcohol dehydrogenase is another example of a cell wall reinforcing protein, catalyzing the final step in
a branch of phenylpropanoid synthesis that leads to the production of lignin monomers. The enzyme
was inducible upon viral infection where it was preferentially accumulated in the leaves of plants
diseased with RBSDV [58] as well as with SCMV [56]. Thus, fortification of cell walls via enhanced
lignin biosynthesis appears to be a common mechanism of resistance against fungal and viral disease.

3.4. Proteins Involved in Energy-Producing Carbohydrate Metabolic Pathways

Recognition of pathogen and subsequent deployment of downstream defenses is a complex
process requiring immense reprogramming within plant cells that involves generation of signaling
molecules, cell wall reinforcements, cytoskeleton rearrangement, induced synthesis of proteins,
secondary metabolites, etc. Needlessly to say, all these processes have high demand for energy
influx that is predominantly provided by primary metabolic pathways [92–95]. In maize-pathogen
interactions, carbohydrate metabolism was one of the maize primary metabolic processes impacted
the most by pathogen infection. Response-associated proteins included enzymes from glycolysis,
gluconeogenesis, pentose phosphate pathway, TCA cycle, as well as associated mitochondrial electron
transport and ATP biosynthesis [22,33,36,37,46,56–58]. Whether these pathways serve solely as the
energy providers for costly maize defenses or they also participate in resistance, will need to be further
inspected. There is evidence demonstrating that plants also use carbohydrate metabolism as a source
of signaling molecules to directly or indirectly activate downstream defenses [94]. Plant GAPDHs, for
example, have been known for some time to have non-traditional activities that are beyond the catalysis
of energy production by glycolysis. In Arabidopsis, cytosolic GAPDH can be reversibly inactivated by
H2O2 followed by reactivation with reduced glutathione, thus mediating signaling via ROS [96,97].
In maize, GADPH was upregulated in response to A. flavus [22] while it was lowered in expression
after F. verticillioides infection [36]. The most robust impact on carbohydrate metabolism was seen in
maize infected with viral agents. ADP-glucose pyrophosphorylase, UDP-glucose pyrophosphorylase,
glucose phosphate isomerase, GAPDH, fructose-bisphosphate aldolase, and transketolase were all
dramatically altered upon infection with RBSDV [58], the agent that causes immense changes in
maize physiology. Similarly, major energy-producing pathways of carbohydrate metabolism were
significantly compromised in maize infected by sugarcane mosaic virus, especially after long viral
exposure of a susceptible line [56,57].

Given that simple sugars are actively involved in signaling [98] and gene regulation [99], their
concentration in plant cells under a biotic stressor may directly or indirectly correlate with a plant’s
capability to trigger adequate defenses. Nonetheless, functional studies are necessary to fully clarify
how alterations in carbohydrate metabolism impact pathogen establishment, disease development
and maize resistance.

3.5. Proteins Involved in Protein Synthesis, Folding and Stabilization

This group of proteins implicated in maize-pathogen interaction most commonly consisted
of eukaryotic translation initiation factor 5A (eIF-5A), multiple HSPs, chaperonins, peptidylprolyl
cis-trans isomerases, and cyclophilin [22,33,36,37,46,47,56]. Eukaryotic translation initiation factor 5A
is best known for the initiation of eukaryotic cellular protein biosynthesis, but in recent years, it has also
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been found as pathogen-responsive. Its exact role in maize-pathogen interaction remains to be solved,
but in other plant species, the function of eIF-5A is slowly becoming better defined. As demonstrated
in Arabidopsis, eIF-5A can serve as a key element in regulating the induction of programmed cell death
caused by infection with a virulent pathogen [100]. HSPs, on the other hand, are known stress proteins
inducible under heat and other environmental stimuli [101]. As intra-molecular chaperones HSPs
prevent the aggregation of newly synthesized proteins and the accumulation of proteins damaged by
stresses [102]. Hence, they are responsible for maintaining proteins’ functional conformation essential
for their cellular activities and ultimately for cell survival under stress [103]. These proteins seem
valuable for maize resistance to A. flavus and aflatoxins, especially in southern states of the USA whose
climate conditions facilitate aflatoxin production. HSPs were one of the most differentially expressed
proteins with significantly higher levels (11-fold) in rachis tissues from aflatoxin-resistant maize
genotypes [22] thus helping resistant lines to alleviate heat stress and subsequent control of aflatoxin
production. Peptidylprolyl cis-trans isomerases (PPIs) and cyclophilins have similar roles as HSPs.
They are upregulated under stress to accelerate folding or refolding of nascent or damaged proteins,
respectively [104–107], showing that they are critical for cell adaptation under stress conditions.

4. Concluding Remarks

The presented review outlines the impact of several fungal and viral pathogens on the biology
of maize, the world’s leading cereal crop. As seen from the compiled proteomic-based evidences,
maize interaction with pathogens is a remarkably complex system engaging multiple levels of defense
occurring in multiple tissues. This is anticipated since maize resistance to the majority of diseases is a
polygenic quantitatively controlled trait that is strongly influenced by environmental conditions [108].
Therefore, the full comprehension of events underlying maize-pathogen interaction is a difficult task
requiring a system biology approach. Future functional studies are still needed to fully unravel this
intricate and complex defensive network that will help geneticists and breeders to develop resistant
maize varieties.

Acknowledgments: The authors would like to express their gratitude to Linda Breazeale for grammatical review
of the manuscript. This work was funded in part by grant NIH 2P20GM103476-12 (MS-INBRE) and 2015
Mississippi Agriculture and Forestry Experiment Station Strategic Research Initiative award.

Author Contributions: Authors contributed equally to writing of this manuscript.

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

References

1. Castegnaro, M.; McGregor, D. Carcinogenic risk assessment of mycotoxins. Rev. Med. Vet. 1998, 149, 671–678.
2. McKean, C.; Tang, L.; Billam, M.; Tang, M.; Theodorakis, C.W.; Kendall, R.J.; Wang, J.S. Comparative

acute and combinative toxicity of aflatoxin B1 and T-2 toxin in animals and immortalized human cell lines.
J. Appl. Toxicol. 2006, 26, 139–147. [CrossRef] [PubMed]

3. Schnable, P.S.; Ware, D.; Fulton, R.S.; Stein, J.C.; Wei, F.; Pasternak, S.; Liang, C.; Zhang, J.; Fulton, L.;
Graves, T.A.; et al. The B73 maize genome: Complexity, diversity, and dynamics. Science 2009, 326, 1112–1115.
[CrossRef] [PubMed]

4. Diener, U.L.; Davis, N.D. Aflatoxin formation by Aspergillus flavus. In Aflatoxin: Scientific Background, Control
and Implications; Goldblatt, L.A., Ed.; Academic Press: New York, NY, USA, 1969; pp. 360–391.

5. Payne, G.A. Aflatoxins in maize. Crit. Rev. Plant. Sci. 1992, 10, 423–440. [CrossRef]
6. Schmale, D.G.; Munkvold, G.P. Mycotoxins in Crops: A Threat to Human and Domestic Animal Health.

Available online: http://www.apsnet.org/edcenter/intropp/topics/Mycotoxins/Pages/default.aspx
(accessed on 11 November 2015).

7. Neal, G.E. Participation of animal biotransformation in mycotoxin toxicity. Rev. Med. Vet. 1998, 149, 555–560.
8. Chen, Z.Y.; Brown, R.L.; Cleveland, T.E. Evidence for an association in corn between stress tolerance and

resistance to Aspergillus flavus infection and aflatoxin contamination. Afr. J. Biotechnol. 2004, 3, 693–699.

109



Int. J. Mol. Sci. 2015, 16, 28429–28448

9. Chen, Z.Y.; Brown, R.L.; Cleveland, T.E.; Damann, K.E.; Russin, J.S. Comparison of constitutive and inducible
maize kernel proteins of genotypes resistant or susceptible to aflatoxin production. J. Food Prot. 2001, 64,
1785–1792. [PubMed]

10. Chen, Z.Y.; Brown, R.L.; Damann, K.E.; Cleveland, T.E. Identification of unique or elevated levels of
kernel proteins in aflatoxin-resistant maize genotypes through proteome analysis. Phytopathology 2002, 92,
1084–1094. [CrossRef] [PubMed]

11. Chen, Z.Y.; Brown, R.L.; Damann, K.E.; Cleveland, T.E. Identification of a maize kernel stress-related protein
and its effect on aflatoxin accumulation. Phytopathology 2004, 94, 938–945. [CrossRef] [PubMed]

12. Chen, Z.Y.; Brown, R.L.; Damann, K.E.; Cleveland, T.E. Identification of maize kernel endosperm proteins
associated with resistance to aflatoxin contamination by Aspergillus flavus. Phytopathology 2007, 97, 1094–1103.
[CrossRef] [PubMed]

13. Chen, Z.Y.; Brown, R.L.; Lax, A.R.; Guo, B.Z.; Cleveland, T.E.; Russin, J.S. Resistance to Aspergillus flavus in
corn kernels is associated with a 14-kDa protein. Phytopathology 1998, 88, 276–281. [CrossRef] [PubMed]

14. Chen, Z.Y.; Brown, R.L.; Rajasekaran, K.; Damann, K.E.; Cleveland, T.E. Identification of a maize kernel
pathogenesis-related protein and evidence for its involvement in resistance to Aspergillus flavus infection and
aflatoxin production. Phytopathology 2006, 96, 87–95. [CrossRef] [PubMed]

15. Chen, Z.Y.; Brown, R.L.; Russin, J.S.; Lax, A.R.; Cleveland, T.E. A corn trypsin inhibitor with antifungal
activity inhibits Aspergillus flavus α-amylase. Phytopathology 1999, 89, 902–907. [CrossRef] [PubMed]

16. Guo, B.Z.; Chen, Z.Y.; Brown, R.L.; Lax, A.R.; Cleveland, T.E.; Russin, J.S.; Mehta, A.D.; Selitrennikoff, C.P.;
Widstrom, N.W. Germination induces accumulation of specific proteins and antifungal activities in corn
kernels. Phytopathology 1997, 87, 1174–1178. [CrossRef] [PubMed]

17. Lozovaya, V.V.; Waranyuwat, A.; Widholm, J.M. B-1,3-glucanase and resistance to Aspergillus flavus infection
in maize. Crop Sci. 1998, 38, 1255–1260. [CrossRef]

18. Hong-Bo, S.; Zong-Suo, L.; Ming-An, S. Lea proteins in higher plants: Structure, function, gene expression
and regulation. Colloids Surf. 2005, 45, 131–135. [CrossRef] [PubMed]

19. Alfaro, Y. Response of Resistant and Susceptible Maize Genotypes to Inoculation with Transformed
Aspergillus flavus Isolates. Ph.D. Thesis, Mississippi State University, Mississippi State, MS, USA, 1999.

20. Magbanua, Z.V.; Williams, W.P.; Luthe, D.S. The maize rachis affects Aspergillus flavus spread during ear
development. Maydica 2013, 58, 182–188.

21. Pechanova, O.; Pechan, T.; Ozkan, S.; McCarthy, F.M.; Williams, W.P.; Luthe, D.S. Proteome profile of the
developing maize (Zea mays L.) rachis. Proteomics 2010, 10, 3051–3055. [CrossRef] [PubMed]

22. Pechanova, O.; Pechan, T.; Williams, W.P.; Luthe, D.S. Proteomic analysis of the maize rachis: Potential roles
of constitutive and induced proteins in resistance to Aspergillus flavus infection and aflatoxin accumulation.
Proteomics 2011, 11, 114–127. [CrossRef] [PubMed]

23. Peethambaran, B.; Hawkins, L.; Windham, G.L.; Williams, W.P.; Luthe, D.S. Anti-fungal activity of maize silk
proteins and role of chitinase in Aspergillus flavus resistance. Toxin Rev. 2010, 29, 27–39. [CrossRef]

24. Marsh, S.F.; Payne, G.A. Preharvest infection of corn silks and kernels by Aspergillus flavus. Phytopathology
1984, 74, 1284–1289. [CrossRef]

25. Neucere, J.N. Inhibition of Aspergillus flavus growth by silk extracts of resistant and susceptible corn. J. Agric.
Food Chem. 1996, 44, 1982–1983. [CrossRef]

26. Naidoo, G.; Forbes, A.M.; White, C.P.; Rocheford, T.R. Resistance to Aspergillus flavus ear rot and aflatoxin
accumulation in maize f1 hybrids. Crop Sci. 2002, 42, 360–364. [CrossRef]

27. Paul, C.; Naidoo, G.; Forbes, A.; Mikkilineni, V.; White, D.; Rocheford, T. Quantitative trait loci for low
aflatoxin production in two related maize populations. TAG Theor. Appl. Genet. 2003, 107, 263–270. [CrossRef]
[PubMed]

28. Walker, R.D.; White, D.G. Inheritance of resistance to Aspergillus ear rot and aflatoxin production of corn
from ci2. Plant Dis. 2001, 85, 322–327. [CrossRef]

29. Pechanova, O.; Takac, T.; Samaj, J.; Pechan, T. Maize proteomics: An insight into the biology of an important
cereal crop. Proteomics 2013, 13, 637–662. [CrossRef] [PubMed]

30. Fandohan, P.; Hell, K.; Marasas, W.F.O.; Wingfield, M.J. Infection of maize by Fusarium species and
contamination with fumonisin in Africa. Afr. J. Biotechnol. 2003, 2, 570–579.

31. Munkvold, G.P. Epidemiology of Fusarium diseases and their mycotoxins in maize ears. Eur. J. Plant Pathol.
2003, 109, 705–713. [CrossRef]

110



Int. J. Mol. Sci. 2015, 16, 28429–28448

32. Woloshuk, C.; Wise, K. Diseases of Corn: Gibberella Ear Rot. Available online: http//www.extension.p
urdue.edu/extmedia/BP/BP-77-W.pdf (accessed on 3 September 2015).

33. Mohammadi, M.; Anoop, V.; Gleddie, S.; Harris, L.J. Proteomic profiling of two maize inbreds during early
gibberella ear rot infection. Proteomics 2011, 11, 3675–3684. [CrossRef] [PubMed]

34. Marasas, W.F. Fumonisins: Their implications for human and animal health. Nat. Toxins 1995, 3, 193–198.
[CrossRef] [PubMed]

35. Stockmann-Juvala, H.; Savolainen, K. A review of the toxic effects and mechanisms of action of fumonisin
B1. Hum. Exp. Toxicol. 2008, 27, 799–809. [CrossRef] [PubMed]

36. Campo, S.; Carrascal, M.; Coca, M.; Abian, J.; San Segundo, B. The defense response of germinating maize
embryos against fungal infection: A proteomics approach. Proteomics 2004, 4, 383–396. [CrossRef] [PubMed]

37. Chivasa, S.; Simon, W.J.; Yu, X.L.; Yalpani, N.; Slabas, A.R. Pathogen elicitor-induced changes in the maize
extracellular matrix proteome. Proteomics 2005, 5, 4894–4904. [CrossRef] [PubMed]

38. Juge, N.; Payan, F.; Williamson, G. XIP-I, a xylanase inhibitor protein from wheat: A novel protein function.
Biochim. Biophys. Acta 2004, 1696, 203–211. [CrossRef] [PubMed]

39. Ortiz, J.M. Mutant of bacillus subtilis lacking Exo-β-N-acetylglucosaminidase activity. J. Bacteriol. 1974, 117,
909–910. [PubMed]

40. Robertson-Hoyt, L.A.; Betran, J.; Payne, G.A.; White, D.G.; Isakeit, T.; Maragos, C.M.; Molnar, T.L.;
Holland, J.B. Relationships among resistances to Fusarium and Aspergillus ear rots and contamination
by fumonisin and aflatoxin in maize. Phytopathology 2007, 97, 311–317. [CrossRef] [PubMed]

41. Lanubile, A.; Maschietto, V.; de Leonardis, S.; Battilani, P.; Paciolla, C.; Marocco, A. Defense responses
to mycotoxin-producing fungi Fusarium proliferatum, F. subglutinans, and Aspergillus flavus in kernels of
susceptible and resistant maize genotypes. Mol. Plant Microbe Interact. 2015, 28, 546–557. [CrossRef]
[PubMed]

42. Christensen, S.A.; Nemchenko, A.; Park, Y.S.; Borrego, E.; Huang, P.C.; Schmelz, E.A.; Kunze, S.; Feussner, I.;
Yalpani, N.; Meeley, R.; et al. The novel monocot-specific 9-lipoxygenase ZmLOX12 is required to mount an
effective jasmonate-mediated defense against Fusarium verticillioides in maize. Mol. Plant Microbe Interact.
2014, 27, 1263–1276. [CrossRef] [PubMed]

43. Gao, X.; Brodhagen, M.; Isakeit, T.; Brown, S.H.; Gobel, C.; Betran, J.; Feussner, I.; Keller, N.P.; Kolomiets, M.V.
Inactivation of the lipoxygenase ZmLOX3 increases susceptibility of maize to Aspergillus spp. Mol. Plant
Microbe Interact. 2009, 22, 222–231. [CrossRef] [PubMed]

44. Ito, M.F.; Paradela, F.; Soave, J.; Sugimori, M.H. Leaf spot caused in maize (Zea mays L.) by Culvularia lunata
(wakker) boedijn. Summa Phytopathol. 1979, 5, 181–184.

45. Liu, T.; Liu, L.X.; Huang, X.L.; Jiang, X.; Zhou, P.H. A new furanoid toxin produced by Culvularia lunata, the
causal agent of maize Curvularia leaf spot. Can. J. Plant Pathol. 2009, 31, 22–27. [CrossRef]

46. Huang, X.; Liu, L.; Chen, J.; Zhai, Y. Comparative proteomic analysis of the response in resistant and
susceptible maize inbred lines to infection by Culvularia lunata. Prog. Nat. Sci. 2009, 19, 845–850. [CrossRef]

47. Huang, X.; Liu, L.; Zhai, Y.; Liu, T.; Chen, C. Proteomic comparison of four maize inbred lines with different
levels of resistance to Culvularia lunata (wakker) boed infection. Prog. Nat. Sci. 2009, 19, 353–358. [CrossRef]

48. Bernier, F.; Berna, A. Germins and germin-like proteins: Plant do-all proteins. But what do they do exactly?
Plant Physiol. Biochem. 2001, 39, 545–554. [CrossRef]

49. Manosalva, P.M.; Davidson, R.M.; Liu, B.; Zhu, X.; Hulbert, S.H.; Leung, H.; Leach, J.E. A germin-like protein
gene family functions as a complex quantitative trait locus conferring broad-spectrum disease resistance in
rice. Plant Physiol. 2009, 149, 286–296. [CrossRef] [PubMed]

50. Zimmermann, G.; Baumlein, H.; Mock, H.P.; Himmelbach, A.; Schweizer, P. The multigene family encoding
germin-like proteins of barley. Regulation and function in basal host resistance. Plant Physiol. 2006, 142,
181–192. [CrossRef] [PubMed]

51. Christensen, A.B.; Thordal-Christensen, H.; Zimmermann, G.; Gjetting, T.; Lyngkjaer, M.F.; Dudler, R.;
Schweizer, P. The germinlike protein GLP4 exhibits superoxide dismutase activity and is an important
component of quantitative resistance in wheat and barley. Mol. Plant Microbe Interact. 2004, 17, 109–117.
[CrossRef] [PubMed]

52. Lane, B.G. Oxalate, germins, and higher-plant pathogens. IUBMB Life 2002, 53, 67–75. [CrossRef] [PubMed]

111



Int. J. Mol. Sci. 2015, 16, 28429–28448

53. Vallelian-Bindschedler, L.; Mosinger, E.; Metraux, J.P.; Schweizer, P. Structure, expression and localization of
a germin-like protein in barley (Hordeum vulgare L.) that is insolubilized in stressed leaves. Plant Mol. Biol.
1998, 37, 297–308. [CrossRef] [PubMed]

54. Jones, A.M.; Thomas, V.; Bennett, M.H.; Mansfield, J.; Grant, M. Modifications to the Arabidopsis defense
proteome occur prior to significant transcriptional change in response to inoculation with pseudomonas
syringae. Plant Physiol. 2006, 142, 1603–1620. [CrossRef] [PubMed]

55. Sugihara, K.; Hanagata, N.; Dubinsky, Z.; Baba, S.; Karube, I. Molecular characterization of cDNA encoding
oxygen evolving enhancer protein 1 increased by salt treatment in the mangrove Bruguiera gymnorrhiza. Plant
Cell Physiol. 2000, 41, 1279–1285. [CrossRef] [PubMed]

56. Wu, L.; Han, Z.; Wang, S.; Wang, X.; Sun, A.; Zu, X.; Chen, Y. Comparative proteomic analysis of the
plant-virus interaction in resistant and susceptible ecotypes of maize infected with sugarcane mosaic virus. J.
Proteom. 2013, 89, 124–140. [CrossRef] [PubMed]

57. Wu, L.; Wang, S.; Chen, X.; Wang, X.; Wu, L.; Zu, X.; Chen, Y. Proteomic and phytohormone analysis of the
response of maize (Zea mays L.) seedlings to sugarcane mosaic virus. PLoS ONE 2013, 8, e70295. [CrossRef]
[PubMed]

58. Li, K.; Xu, C.; Zhang, J. Proteome profile of maize (Zea mays L.) leaf tissue at the flowering stage after
long-term adjustment to rice black-streaked dwarf virus infection. Gene 2011, 485, 106–113. [CrossRef]
[PubMed]

59. Von Rad, U.; Huttl, R.; Lottspeich, F.; Gierl, A.; Frey, M. Two glucosyltransferases are involved in
detoxification of benzoxazinoids in maize. Plant J. 2001, 28, 633–642. [CrossRef] [PubMed]

60. Block, A.; Schmelz, E.; O’Donnell, P.J.; Jones, J.B.; Klee, H.J. Systemic acquired tolerance to virulent bacterial
pathogens in tomato. Plant Physiol. 2005, 138, 1481–1490. [CrossRef] [PubMed]

61. DebRoy, S.; Thilmony, R.; Kwack, Y.B.; Nomura, K.; He, S.Y. A family of conserved bacterial effectors inhibits
salicylic acid-mediated basal immunity and promotes disease necrosis in plants. Proc. Natl. Acad. Sci. USA
2004, 101, 9927–9932. [CrossRef] [PubMed]

62. Nomura, K.; Melotto, M.; He, S.Y. Suppression of host defense in compatible plant-pseudomonas syringae
interactions. Curr. Opin. Plant Biol. 2005, 8, 361–368. [CrossRef] [PubMed]

63. Van Loon, L.C.; Rep, M.; Pieterse, C.M. Significance of inducible defense-related proteins in infected plants.
Annu. Rev. Phytopathol. 2006, 44, 135–162. [CrossRef] [PubMed]

64. Bowles, D.J. Defense-related proteins in higher plants. Annu. Rev. Biochem. 1992, 59, 873–907. [CrossRef]
[PubMed]

65. Kasprzewska, A. Plant chitinases—Regulation and function. Cell. Mol. Biol. 2003, 8, 809–824.
66. Leah, R.; Tommerup, H.; Svendsen, I.; Mundy, J. Biochemical and molecular characterization of three barley

seed proteins with antifungal properties. J. Biol. Chem. 1991, 266, 1564–1573.
67. Schlumbaum, A.; Mauch, F.; Vogeli, U.; Boller, T. Plant chitinases are potent inhibitors of fungal growth.

Nature 1986, 324, 365–367. [CrossRef]
68. Magbanua, Z.V.; de Moraes, C.M.; Brooks, T.D.; Williams, W.P.; Luthe, D.S. Is catalase activity one of the

factors associated with maize resistance to Aspergillus flavus? Mol. Plant Microbe Interact. 2007, 20, 697–706.
[CrossRef] [PubMed]

69. Vigers, A.; Roberts, W.; Selitrennikof, C. A new family of plant antifungal proteins. Mol. Plant Microbe Interact.
1991, 4, 315–323. [CrossRef] [PubMed]

70. Richardson, M.; Valdes-Rodrigues, S.; Blanco-Labra, A. A possible function for thaumatin and TMV-induced
protein suggested by homology to a maize inhibitor. Nature 1987, 327, 432–434. [CrossRef]

71. Passardi, F.; Cosio, C.; Penel, C.; Dunand, C. Peroxidases have more functions than a swiss army knife. Plant
Cell Rep. 2005, 24, 255–265. [CrossRef] [PubMed]

72. Almagro, L.; Gomez Ros, L.V.; Belchi-Navarro, S.; Bru, R.; Ros Barcelo, A.; Pedreno, M.A. Class III peroxidases
in plant defence reactions. J. Exp. Bot. 2009, 60, 377–390. [CrossRef] [PubMed]

73. Bolwell, G.P.; Wojtaszek, P. Mechanisms for the generation of reactive oxygen species in plant defence—A
broad perspective. Physiol. Mol. Plant Pathol. 1997, 51, 347–366. [CrossRef]

74. Mittler, R.; Vanderauwera, S.; Gollery, M.; van Breusegem, F. Reactive oxygen gene network of plants. Trends
Plant Sci. 2004, 9, 490–498. [CrossRef] [PubMed]

75. Hiraga, S.; Sasaki, K.; Ito, H.; Ohashi, Y.; Matsui, H. A large family of class III plant peroxidases.
Plant Cell Physiol. 2001, 42, 462–468. [CrossRef] [PubMed]

112



Int. J. Mol. Sci. 2015, 16, 28429–28448

76. Jiang, M.; Zhang, J. Effect of abscisic acid on active oxygen species, antioxidative defence system and
oxidative damage in leaves of maize seedlings. Plant Cell Physiol. 2001, 42, 1265–1273. [CrossRef] [PubMed]

77. Kurama, E.E.; Fenille, R.C.; Rosa, V.E., Jr.; Rosa, D.D.; Ulian, E.C. Mining the enzymes involved in the
detoxification of reactive oxygen species (ROS) in sugarcane. Mol. Plant Pathol. 2002, 3, 251–259. [CrossRef]
[PubMed]

78. Guan, L.; Scandalios, J.G. Two structurally similar maize cytosolic superoxide dismutase genes, Sod4 and
Sod4A, respond differentially to abscisic acid and high osmoticum. Plant Physiol. 1998, 117, 217–224.
[CrossRef] [PubMed]

79. Dietz, K.J.; Jacob, S.; Oelze, M.L.; Laxa, M.; Tognetti, V.; de Miranda, S.M.; Baier, M.; Finkemeier, I. The
function of peroxiredoxins in plant organelle redox metabolism. J. Exp. Bot. 2006, 57, 1697–1709. [CrossRef]
[PubMed]

80. Gutsche, N.; Thurow, C.; Zachgo, S.; Gatz, C. Plant-specific CC-type glutaredoxins: Functions in
developmental processes and stress responses. Biol. Chem. 2015, 396, 495–509. [CrossRef] [PubMed]

81. Chugh, V.; Kaur, N.; Grewal, M.S.; Gupta, A.K. Differential antioxidative response of tolerant and sensitive
maize (Zea mays L.) genotypes to drought stress at reproductive stage. Indian J. Biochem. Biophys. 2013, 50,
150–158. [PubMed]

82. Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [CrossRef]
83. Dixon, D.P.; Lapthorn, A.; Edwards, R. Plant glutathione transferases. Genome Biol. 2002, 3. REVIEWS3004.

[CrossRef] [PubMed]
84. Sari-Gorla, M.; Ferrario, S.; Rossini, L.; Frova, C.; Villa, M. Developmental expression of glutathione

S-transferase in maize and its possible connection with herbicide tolerance. Euphytica 1993, 67, 221–230.
[CrossRef]

85. Timmerman, K.P. Molecular characterization of corn glutathione S-transferase isozymes involved in herbicide
detoxication. Physiol. Plant 1989, 77, 465–471. [CrossRef]

86. Iriti, M.; Faoro, F. Chemical diversity and defence metabolism: How plants cope with pathogens and ozone
pollution. Int. J. Mol. Sci. 2009, 10, 3371–3399. [CrossRef] [PubMed]

87. Christensen, S.A.; Huffaker, A.; Kaplan, F.; Sims, J.; Ziemann, S.; Doehlemann, G.; Ji, L.; Schmitz, R.J.;
Kolomiets, M.V.; Alborn, H.T.; et al. Maize death acids, 9-lipoxygenase-derived cyclopente(a)nones, display
activity as cytotoxic phytoalexins and transcriptional mediators. Proc. Natl. Acad. Sci. USA 2015, 112,
11407–11412. [CrossRef] [PubMed]

88. Kim, J.H.; Campbell, B.C.; Mahoney, N.E.; Chan, K.L.; Molyneux, R.J. Identification of phenolics for control
of Aspergillus flavus using saccharomyces cerevisae in a model target-gene bioassay. J. Agric. Food Chem. 2004,
52, 7814–7821. [CrossRef] [PubMed]

89. Beekrum, S.; Govinden, R.; Padayachee, T.; Odhav, B. Naturally occurring phenols: A detoxification strategy
for fumonism B1. Food Addit. Contam. 2003, 20, 490–493. [CrossRef] [PubMed]

90. Curir, P.; Dolci, M.; Dolci, P.; Lanzotti, V.; de Cooman, L. Fungitoxic phenols from carnation (Dianthus
caryophyllus) effective against Fusarium oxysporum, f. sp. dianthi. Phytochem. Anal. 2003, 14, 8–12. [CrossRef]
[PubMed]

91. Boerjan, W.; Ralph, J.; Baucher, M. Lignin biosynthesis. Annu. Rev. Plant Biol. 2003, 54, 519–546. [CrossRef]
[PubMed]

92. Berger, S.; Sinha, A.K.; Roitsch, T. Plant physiology meets phytopathology: Plant primary metabolism and
plant-pathogen interactions. J. Exp. Bot. 2007, 58, 4019–4026. [CrossRef] [PubMed]

93. Bolton, M.D. Primary metabolism and plant defense—Fuel for the fire. Mol. Plant Microbe Interact. 2009, 22,
487–497. [CrossRef] [PubMed]

94. Rojas, C.M.; Senthil-Kumar, M.; Tzin, V.; Mysore, K.S. Regulation of primary plant metabolism during
plant-pathogen interactions and its contribution to plant defense. Front. Plant Sci. 2014, 5, 17. [CrossRef]
[PubMed]

95. Van Loon, L.C. Disease induction by plant viruses. Adv. Virus Res. 1987, 33, 205–255. [PubMed]
96. Hancock, J.T.; Henson, D.; Nyirenda, M.; Desikan, R.; Harrison, J.; Lewis, M.; Hughes, J.; Neill, S.J. Proteomic

identification of glyceraldehyde 3-phosphate dehydrogenase as an inhibitory target of hydrogen peroxide in
arabidopsis. Plant Physiol. Biochem. 2005, 43, 828–835. [CrossRef] [PubMed]

113



Int. J. Mol. Sci. 2015, 16, 28429–28448

97. Henry, E.; Fung, N.; Liu, J.; Drakakaki, G.; Coaker, G. Beyond glycolysis: GAPDHs are multi-functional
enzymes involved in regulation of ROS, autophagy, and plant immune responses. PLoS Genet. 2015, 11,
e1005199. [CrossRef] [PubMed]

98. Jang, J.C.; Sheen, J. Sugar sensing in higher plants. Trends Plant Sci. 1997, 2, 208–214. [CrossRef]
99. Tsukaya, H.; Ohshima, T.; Naito, S.; Chino, M.; Komeda, Y. Sugar-dependent expression of the CHS-A gene

for chalcone synthase from petunia in transgenic Arabidopsis. Plant Physiol. 1991, 97, 1414–1421. [CrossRef]
[PubMed]

100. Hopkins, M.T.; Lampi, Y.; Wang, T.W.; Liu, Z.; Thompson, J.E. Eukaryotic translation initiation factor 5A is
involved in pathogen-induced cell death and development of disease symptoms in Arabidopsis. Plant Physiol.
2008, 148, 479–489. [CrossRef] [PubMed]

101. Andreeva, L.; Heads, R.; Green, C.J. Cyclophilins and their possible role in the stress response. Int. J.
Exp. Pathol. 1999, 80, 305–315. [CrossRef] [PubMed]

102. Hendrich, J.P.; Hartl, F.U. Molecular chaperone functions of heat shock proteins. Annu. Rev. Biochem. 1993,
62, 349–384. [CrossRef] [PubMed]

103. Sun, W.; van Montagu, M.; Verbruggen, N. Small heat shock proteins and stress tolerance in plants.
Biochim. Biophys. Acta 2002, 1577, 1–9. [CrossRef]

104. Kim, S.K.; You, Y.N.; Park, J.C.; Joung, Y.; Kim, B.G.; Ahn, J.C.; Cho, H.S. The rice thylakoid lumenal
cyclophilin OsCYP20-2 confers enhanced environmental stress tolerance in tobacco and Arabidopsis.
Plant Cell Rep. 2012, 31, 417–426. [CrossRef] [PubMed]

105. Sekhar, K.; Priyanka, B.; Reddy, V.D.; Rao, K.V. Isolation and characterization of a pigeonpea
cyclophilin (CcCYP) gene, and its over-expression in Arabidopsis confers multiple abiotic stress tolerance.
Plant Cell Environ. 2010, 33, 1324–1338. [CrossRef] [PubMed]

106. Sharma, A.D.; Singh, P. Effect of water stress on expression of a 20 kD cyclophilin-like protein in drought
susceptible and tolerant cultivars of sorghum. J. Plant Biochem. Biotechnol. 2003, 12, 77–80. [CrossRef]

107. Trivedi, D.K.; Ansari, M.W.; Tuteja, N. Multiple abiotic stress responsive rice cyclophilin: (OsCYP-25)
mediates a wide range of cellular responses. Commun. Integr. Biol. 2013, 6, e25260. [CrossRef] [PubMed]

108. Wisser, R.J.; Balint-Kurti, P.J.; Nelson, R.J. The genetic architecture of disease resistance in maize: A synthesis
of published studies. Phytopathology 2006, 96, 120–129. [CrossRef] [PubMed]

© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

114



Article

Microtubule-Associated Protein SBgLR Facilitates
Storage Protein Deposition and Its Expression Leads
to Lysine Content Increase in Transgenic
Maize Endosperm

Chen Liu 1,2, Shixue Li 1, Jing Yue 1, Wenhan Xiao 1, Qian Zhao 1, Dengyun Zhu 1 and

Jingjuan Yu 1,*

1 State Key Laboratory for Agro-Biotechnology, College of Biological Sciences, China Agricultural University,
No. 2 Yuanmingyuan West Road, Beijing 100193, China; liuchen@iae.ac.cn (C.L.);
lishixue19890105@126.com (S.L.); yuejinglove@126.com (J.Y.); zb1106052@cau.edu.cn (W.X.);
zhaoqian@cau.edu.cn (Q.Z.); zhudy@cau.edu.cn (D.Z.)

2 Key Laboratory of Pollution Ecology and Environmental Engineering, Institute of Applied Ecology, Chinese
Academy of Sciences, No. 72 Wenhua Road, Shenyang 110016, China

* Correspondence: yujj@cau.edu.cn; Tel.: +86-10-6273-3462

Academic Editors: Setsuko Komatsu and Zahed Hossain
Received: 26 October 2015; Accepted: 7 December 2015; Published: 12 December 2015

Abstract: Maize (Zea mays) seed is deficient in protein and lysine content. Many studies have been
made to improve the nutritional quality of maize seeds. Previously, we reported the role of a natural
lysine-rich protein gene SBgLR in increasing protein and lysine content. However, how the SBgLR
improves lysine and protein content remains unclear. Here, the reasons and possible mechanism for
SBgLR in protein and lysine improvement have been analyzed and discussed. Through seed-specific
expression of SBgLR, we obtained transgenic maize with the simultaneously increased lysine and
protein contents. High-protein and high-lysine characters were stably inherited across generations.
The expression of SBgLR in maize kernels increased the accumulation of both zeins and non-zein
proteins. Transmission electron microscopy showed that the number of protein bodies (PBs) was
increased obviously in SBgLR transgenic immature endosperms with the morphology and structure
of PBs unchanged. The proteinaceous matrix was more abundant in transgenic mature endosperms
under scanning electron microscopy. The stabilities of zein and lysine-rich non-zein genes were also
increased in transgenic endosperms. Finally, the potential application of SBgLR in maize nutrient
improvement was evaluated. This study shows that a cytoskeleton-associated protein has potential
applicable value in crop nutrient improving, and provided a feasible strategy for improvement of
maize grain quality.

Keywords: SBgLR; microtubule-associated protein; protein body formation; maize nutrient improvement

1. Introduction

Maize is one of the most important cereals for the food and feed industry. It is an important source
of proteins for humans and livestock, especially in developing countries [1,2]. Zein, the most abundant
storage protein in maize kernels, is deficient in lysine and tryptophan, leading to a poor quality of
protein for monogastric animals. Many approaches have been used to improve the nutritional quality
of maize. Opaque 2 (o2) is a naturally-occurring high-lysine mutant, which has twice the normal level
of lysine and tryptophan [3]. However, this mutant has a soft endosperm [2]. The kernel softness is
further overcome by several o2 modifiers, and quality protein maize (QPM) has been developed by this
approach [4]. In addition, a bacterial gene encoding a lysine feedback-insensitive dihydrodipicolinate
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synthase (DHDPS) has been introduced into maize to increase free lysine level [5]. Unfortunately, no
lysine increase was observed when the gene was specifically expressed in starchy endosperm, even
though more than a two-fold level of lysine accumulation was detected when expressed in the embryo
and aleurone [5]. More recently, high-lysine maize has been obtained by decreasing lysine catabolism
through RNA interference technique [6], by reducing α-zein mRNA [7,8], by expressing a milk protein
α-lactalbumin [9], and by expressing a lysine-rich protein gene GhLRP in maize endosperm [10].
Except for some GhLRP transgenic lines, these high lysine corn plants contained normal or less level
protein content in the seeds. However, seed-specific expression of lysine-rich protein gene SB401 or its
homolog SBgLR significantly increased both lysine and total protein contents in maize seeds [11–13].
Functional analysis showed that SB401 and SBgLR can bind and interact with the cytoskeleton and
function in microtubule (MT) reorganizations [14,15]. But how these two genes improve protein and
lysine content of transgenic maize seeds remains unclear.

It is known that zein accumulates in protein bodies (PBs) in the endosperm cells. However, the
mechanism of PB formation, especially the role of the cytoskeleton system, is incompletely understood.
Previous studies demonstrated that the cytoskeleton plays an important role in the spatial and temporal
distribution of materials and information by affecting targeting, tethering, transporting and translation
of mRNA [16–18]. In maize endosperm cells, extensive evidence showed that zeins are synthesized on
cytoskeleton-bound polysomes [19,20] and their mRNAs were localized through binding to a specific
site on the tubulin and actin cytoskeleton [21]. These data indicated that the cytoskeleton serves
as an attachment scaffold for mRNA translation and protein synthesis [22,23]. eEF1α, a lysine-rich
cytoskeleton-associated protein, plays an important role in protein synthesis and actin-bundling in
maize endosperms [24–26]. PBs in endosperm cells are distributed between starch granules, where
eEF-1α and cytoskeletal elements, such as actin filaments and microtubules (MTs), are abundant [27].
The eEF1α concentration was found to be a good predictor of the endosperm lysine content [28,29].
However, the roles of microtubule-associated proteins, and the relationship between the cytoskeleton
system and storage protein accumulation are not fully understood.

The SBgLR, we cloned from Solanum berthaultiiin previously [30], encodes a pollen-specific protein
with high lysine content (18.93%, w/w) [12]. SBgLR contains five imperfectly repeated motifs of
V-V-E-K-K-N/E-E, which resemble the repetitive domain responsible for MT-binding activity in
murine and plants cells [15,31]. Considering these characteristics, we further investigated the activities
of SBgLR on MT regulation. We found that the recombinant SBgLR binds to both tubulin and MTs
in vitro. SBgLR overexpressing tobacco showed curving and right-handed twisting root growth; and
abnormal directional expansion of cotyledon pavement cells, suggesting that SBgLR interacts with
MTs and regulates their organization [15]. Our previous work showed that overexpression of SBgLR
can increase the lysine and protein content in maize seeds [12,13]. In this research, we obtained
SBgLR transgenic maize with the simultaneously increased lysine and protein contents in seeds and
analyzed heredity of high-lysine and high-protein characters. In addition, through analyzing the
SBgLR transgenic maize seeds by transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), we found that the expression of SBgLR promotes PB formation and proteinaceous
matrix deposition. And transcription analysis showed increasing stabilities of storage protein genes
and non-zein genes. The potential application of SBgLR transgenic maize lines was evaluated and
the probable mechanism of SBgLR in improving the protein and lysine contents of maize seeds
was discussed.

2. Results and Discussion

2.1. High-Protein and High-Lysine Characters are Stably Inherited in SBgLR Transgenic Lines

SBgLR was previously reported to increase lysine and protein content in T1 transgenic maize
seeds [8,9]. In order to analyze the heredity of the high-protein and high-lysine characters and
to obtain the SBgLR transgenic maize with the selection marker free, we introduced SBgLR gene
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into maize hybrid line Hi3027 (08 ˆ 178) under the control of the seed-specific promoter pF128
with the double “T-DNA” Agrobacterium-binary vector pSB130-SBgLR (Figure 1A) [32]. Finally,
a total of 23 independent transgenic events were identified by polymerase chain reaction (PCR)
amplification using SBgLR-specific primer pair S1/S2 (Table S1). Kernels of these plants were obtained
by self-pollination. T1 plant genotyping showed that 14 transgenic lines exhibited segregation
at a ratio of approximately 3:1, suggesting the presence of a single-site integration of the SBgLR
gene. The expressions of the SBgLR gene in transgenic maize endosperm was detected by reverse
transcription-polymerase chain reaction (RT-PCR). A 241-bp fragment was amplified from the coding
region of the SBgLR gene in T2 immature kernels at 15 days after pollination (DAP) of each transgenic
line, but not from wild type (WT) control (Figure 1B). This indicated that SBgLR was transcribed and
spliced accurately in transgenic kernels as reported by Lang et al. [30]. Furthermore, Western blot was
performed to investigate the accumulation of SBgLR protein in maize seeds. The result showed that
two bands with different staining signals (weak and dark staining) were detected from transgenic seeds
protein, but not from WT control (Figure 1C). Sequence analysis revealed that predicted glycosylation
and phosphorylation sites existed in the SBgLR amino acid sequence (Figure S1). The weak staining
band might be a post-translational modification form of SBgLR protein.

Figure 1. The diagram of binary vector and molecular analysis of transgenic plants. (A), Diagram of
pSB130-SBgLR; (B), RT-PCR analysis of SBgLR transcript in transgenic line 14, 25, 28, 47, 49, 51, 55, 60,
62 and WT kernels. M, DNA marker; (C), Western blot analysis of SBgLR protein in transgenic line 14,
25, 28, 47, 49, 51, 55, 60, 62 and WT kernels. Two specific bands were detected from transgenic seeds
protein, but not from WT protein; (D), Southern blot analysis of transgenic Q14 and Q51 plants. Lane 1,
positive control. Lane 2, DNA marker, from bottom to top: 4 Kb, 5 Kb and 21 Kb respectively. Lane
3 and lane 4, Q14 genomic DNA digested with Hind III and BamH I respectively. Lane 5 and 6, Q51
genomic DNA digested with Hind III and BamH I respectively. Line 7, WT genomic DNA digested with
Hind III as a negative control.

The protein and lysine content were analyzed in the seeds of T1 plants from 14 transgenic lines.
Seeds of Hi3027 segregation progenies were used as a reference. The protein and lysine content of line
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14, 25, 28, 47, 49, 51, 55, 60 and 62 were markedly increased (more than 20%) and were selected to sow
in T2 generation (Table 1). We monitored the protein and lysine content of these transgenic lines in the
continuous generations, the results showed that the high-lysine and high-protein characters could be
stably inherited across generations (Table 1). Among all the transgenic lines, the protein content in T2

seeds of line 14 and 51 was 15.17 and 14.16 g/100 g dry weight, respectively, while it was 10.35 g/100 g
dry weight in WT control (Table 1). Meanwhile, the lysine content in the seeds of these two lines was
0.49 and 0.44 g/100 g dry weight, respectively, and it was 0.28 g/100 g dry weight in WT control
(Table 1). Southern blot further confirmed that a single copy of SBgLR expression cassette insertion in
these two lines (Figure 1D) and the marker gene was not detected by PCR and Southern blot in these
two lines (Data not shown). So these two lines named Q14 and Q51 were selected as materials for
further study on how SBgLR increase protein and lysine content in transgenic maize seeds.

Table 1. Protein and lysine content in different transgenic lines.

Line
Protein Content (g/100 g) $ Lysine Content (g/100 g) $

T1 T2 T3 T1 T2 T3

14 14.21 ˘ 0.07 ** 15.17 ˘ 0.84 ** 15.20 ˘ 0.37 ** 0.42 ˘ 0.03 ** 0.49 ˘ 0.06 ** 0.49 ˘ 0.03 **
25 12.78 ˘ 0.12 ** 13.17 ˘ 0.96 ** 13.05 ˘ 0.89 ** 0.39 ˘ 0.02 ** 0.38 ˘ 0.02 ** 0.39 ˘ 0.02 **
28 14.26 ˘ 1.10 ** 13.19 ˘ 1.48 ** 13.67 ˘ 0.99 ** 0.37 ˘ 0.02 ** 0.34 ˘ 0.01 * 0.36 ˘ 0.01 **
47 12.72 ˘ 0.14 ** 13.19 ˘ 1.04 ** 13.34 ˘ 1.17 ** 0.39 ˘ 0.01 ** 0.39 ˘ 0.02 ** 0.38 ˘ 0.03 **
49 12.61 ˘ 0.09 ** 12.22 ˘ 0.10 ** 12.99 ˘ 0.76 ** 0.39 ˘ 0.01 ** 0.41 ˘ 0.03 ** 0.40 ˘ 0.01 **
51 14.29 ˘ 0.11 ** 14.16 ˘ 1.07 ** 14.37 ˘ 0.92 ** 0.41 ˘ 0.03 ** 0.44 ˘ 0.02 ** 0.43 ˘ 0.01 **
55 12.60 ˘ 0.19 ** 12.40 ˘ 0.28 ** 13.94 ˘ 0.39 ** 0.36 ˘ 0.03 ** 0.35 ˘ 0.02 ** 0.37 ˘ 0.01 **
60 12.59 ˘ 0.17 ** 13.77 ˘ 0.46 ** 13.17 ˘ 0.56 ** 0.40 ˘ 0.02 ** 0.42 ˘ 0.01 ** 0.41 ˘ 0.02 **
62 12.46 ˘ 0.56 ** 12.74 ˘ 0.79 ** 13.41 ˘ 1.07 ** 0.38 ˘ 0.01 ** 0.39 ˘ 0.02 ** 0.39 ˘ 0.01 **

CT $$ 10.54 ˘ 0.40 10.30 ˘ 0.88 10.78 ˘ 0.53 0.26 ˘ 0.01 0.28 ˘ 0.01 0.25 ˘ 0.01

Values shown are grams of protein or lysine per 100 g of kernel dry weight. Data were mean ˘ SD. $, T1, T2
and T3 represents the plant generation. Data were collected from the seeds of T1, T2 and T3 plants. $$, Hi3027
segregation progenies with the same generation as transgenic lines were used as control (CT). The data of
protein and lysine content of control (CT) were the average value of twenty Hi3027 segregation progenies. Data
were analyzed by One-way ANOVA (p < 0.05) and followed by Least Significant Difference (LSD) post test
(* p < 0.05; ** p < 0.01).

2.2. Zeins And Non-Zein Proteins Accumulation in SBgLR Transgenic Maize Seeds

Maize storage proteins are mainly divided into two groups: zein and non-zein according to the
differences of solubility. To explore which fractions of storage proteins were changed in transgenic
kernels, we extracted and analyzed zein, non-zein and total protein extracts of the seeds of transgenic
T2 and Hi3027 F2 plants by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and protein content quantification assays. The results are shown in Figure 2. Total zein content of
Q14 and Q51 mature seeds was 4.62 mg/50 mg and 4.75 mg/50 mg flour respectively, whereas it
was 3.18 mg/50 mg flour of WT (Figure 2A). Except 10-kDa δ-zein, the contents of 15-kDa β-zein,
16-kDa γ-zein, 19-kDa α-zein, 22-kDa α-zein, 27-kDa γ-zein and 50-kDa γ-zein were all increased in
transgenic mature seeds (Figure 2D). The non-zein proteins that contribute the most to maize lysine
content were also increased in Q14 and Q51 mature seeds on SDS-PAGE staining gel (Figure 2E). They
were increased to 2.06 mg/50 mg flour and 1.98 mg/50 mg flour in protein content quantification
assay (Figure 2B). Total protein contents of WT, Q14 and Q51 were 4.27 mg/50 mg, 6.16 mg/50 mg
and 5.38 mg/50 mg flour, respectively (Figure 2C,F). These results suggested that SBgLR is involved in
both zeins and non-zein proteins enhancement in transgenic seeds.
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Figure 2. Analysis of protein accumulation in transgenic maize seeds. (A–C), Quantification assay of
zein (A), non-zein (B) and total extract (C); (D–F), SDS-PAGE analysis of zein (D), non-zein (E) and
total extract (F). The significance of difference was evaluated by Student’s t-test (* p < 0.05).

2.3. Transmission Electron Microscopy of SBgLR-Overexpression Endosperm

PBs are the major storage form of different types of zeins in maize endosperm. The composition
of zeins in PBs has a decisive effect on PB morphology [33]. We have shown that zeins were markedly
increased in transgenic endosperm cells. But how are these proteins stored in the endosperm cells?
Two possibilities exist. One is that the increased zeins deposited into PBs form larger ones; and the
other is that these zeins form more PBs in endosperm cells. To investigate the storage form of the
increased zeins in SBgLR transgenic endosperm, several cell layers of Q14 and Q51 endosperm from T2

plants at 15 DAP and 20 DAP were analyzed with TEM. Endosperm samples from WT kernels (Hi3027
F2 segregation progeny) were used as references. Compared with WT (Figure 3A), the PBs were more
abundant in Q14 and Q51 endosperms at 15 DAP and 20 DAP (Figure 3B,C). Quantitative analysis
showed that the number of PBs in Q14 and Q15 endosperms was significantly greater than that in WT
control (Student’s t-test, p < 0.01). In WT endosperm cells at 15 DAP, the average number of PBs per
60 μm2 micrograph was 379.54 ˘ 18.41, while it was 1115.20 ˘ 39.18 and 952.37 ˘ 32.67, respectively,
in Q14 and Q51 endosperm cells (Figure 3D). Similarly, the number of PBs was increased significantly
in Q14 (Figure 3F) and Q51 (Figure 3G) endosperm cells at 20 DAP. They were 2.16 and 1.91 times
of that in WT control, respectively (Figure 3H). Morphology observation showed that the size and
shape of PBs were the same in Q14 (Figure 3I) and Q51 (Figure 3J) endosperm cells as in WT references
(Figure 3K) at 15 DAP. As the seed develops, PBs increase in size in WT endosperm cells (Figure 3N)
whereas almost not changed in Q14 (Figure 3L) and Q51 (Figure 3M) endosperm cells. These results
indicated that the expression of SBgLR increases the number of PBs in transgenic endosperm cells.

As the localization of zeins within PBs is important in the morphology of PBs [34], we conducted
immunogold staining assays using antibody against 19-kDa α-zein; it was mainly, but not entirely,
distributed over the light-staining region of PBs in WT (Figure 4A) cells. A similar distribution of
19-kDa α-zein were observed in Q14 endosperm cells (Figure 4B), suggesting a normal localization
of zeins within PBs. No particle was detected when primary antibody was omitted in WT control
(Figure 4C). These results indicate that SBgLR does not affect the localization of zeins in PBs.
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Figure 3. Transmission electron microscopy of 15 and 20 DAP endosperm cells. (A–C), Transmission
electron microscopy of WT (A), Q14 (B) and Q51 (C) 15 DAP endosperm. Bar = 20 μm; (E–G),
Transmission electron microscopy of WT (E), Q14 (F) and Q51 (G) 20 DAP endosperm. Bar = 20 μm;
(D,H), Statistic of PB numbers per 60 μm2 micrograph in WT, Q14 and Q51 at 15 and 20 DAP
endosperms. Data were mean ˘ SD, (** p < 0.01, Student’s t-test); (I–K), PB morphology observation
of Q14 (I), Q51 (J) and WT (K) at 15 DAP endosperm; (L–N), PB morphology observation of Q14 (L),
Q51 (M) and WT (N) at 20 DAP endosperm. Bar = 200 nm in (I–N). RER, rough endoplasmic reticulum;
CW, cell wall; S, starch granule.

 

Figure 4. Immunogold labeling of 19-kDa α-zein. (A), WT; (B), Q14 20 DAP endosperm; (C), Primary
antibody was omitted as negative control. Bar = 200 nm in (A–C). PB, protein body.
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2.4. Scanning Electron Microscopy of Transgenic Mature Endosperm

TEM results showed that the number of PBs was increased in SBgLR transgenic immature
endosperm cells. We further observed the proteinaceous matrix deposition of SBgLR transgenic
mature seeds under SEM. The proteinaceous matrix mainly consisted of zein and non-zein proteins,
and was located between starch granules. We examined the central region of the mature starchy
endosperm where the deposition of proteinaceous matrix between starchy grains was easily observed
under SEM. In WT mature kernels, endosperm cells in the central region of the starchy endosperm
contained smooth starch grains with little proteinaceous matrix (Figure 5A,D). However, greater
amounts of proteinaceous matrix were accumulated surrounding the spheroidal starch granules in Q14
(Figure 5B,E) and Q51 (Figure 5C,F) mature starchy endosperms. Observation at higher magnification
revealed that proteinaceous matrix surrounding starch grains was more dense compared to that in
WT endosperm (white arrow in Figure 5D), and distributed consecutively in Q14 (white arrow in
Figure 5E) and Q51 endosperms (white arrow in Figure 5F) .

 

Figure 5. Scanning electron microscopy of mature seeds starchy endosperm (central region). (A,D), WT
mature endosperm; (B,E), Transgenic Q14 mature endosperm; (C,F), Transgenic Q51 mature endosperm.
Bar = 50 μm in (A–C); Bar = 20 μm in (D–F). White arrows indicate proteinous matrix.

2.5. mRNA Stability Analysis of Zein and Lysine-Rich Non-Zein Genes in Transgenic Endosperm Cells

We have shown that zein and non-zein protein accumulation were enhanced in transgenic
endosperm cells. In order to investigate the differences of mRNA levels between transgenic and
WT endosperm cells, a gene chip assay was performed using WT and Q51 20 DAP endosperm.
The result showed that, compared to WT reference, the mRNA levels of some zein and lysine-rich
non-zein protein genes were higher in Q51 immature endosperm cells. This primary result was
further confirmed by quantitative RT-PCR. The expression level of maize 19-kDa α zein (AF371268),
22-kDa α zein (AF371277.1) and δ zein storage protein gene (AF371265.1) in transgenic endosperms were
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12.01, 16.08, and 269.86 times higher, respectively, than in WT endosperms (Figure 6). Meanwhile,
the expression level of five non-zein genes, histone H2B.3 (BM080549), cylicin-1 (CF627896), ER lumen
protein retaining receptor C28H8.4 (CF602623), fructose-bisphosphatealdolase (CF624216) and 60S ribosomal
protein L22-2 (BI543125), which encode lysine-rich proteins, were 2.68, 2.21, 3.71, 1.95 and 2.28 times
higher, respectively, than in WT endosperms (Figure 6). This result indicated that the mRNA stabilities
of storage protein genes were also increased in SBgLR transgenic endosperm cells.

Figure 6. Quantitative analysis of some zein and lysine-rich non-zein transcripts in 20 DAP endosperm.
N1, histone H2B.3 (BM080549); N2, cylicin-1 (CF627896); N3, ER lumen protein retaining receptor C28H8.4
(CF602623); N4, fructose-bisphosphatealdolase (CF624216); N5, 60S ribosomal protein L22-2 (BI543125); Z1,
19 kDa α zein (AF371268); Z2, 22 kDa α zein (AF371277.1); Z3, δ zein storage protein gene (AF371265.1).
Maize actin (LOC100280540) was used as reference gene.

2.6. Potential Application of Transgenic Maize Lines in Nutrient Maize Breeding

High protein and high lysine maize inbred lines are valuable in maize nutrient improvement. To
evaluate the potential application of SBgLR maize, kernel quality and agronomic traits were analyzed.
Kernel hardness, a critical agronomic trait, is very important in maize breeding. Under incandescent
and transmitted light, the kernels of T5 generations of Q14 and Q51 showed the vitreous phenotypes
as well as WT (Figure 7). No obvious differences of seed weight and kernel density were found (Figure
S2A,B). Agronomic characters such as plant height, ear height, ear length, kernel weight per ear and
ear rows were not affected in different generations of these transgenic lines (Tables S2–S4). Other
nutrients such as starch and oil are also important. We analyzed the starch and oil contents of the
seeds of T1, T4 and T5 transgenic plants. The data shown in Table 2 indicate that starch and oil content
were not changed significantly in these transgenic lines (Table 2). Furthermore, data from our field
test showed that the germination rates of T2 seeds of these two lines was also similar to that of the
WT (Figure S2C). These results indicate that the increase of protein and lysine contents in transgenic
lines did not affect the agronomic characters and kernel qualities and these transgenic maize lines are
potentially promising for corn breeding.

Figure 7. Kernel phenotype for Q14, Q51 and WT. Photographs of kernels were taken under
incandescent light (Top and Middle) or with transmitted light (Bottom).
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Table 2. Starch and oil content of the seeds of T1, T4 and T5 plants.

Line
Oil Content (g/100 g) Starch Content (g/100 g)

T1 T4 T5 T1 T4 T5

14 4.66 ˘ 0.04 4.89 ˘ 0.59 4.49 ˘ 0.69 65.76 ˘ 0.40 64.34 ˘ 1.01 64.02 ˘ 1.60
25 3.94 ˘ 0.32 4.35 ˘ 0.20 4.13 ˘ 0.47 66.55 ˘ 0.22 65.72 ˘ 0.40 65.43 ˘ 1.09
28 4.02 ˘ 0.37 4.75 ˘ 0.86 4.66 ˘ 0.83 66.25 ˘ 0.61 68.10 ˘ 2.25 69.61 ˘ 0.72
47 5.45 ˘ 0.26 4.95 ˘ 0.38 4.60 ˘ 0.15 67.72 ˘ 0.92 67.85 ˘ 0.76 66.18 ˘ 0.67
49 4.65 ˘ 0.30 4.20 ˘ 0.32 4.42 ˘ 0.82 67.27 ˘ 0.70 68.51 ˘ 0.97 68.81 ˘ 1.01
51 5.87 ˘ 0.31 5.26 ˘ 0.26 5.13 ˘ 0.64 65.50 ˘ 0.27 67.41 ˘ 0.65 68.41 ˘ 2.65
55 5.22 ˘ 0.78 5.12 ˘ 0.28 5.42 ˘ 0.41 65.45 ˘ 0.84 66.45 ˘ 0.94 66.95 ˘ 1.17
60 5.08 ˘ 0.34 5.03 ˘ 0.14 5.13 ˘ 0.33 65.26 ˘ 0.68 66.39 ˘ 1.17 67.57 ˘ 0.54
62 5.27 ˘ 0.50 5.06 ˘ 0.30 4.92 ˘ 0.34 63.09 ˘ 0.76 67.28 ˘ 1.16 67.35 ˘ 0.64
CT 4.15 ˘ 0.58 4.34 ˘ 0.31 4.41 ˘ 0.60 65.60 ˘ 0.94 67.12 ˘ 0.54 67.32 ˘ 0.91

CT, Hi3027 segregation progenies. Data are mean ˘ SD.

2.7. Discussion

Protein and lysine content are the most important nutritional characters in maize. Overexpression
of SBgLR can increase the lysine and protein content in maize seeds [12,13]. Here, we analyzed the
protein and lysine content of different generations of SBgLR transgenic maize seeds and showed
that the high-lysine and high-protein content characters could be stably inherited across generations
(Table 1). Additionally, kernel quality and agronomic traits of transgenic lines were as normal as WT
control (Figure 7, Table 2 and Tables S2–S4). This indicated that SBgLR transgenic maize had potential
use in maize breeding for nutritional improvement.

Further, we analyzed the reasons why SBgLR increased protein and lysine content. The result
showed that the expression of SBgLR increased both zein and non-zein proteins in transgenic seeds
(Figure 2). Further observations through TEM and SEM indicated that the number of PBs and
proteinous matrix was significantly increased in SBgLR transgenic endosperm (Figures 3 and 5), while,
the morphologies of PBs and zein localizations in PBs were not affected (Figure 3I–N and Figure 4).

The cytoskeleton plays an important role in storage protein accumulation and PB formation.
Zeins are synthesized on cytoskeleton-bound polysomes and their mRNA localize by binding to a
specific site on the tubulin and actin [19,20]. PBs in developing maize endosperms are surrounded
by an extensive cytoskeletal network through which zeins are deposited into them [35]. In the o2
mutant, the morphology of PBs is abnormal, and the cytoskeleton matrix is loose and unstable
simultaneously [33]. Therefore, storage protein synthesis and PB formation are highly correlated
and dependent on cytoskeleton activity. Many studies have demonstrated that the activity and
organization of the cytoskeleton is regulated by cytoskeleton-associated protein [36]. For example,
elongation factor 1α (EF-1α), a lysine-rich protein, bundles microfilaments and co-localizes with
actin surrounding PBs to facilitate zein peptide elongation [27,37]. Our previous work showed that
SBgLR binds and bundles MTs in vitro, and has an effect on MT organization, indicating SBgLR is a
microtubule-associated protein [15]. The expression of SBgLR in tobacco root epidermal cells leads
to curving and twisting root growth, abnormal cell expansion and cell layer arrangement [15]. In
this study, a preliminary immunogold labeling assay showed that SBgLR was mainly detected at the
periphery of PBs (white arrows in Figure S3A) and cytoskeleton-like structures surrounding PBs in
transgenic maize endosperm (white arrows in Figure S3B). This result suggested the possible role
of SBgLR in MT organization in endosperm cells, and that increased protein and lysine content is
correlated with its cytoskeleton regulation activity. When storage proteins begin to accumulate, MTs
and microfilaments organize into a meshwork and serve as attachment sites for protein synthesis
and PB formation [20–22]. We hypothesize, in transgenic endosperm, SBgLR interacts with MTs and
regulates their organization, and that a more stable and more compact cytoskeleton system compared
with the WT is established, which promotes mRNA stability; this may explain why zein and non-zein
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transcripts were increased in transgenic endosperm (Figure 6). Consequently, the translation efficiency
is increased, leading to more zein and non-zein protein accumulation in transgenic endosperm
(Figure 2). The increased zeins were further deposited into PBs, increasing the number of PBs in
transgenic endosperm (Figure 3A–H). Though the efficiency of storage protein synthesis increases in
transgenic endosperm, the accumulation of zein and non-zein proteins cannot increase to unlimited
levels, possibly because the soil nutrients, especially nitrogen supplementation, are relatively limited.
This is perhaps the most reasonable explanation why the number of PBs was increased, but the size
of PBs was almost unchanged in transgenic endosperm (Figure 3I,L,J,M). Some evidence indicates
that cytoskeleton-associated non-zein proteins, such as carbohydrate-metabolizing enzymes (CHMEs)
and EF-1α, make a significant contribution to the lysine content of corn [29,38]. Therefore, non-zein
proteins together with the accumulation of SBgLR should contribute to the increased lysine content
in transgenic maize. The discussion above provides a possible explanation for the role of SBgLR in
increasing protein and lysine content in an indirect manner. However, further studies are needed to
confirm the function and clarify the mechanism of SBgLR in transgenic maize seeds.

3. Experimental Section

3.1. Plasmid Construction and Maize Transformation

To construct the binary vector pSB130-SBgLR for maize transformation, the SBgLR (GenBank:
AY377987.1) expressing cassette was sub-cloned into Hind III and EcoRI sites of pSB130, which was
kindly provided by Siwen Xin (Chinese University of Hong Kong, Hong Kong, China) (Figure 1A).

To obtain transgenic maize lines, two elite maize inbred lines 08 and 178 were pollinated as
female and male for the production of hybrid Hi3027. Immature embryos of the maize hybrid Hi3027
(08 ˆ l78) were used as explants, and Agrobacterium-mediated transformation was performed as in a
previously described method [39].

3.2. PCR Amplification and Southern Blot Hybridization

The presence of transgene in regenerated plants was confirmed by PCR amplification. The PCR
was carried out using 50 ng DNA and the primer sequences (S1/S2) used in the reactions are listed in
Table S1. The amplification parameters were set as follows: 95 ˝C for 5 min, 94 ˝C for 1 min, 56 ˝C for
1 min, 72 ˝C for 1 min, repeat for 30 cycles and a final extension for 10 min at 72 ˝C. Reactions were
carried out with Taq DNA polymerase (Tiangen, Beijing, China) in a Biometra Thermo cycler (TG-96;
Biometra, Horsham, PA, USA), and the PCR products were analyzed on 0.8% agarose gels.

For Southern blot hybridization, genomic DNA was isolated from fresh leaves using a
cetyltrimethyl ammonium bromide (CTAB) method [40]. A total of 30 μg genomic DNA was digested
with Hind III or BamH I restriction enzyme (TaKaRa, Tokyo, Japan) and electrophoresed on 0.8% agarose
gel and blotted onto Hybond TM-XL membrane (Amersham, Piscataway, NJ, USA). Hybridization was
carried out according to the manufacturer’s protocol of Dig High Primer DNA Labeling and Detection
Starter Kit I (Roche, Penzberg, Germany).

3.3. RT-PCR and Western Blot Detection

Immature kernels of T2 plants of each line at 20 DAP were randomly selected for genotyping.
Embryos were separated for DNA extraction, and kernel genotype was determined by PCR using
primer pair S1/S2 (Table S1). Each transgenic endosperm was cut into two halves, one for RNA
extraction and the other for protein extraction, which were used for RT-PCR and Western blot
analysis respectively.

Total RNA of immature endosperm at 20 DAP was extracted using TRIzol reagent (CWBIO,
Beijing, China). The cDNA first strand synthesis was carried out according to the manufacturer’s
protocol of Reverse Transcription System (Promega A3500, Fitchburg, WI, USA). RT-PCR amplification
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was performed using SBgLR (ORF) specific primers (SBRT) (Table S1) and carried out according to the
procedure described above.

For Western bolt analysis, half of the 20 DAP endosperm was ground in 500 μL extraction buffer
(20 mM Tris-HCl, pH 8.0, 5 mM EDTA, 0.05% SDS, 10 mM DTT, 1 mM PMSF) and vortexed at 4 ˝C
for 1 h, then centrifuged at 4 ˝C for 20 min and the suspension was used for Western blot detection.
In this study, 20 μL samples were separated on 12% SDS-PAGE and transferred to PVDF membranes
(Millipore Corporation, Billerica, MA, USA). The membranes were blocked (3% BSA in TBST, 50 mM
Tris-HCl, 150 mM NaCl, 0.05% Tween-20, pH 7.5) at 4 ˝C overnight and incubated with anti-SBgLR
antibody (1:1000) for 1 h. Alkaline phosphatase-conjunct goat anti-rabbit IgG antibody was added
(1:5000) after washing the membrane 15 min for three times. The hybridization signal was detected by
using NBT/BCIP reaction kit (Promega, S380C, S381C, Fitchburg, WI, USA).

3.4. Agronomic Quality Measurement

To analyze the kernel density, 100-kernel-weight and volume was measured. Germination rate
was calculated according to the statistical data obtained from our field test. Forty-five seeds were
sowed in the field test and the germination rate was the ratio of germinated seeds to total seeds. The
starch and oil content of mature seeds were analyzed by Fourier transform near-infrared (FT-NIR)
spectrometer VECTOR22/N (BRUKER, Bremen, Germany).

3.5. Protein, Lysine, Zein and Non-Zein Contents Analysis

About 5 g of mature kernels were dehydrated in electric thermostatic drying oven at 80 ˝C for
48 h. The dehydrated kernels were ground into powder. Total nitrogen of kernels were determined
by a nitrogen detection apparatus based on the principle of Kjeldahl determination using national
standard GB2905-82 at Beijing Academy of Agriculture and Forestry Science (Beijing, China). The
nitrogen content was converted to protein content by multiplying a conversion factor of 6.25.

Lysine content was analyzed based on the principle of ninhydrin reaction. Briefly, about 10 mg of
defatted powder, 1 mL ddH2O and 2 mL ninhydrin reaction reagent were added into a 30-mL tube,
and then the mixture was thoroughly vortexed. Subsequently, the tube was incubated in boiling water
for 20 min, and 3 mL 50% ethanol was added to the cooled sample, followed by a centrifugation at
13,400ˆ g for 10 min. Supernatant was collected, and the absorbance at 570 nm was recorded using
a spectrophotometer (TECHCOMP UV2300, Beijing, China). Standard curve was conducted using
a series concentration of leucine solution (from 0 to 50 μg/mL). Lysine content of each sample was
calculated using the equation as follows: Lys content (g/100 g dry weight) = (measured lysine content
ˆ hydrolysis volume)/sample weight.

Zein and non-zein proteins were extracted from 50 mg endosperm flour according to the
previously described method [41]. A total of 200 μL ddH2O was added to each fraction for SDS-PAGE
and protein content analysis. Quantification of total extract, zein and non-zein fractions were performed
using a BCA protein assay kit (Pierce, Appleton, WI, USA). For SDS-PAGE, 10 μL samples were loaded
and electrophoresed in 12% polyacrylamide gel, and the gel was stained with Coomassie brilliant blue
R250 (Amresco, Solon, OH, USA).

For statistical analyses, One-way ANOVA (p < 0.05) was performed to evaluate the difference
between the measured traits. The significance of difference between WT and the transgenic lines
was evaluated by LSD post-test (* p < 0.05; ** p < 0.01). All statistical analysis were made using the
“Data Analysis” function in Microsoft Excel 2010 (Microsoft, Redmond, WA, USA).

3.6. Quantitative RT-PCR Analysis

For quantitative RT-PCR, embryos taken from single 20 DAP kernels were used for genotyping.
Total RNA was extracted from the endosperm harboring the transgene using TRIzol reagent (CWBIO).
The cDNA first strand synthesis was carried out according to the manufacturer’s protocol of Reverse
Transcription System (Promega A3500, Fitchburg, WI, USA). Quantitative RT-PCR was performed in a
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20-μL reaction system containing SYBGREEN reaction mixture (Takara, Japan), 10 μM of each primer
and 50 ng cDNA. The sequences of the primers, δ-zein for δ storage protein zein gene (AF371265.1),
19-zein for 19 kDa α zein (AF371268), 22-zein for 22 kDa α zein (AF371277.1), histone H2B for histone
H2B.3 (BM080549), cylicin for cylicin-1 (CF627896), ER protein for ER lumen protein retaining receptor
C28H8.4 (CF602623), FBA for fructose-bisphosphatealdolase (CF624216) and Ribosomal protein for 60S
ribosomal protein L22-2 (BI543125), are listed in Table S1. Amplification was carried out on a Bio-Rad
Real-Time System CFX96TM C1000 thermal cycler (Bio-Rad, Waltham, MA, USA) using the following
conditions: 95 ˝C for 30 s, 35 cycles of 95 ˝C for 10 s, 60 ˝C for 10 s and 72 ˝C for 10 s. Maize actin
(Table S1) was used as reference gene. Expression levels of these genes were determined as the Ct
values [42]. The Ct values were then converted into relative quantities.

3.7. Transmission Electron Microscopy (TEM)

The presence of a transgene was detected by PCR using the primer pair S1/S2 as described
previously. The transgenic endosperms with the thickness of 2-mm from T2 plants were
perpendicularly sectioned to the pericarp, including the aleurone and 10 to 20 cell layers of endosperm.
The slices were fixed in freshly prepared potassium phosphate buffer (50 mM, pH 6.8) containing 1%
glutaraldehyde, 4% paraformaldehyde and 5 mM EGTA at 4 ˝C overnight. The fixed slices were rinsed
at room temperature for 2 h, post-fixed with fixation buffer containing 1% osmium tetroxide at 4 ˝C
overnight and dehydrated in gradient ethanol. The tissues were embedded in Spurr and LR White
resin for transmission electron microscopy (TEM) or immunogold labeling assay, respectively. Plastic
blocks were sectioned into 90 nm including six to eight cell layers, and collected on formvar-coated
nickel grids. Non-transgenic endosperm segregated from transgenic line was used as negative control.

For TEM, grids were stained with 2% uranyl acetate and 2.66% lead citrate, followed by three rinses
in ddH2O. The stained grids were air-dried and observed under a Hitachi 7500 electron microscope
(Hitachi, Japan) operated at 80 kV. Pictures were taken using ITEM (Olympus, Tokyo, Japan). For
PBs numbers quantification, data were collected from the measurement of at least 30 cells from two
different kernels from two individual ears. Stutent’s t-test was performed between WT and two
transgenic lines respectively to evaluate the significance of differences (* p < 0.05; ** p < 0.01).

For immunogold labeling assay, grids were blocked in blocking buffer (3% BSA, 0.05% Tween-20
in 50 mM potassium phosphate buffer, pH 6.9) and incubated with primary antibody (1:200) (the
anti-19 kDa α-zein antibody was kindly provided by Brian A. Larkins) at 4 ˝C overnight. Subsequently,
the grids were incubated with gold-conjugated secondary antibody at room temperature for 1 h and
rinsed in ddH2O for three times. The grids were then stained as described above. The stained grids
were examined with a Hitachi 7500 transmission electron microscope (Hitachi, Tokyo, Japan). Pictures
were taken using ITEM (OSIS, Germany).

3.8. Scanning Electron Microscopy (SEM)

Mature seeds of T2 transgenic and Hi3027 F2 plants were dissected from the crown to the base
and mounted on the surface of a brass disk using double-sided adhesive silver-tape. They were then
coated with gold/palladium using an ion coater (EIKO IB.3, Tokyo, Japan), and the central region of
starchy endosperm was examined using SEM (JEOL, Tokyo, Japan).

4. Conclusions

We analyzed SBgLR transgenic maize with high-lysine and high-protein content in seeds. Both
PB formation and proteinaceous matrix deposition were promoted. The increased accumulation of
zeins and lysine-rich non-zein proteins were the reason for protein content increment. Further, the
increased deposition of non-zein protein, as well as the accumulation of SBgLR, contributes to the
lysine increment in transgenic endosperm. The high-lysine and high-protein traits are stably inherited
across generations. SBgLR can be considered for use in improving nutrient quality of maize seeds.
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This work indicates that a cytoskeleton-associated protein has potential applicable value in improving
crop seed nutrient quality and provides a feasible strategy for maize grain quality improvement.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/
16/12/26199/s1.
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Abstract: Basic fibroblast growth factor (bFGF) is a multifunctional factor in acceleration of cell
proliferation, differentiation and transference, and therefore widely used in clinical applications. In
this study, expression vector pWX-Nt03 harboring a codon-optimized bFGF gene was constructed
and introduced into the tobacco chloroplasts by particle bombardment. After four rounds of
selection, bFGF was proved to integrate into the chloroplast genome of regenerated plants and two
of four transgenic plants were confirmed to be homoplastomic by PCR and Southern hybridization.
ELISA assay indicated that bFGF represented approximately 0.1% of total soluble protein in
the leaves of transplastomic tobacco plants. This is the first report of bFGF expression via
chloroplast transformation in model plant, providing an additional option for the production of
chloroplast-produced therapeutic proteins.

Keywords: tobacco; chloroplast; genetic transformation; basic fibroblast growth factor; green
fluorescent protein

1. Introduction

Fibroblast growth factors (FGF) are a large family of heparin-binding protein mitogens, with
potential therapeutic utilities due to their broad target cells specificity. Twenty three different FGFs have
been described thus far [1]. One FGF, basic fibroblast growth factor (bFGF or FGF2), a single-subunit
protein with a molecular weight of ~17 kDa and a pI of 9.6, was first cloned from the bovine brain and
pituitary in 1978 [2].

bFGF acts to accelerate cellular proliferation, differentiation and transference [3–5]. Recombinant
bFGF is highly desirable in the marketing due to its critical role in the growth of blood vessels, wound
healing, tissue regeneration and nerve system [6–8] and many attempts have been made to meet
the great demand over the past few decades. Currently bFGF is produced via genetic engineering
technology in several systems, from conventional microbial expression systems like Escherichia coli
(E. coli) [9,10], Bacillus subtilis [11] and yeast [12,13], to insect cells [14]. More importantly, two main
crops, soybean and rice, were reported to express functional recombinant bFGF specifically in seeds
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by Agrobacterium-mediated transformation [15,16]. However, the insolubility and biological activity
of target proteins would likely be an intractable obstacle for microbial [17] and plant-produced [16]
platform to lag the further application when high level of protein expression was achieved. Plant-based
production of therapeutic proteins or antigens can be cost-effective, as, unlike microbial systems, it
does not require sterile laboratories or production equipment [18,19]. But, thus far the efficiency of
plant nuclear transformation with many genes remains low, producing low protein yields complicated
by gene silencing and unstable inheritance [20]. Moreover, pollen-mediated transgene flow has drawn
significant attention due to its potential impact on biodiversity [21]. Chloroplast transformation will
be likely to overcome those disadvantages due to the features of higher expression, generally soluble
proteins and mostly maternal inheritance, although some challenges such as protein degradation,
pleiotropic effects, time-consuming homoplasmic selection are still the main hurdles for most of plants
and need to be addressed [22,23]. Since tobacco was firstly engineered via chloroplast transformation,
plastid transformation has drawn more attention, achieving high-level expression, gene-stacking, no
gene silencing, and even facilitating successful transfer of whole metabolic pathways to plastids [24].

In this study, we engineered tobacco plants to express bFGF via plastid transformation. To our
knowledge, this is the first report of bFGF expressed via plastid transformation and therefore provides
a novel alternative of bFGF expression.

2. Results

2.1. Construction of Expression Vector and Functional Verification

An expression vector named pWXL-Nt03 for tobacco chloroplast transformation was constructed
based on previously published protocol used in our laboratory [25] with two modifications (Figure 1).
The homologous fragment from alfalfa was replaced with one from the tobacco plastid genome, and
the codon-optimized bFGF gene was inserted into the vector multiple cloning site of the vector. The
vector was verified by sequencing.

Figure 1. Construction of chloroplast transformation vector pXWL-Nt03. pXWL-Nt03 vector flanked
with chloroplast regions of 16S-trnI and trnA-23S comprised a synthetic expression cassette containing
the smgfp reporter gene and aadA selectable marker gene. These two genes were jointly driven by
the Prrn-T7g10 promoter and the terminator was 3’ untranslated regions (UTR) rps16 (Trps16). The
target basic fibroblast growth factor (bFGF) gene was driven by the fusion promoter PrrnPclpPrbcL
previously described [26] and psbA 3’ UTR as terminator (TpsbA). P1/P2 and S1/S2 indicated the
primers used for PCR and digestion sites for Southern blot analysis, respectively. A ~3.4 kb fragment
was amplified for transplastomic plants, but a ~1.2 kb fragment in wild-type tobacco chloroplast DNA
(WT Nt cpDNA) without expression cassette. Similarly, total DNA was digested by BamH I and Kpn
I for Southern blot analysis. A ~4.7 kb signal was hybridized for transplastomic plants, but only a
~2.5 kb for untransformed plants.
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The chloroplast originated from a prokaryote and thus contains prokaryotic protein synthesis
machinery. The specific expression vector for chloroplast transformation was therefore generally
transferred into prokaryotic system like E. coli to test its genetic construction and function [27]. After
the MACH 1, an E. coli strain, was transformed with this vector following the heat shock protocol, the
overnight-cultured cells were collected by centrifugation. The pellet was observed to appear green in
color, indicating the successful expression of green fluorescent protein (GFP) in transformed bacterial
cells. This observation suggested that the other genes within the same expression cassette will play
their roles in prokaryotic-like chloroplast expression system.

2.2. Tobacco Chloroplast Transformation and Homoplastomic Selection

Young leaves were placed on the Murashige and Skoog (MS) medium with adaxial side down,
cultured for 4 h in the dark and bombarded. The bombarded leaves were cultured in the dark at
26 ˝C for 3 days before being cut into 5 mm ˆ 5 mm pieces and transferred into the selection media
containing 500 mg/L of spectinomycin. Selection media was replaced every 3 weeks. Forty-three
resistant transformants were regenerated in selection media, and integration of the expression cassette
was verified by PCR. Young leaves from PCR-positive shoots were cut into pieces and placed abaxial
side down in selective media and cultured for two to three additional regeneration cycles to obtain
homoplastomic plants (Figure 2). Seeds were harvested from homoplastomic tobacco plants and
sowed in soil until to T3 generation.

Figure 2. Procedure for homoplastomic selection after chloroplast transformation of tobacco.
(A) Bombarded leaves were cut into pieces for selection; (B) Resistant shoots appear while most
leave pieces bleached on antibiotic medium; (C) Surviving antibiotic resistant shoots; (D) Regenerated
plantlet after first round of selection; (E) GFP expression in T0 transplastomic tobacco with green color
and chlorophyll autofluorescence with red color under ultraviolet (UV) lamp; (F) GFP expression in
T3 homoplastomic tobacco seedlings, line 1 and line 4, and wild-type control under UV lamp. Scale
bars = 1 cm.

2.3. Molecular Characterization of T0 Transplastomic Plants

After four rounds of selection, antibiotic resistant shoots were obtained and transferred to new
media without phytohormone for rooting. Integration of the foreign expression cassette into the
plastid genome of transformants was verified by PCR. As shown in Figure 3A, two putative transgenic
plants were homoplastomic with the single band of ~3.4 kb, but an additional ~1.2 kb band in lanes 2
and 3 indicated the heteroplastomic status of other two plants. Both hetero-/homoplastomic plants
displayed normal phenotypes compared with wild-type plants under greenhouse condition.

Total DNA was isolated from the leaves of T0 transgenic and wild-type plants and integration
of the bFGF gene into the tobacco plastid genome was confirmed by Southern blot. As indicated in
Figure 3B, the single ~4.7 kb band in lane 1 and 4 implied homoplastomic status, whereas lanes 2
and 3 displayed an additional ~2.5 kb band, identically amplified from wild-type plants, indicating
heteroplastomic status.

Northern blot was carried out to investigate the transcript level of gfp and bFGF. As shown
in Figure 3C, no strong differences of hybridization signal intensity was observed between gfp and
bFGF genes, indicating the similar accumulation of mRNAs before translation into proteins unless the
hybridizations are obviously probe sequence dependent.
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Western blot revealed proteins of approximately 17 kDa in lanes 1 to 4, representing bFGF
expression in the four T0 transgenic lines (Figure 3D) of identical size to commercially produced bFGF.
As expected, no signal was observed for wild-type plant.

Figure 3. Molecular testing of T0 transplastomic plants. (A) PCR analysis of integration of the
expression cassette into transgenic plants. M, DNA molecular marker; Lanes 1–4: T0 putative transgenic
plants; (B) Southern blot analysis. M, DNA molecular marker; Lanes 1–4: the leaves of T0 putative
transgenic plants. The single 4.7 kb band in lanes 1 to 4 indicated homoplastomic status due to
the insertion of foreign expression cassette, whereas lanes 2 and 3 with an additional ~2.5 kb band,
amplified from wild-type plants, indicating heteroplastomic status; (C) Northern blot analysis for bFGF
(middle) and gfp (bottom) mRNAs. The ethidium bromide-stained gel of 28S band of total RNA is
shown in the top as a loading quantitative control. wt is untransformed tobacco as negative control;
(D) Western blot for determining the expression of bFGF in T0 transplastomic plants. Expression of
bFGF (17 kDa) is observed in the leaves of four transgenic plants (lanes 1–4), but absent in the leaves of
a wild-type plant (wt). Commercial bFGF protein (P) served as positive control. M is protein marker.

2.4. Measurement of bFGF and GFP Expression in T0 Transformed Plants by ELISA

Total soluble protein (TSP) was extracted from the leaves of T0 transformed plants to quantify the
expression of bFGF and GFP by ELISA. In the four transgenic plants bFGF represented between 0.095%
and 0.106% of TSP from mature leaves (Figure 4A) and much lower expression in young and old leaves
(data not shown), indicating a far lower level of bFGF expression than GFP, which the maximum
average expression level can reach up to 22.343% of TSP in mature leaves. The average expression in
young and old leaves is 13.441% and 1.947% of TSP, relatively lower than mature leaves (Figure 4B).

 

Figure 4. Quantification of bFGF and GFP in transgenic tobacco plants. (A) Level of bFGF expression
in the leaves of four independent transgenic plants was shown in relation to total soluble protein
(mean ˘ SD). 1–4, independent transplastomic plants; wt, Wild-type plant; (B) Level of GFP expression
in young, mature and old leaves of transplastomic plants; wt, Wild-type plant. All measurements were
made in triplicate.
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3. Discussion

Plant-made pharmaceuticals (PMPs), both nuclear and plastid stable transformation, offer several
unique advantages over microorganism and mammalian systems, allowing production in large
scales but low cost and lack of endotoxins and pyrogens. This had been recognized as a promising
potential method for the production of therapeutic proteins [28,29]. Some plants like peas, which
have high protein content and excellent storage capacity, are an ideal platform for production of
pharmaceuticals [30]. Although no plastid-produced products have been used in clinical trials yet,
vaccines produced by nuclear transformation of plants or TMV-based transient expression in plants
have been tested in the clinic [23,29].

bFGF has previously been expressed by nuclear transformation system and the yield, 2.3% TSP in
soybean seeds and 9.55% TSP in rice seeds [15,16], is rather higher than the production in the present
experiment, but considering that: (1) the biomass of tobacco mature leaves with average yield of 2.7
tons per hectare [31]; (2) the tobacco needs approximately 40–50 days from seed to fully-expanded
leaves; and (3) it is practicable to harvest five to seven times annually under field condition depending
on the growing season, the bFGF productivity of transgenic tobacco might be more competitive
compared with soybean and rice. The homoplasmic expression of bFGF was achieved in this study,
but accumulation needs to be enhanced greatly (Figure 4A). To do this, some possible measures could
be taken including N-terminus and tag-added modification [32]. In addition, chloroplast-expressed
proteins are generally soluble [22], making this system more attractive for solving the insolubility
of protein expressed by conventional nuclear transformation [16]. This study can also pave the way
for bFGF expression in other plants, especially vegetables which is feasible for oral delivery without
fermentation, purification, cold storage and transportation [22].

Another puzzling question is the expression of GFP which located in the same cassette with
bFGF. GFP expression demonstrated far higher level (Figure 4B) than bFGF. Since all of the possible
parameters were considered to maintain the uniformity in Northern hybridization operation except
the length of two probe sequences, the similar signal intensity should reflect the amount of mRNA
(Figure 3C). The strong disparity in accumulation of two proteins therefore could not be explained
by their respective mRNA stability alone. It is reported that protein accumulation in transplastomic
plants was very likely controlled by post-translational regulation at the level of protein stability [33–35]
and three factors were experimentally recognized to affect their stability, including the penultimate
N-terminal amino acid residue, an N-end rule-like protein degradation pathway and additional
sequence determinants in the N-terminal region as well [32]. In our study, the different production of
bFGF and GFP is somehow caused by protein degradation as there is no detectable difference was
visible at least in transcriptional level. We also cannot exclude the possibility of other factors. For
example, the initiation of translation might be affected strongly by 3’ UTRs [36] and therefore the
3’UTR in this study, the leader sequences of g10 and clpP genes, might contribute the gap of translation
initiation efficiency to a certain extent [37]. In addition, the small-molecule bFGF, unlike well-known
stable GFP, is reported to be unstable in the presence of many proteases [38]. To improve the stability
of recombinant protein, the small ubiquitin-related modifier fusion could be superior to glutathione
S-transferase in enhancement of the expression and solubility of difficult-to-express proteins [39].
According to the proposed hypothesis [32], future attempts to express bFGF in tobacco plastids may
employ artificially optimized tag(s) to promote the solubility and stability of the products with less
energy consumption of the host cells.

4. Materials and Methods

4.1. Plant Materials

Tobacco (Nicotiana tabacum cv. Petit Havana) seeds were surface-sterilized and grown on
half-strength MS medium supplemented with 8 g/L agar and 30 g/L sucrose with a 16-h light/8-h
dark photoperiod. Young leaves were used for plastid DNA extraction and transformation.
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4.2. Vector Construction for Chloroplast Transformation

According to the complete tobacco chloroplast genome sequences (accession number: NC-001879),
two primers (P1: ACAGAGGATGCAAGCGTTAT and P2: CACTGAGCGATCATTTAGGG) were
designed to amplify flanking sequences, representing the 16S-trnI-trnA-23S region of the tobacco
plastome, for vector construction. PCR was carried out with 30 cycles of 45 s at 95 ˝C, 40 s at
50 ˝C, and 2 min at 72 ˝C, with a 5 min pre-denaturation before the first cycle at 95 ˝C and a 10 min
final extension at 72 ˝C. The PCR product was inserted into vector pEASY Blunt Simple (Transgen
Biotech Co., Ltd., Beijing, China) and verified by sequencing to generate pEASY-Nt. An expression
cassette was obtained, as previously described [25]. The whole cassette was amplified by PCR and the
product was inserted into the pEASY-Nt vector to form a new vector named pEASY-synth.

Codon optimization of the bFGF encoding target gene was carried out using the software Synthetic
Gene Designer (http://www.evolvingcode.net/codon/sgd/index.php). The 474bp optimized bFGF
gene was inserted into a multiple cloning site (MCS) to yield the final expression vector pXWL-Nt03.
(Figure 1). Sequencing revealed that no errors had been introduced.

4.3. Chloroplast Transformation and Homoplastomic Selection

Tobacco chloroplast transformation was carried out according to the protocol previously
described [40]. Briefly, young leaves of in vitro cultured tobacco plants were bombarded using PDS
1000/He biolistic particle delivery system (Bio-Rad, Hercules, CA, USA) with 50 mg of 0.6 μm gold
particles coated with 10 μg of plasmid DNA at 1100 psi. Putative transformants were regenerated in
MS medium containing 500 mg/L spectinomycin at the first round of selection. The PCR-confirmed
leaves of resistant shoots were cut into pieces and subjected to three additional regeneration cycles
in selective medium. T1 seeds were harvested from T0 homoplastomic plants proved by molecular
identification and sowed the seeds in pots until to T3 generation.

4.4. Molecular Testing

Total genomic DNA was extracted from fully expanded young leaves of both transplastomic
plants and untransformed wild-type plants using the cetyltrimethylammonium bromide (CTAB)
protocol [41]. PCR was carried out under the following conditions: 95 ˝C for 45 s, 50 ˝C for 40 s,
72 ˝C for 2 min; 35 cycles with a 5 min pre-denaturation before the first cycle at 95 ˝C and a 10 min
final extension at 72 ˝C. The sequence of primer pair designed to check expression cassette was Ec1
(GGTCGGAACAAGTTGATAG) and Ec2 (CAGTAGAGTCTTTCAGTGGC), respectively. The expected
PCR band will be ~3.4 kb due to insertion of the foreign expression cassette.

Integration of the foreign expression cassette into the tobacco plastid genome was assessed by
Southern blot. The total DNA extracted from young leaves was digested with BamH I and Kpn I (New
England Biolabs, Hitchin, UK) overnight at 37 ˝C and subjected to 0.8% agarose gel electrophoresis,
then transferred onto positive-charged Hybond-N+ nylon membrane (Roche, Basel, Switzerland).
Cross-link twice for 30 s each time with 3 min interval. Pre-hybridization and hybridization were
carried with the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche) according to the
manufacturer’s instructions. The DNA-fixed membrane was hybridized at 42 ˝C for 16 h with the
probe in a hybridization oven before washing and visualization.

Total RNA was prepared using RNAiso Reagent (TaKaRa Co., Ltd., Dalian, China) and the
manufacturer’s instruction from four transgenic lines to test the mRNA transcriptional level by
Northern blotting analysis. The gfp and bFGF genes were amplified as probes. An amount of 5 μg of
RNA was loaded in each well and fractionated on a 2.0% denaturing agarose gel, and then transferred
onto a nylon membrane for cross-linking. Labeled two probes were hybridized at 65 ˝C for 16 h in a
hybridization oven. Membrane was washed and visualized accordingly.
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4.5. Western Blot Assay

Expression of bFGF was measured by Western blot. Briefly, crude protein extracts were extracted
from PCR-positive plants, separated by a 15% SDS-PAGE gel, then transferred to a nitrocellulose
membrane (0.22 μm, Millipore, Darmstadt, Germany) using a trans-blot semi-dry electrophoretic
transfer cell (200 mA, 30 min, Bio-Rad). The nitrocellulose membrane was then saturated with 5%
bovine serum albumin (BSA) (w/v) in TBS-Tween 20 [25 mM Tris-HCl pH 7.6, 0.15 M NaCl, 0.05%
(w/v) Tween-20] for 1 h. The membrane was incubated with bFGF-directed antibody (1:100, Santa Cruz
Biotechnology Inc., Dallas, TX, USA), prior to incubation with the secondary antibody (1:3000, goat
anti-mouse IgG alkaline phosphatase conjugate, Novagen, Madison, WI, USA). Labeled proteins were
visualized by adding a substrate BCIP/NBT (Roche).

4.6. ELISA

To measure the expression level of recombinant protein in transplastomic plants, total soluble
protein was extracted from fully expanded leaves of both transformed and wild-type plants. The
leaves were cut into pieces and grounded by liquid nitrogen, homogenized in PBS buffer (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4). ELISA was performed using commercial
anti-bFGF antibodies, and recombinant bFGF as standard (Sigma, St. Louis, MO, USA), as previously
described [42]. Similarly, GFP expression was measured in young, mature and old leaves individually,
and analyzed the data statistically. Wild-type plant was used as control.
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Abstract: Leaf color change of variegated leaves from chimera species is regulated by fine-tuned
molecular mechanisms. Hosta “Gold Standard” is a typical chimera Hosta species with golden-green
variegated leaves, which is an ideal material to investigate the molecular mechanisms of leaf
variegation. In this study, the margin and center regions of young and mature leaves from Hosta
“Gold Standard”, as well as the leaves from plants after excess nitrogen fertilization were studied
using physiological and comparative proteomic approaches. We identified 31 differentially expressed
proteins in various regions and development stages of variegated leaves. Some of them may be related
to the leaf color regulation in Hosta “Gold Standard”. For example, cytosolic glutamine synthetase
(GS1), heat shock protein 70 (Hsp70), and chloroplastic elongation factor G (cpEF-G) were involved
in pigment-related nitrogen synthesis as well as protein synthesis and processing. By integrating
the proteomics data with physiological results, we revealed the metabolic patterns of nitrogen
metabolism, photosynthesis, energy supply, as well as chloroplast protein synthesis, import and
processing in various leaf regions at different development stages. Additionally, chloroplast-localized
proteoforms involved in nitrogen metabolism, photosynthesis and protein processing implied that
post-translational modifications were crucial for leaf color regulation. These results provide new
clues toward understanding the mechanisms of leaf color regulation in variegated leaves.

Keywords: Hosta “Gold Standard”; proteomics; variegated leaves; leaf color; excess nitrogen fertilization

1. Introduction

Leaf color change during plant development and envrionment response is regulated by
complicated and fine-tuned molecular mechanisms. Current understandings of leaf color regulatory
mechanisms are mainly based on the investigation of leaf color mutants of model plants and crops, such
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as Arabidopsis [1–3], rice [4], and tomato [5], rather than natural variegated plants. Variegated plants
are widely distributed, some of which are cultivated as ornamental plants. Variegated leaves usually
consist of green and white/yellow sectors, which are useful resources for investigating chloroplast
development and color changes [6]. The chloroplastic or genetic origin of leaf variegation [6], as well
as albinism mechanism has been reported [7,8]. Most investigations were focused on the physiological
analysis of the white region and green regions [3,9–11], development of aurea “golden” leaves, and
characteristics of yellow-green variegated leaves [12–18].

Various colors of leaf variegation suggest that different regulatory pathways are responsible in
the respective cases [10]. Nitrogen nutrients and light intensities are considered as the main factors
for yellow-green variegated leaves and leaves of aurea “golden” varieties from some vascular plants.
Excess nitrogen fertilization [19], deep shaded [20], and long-term low light illumination [21] lead to
green coloration of yellow leaves/regions. The conditional yellow-green variegated leafed plants or
aurea “golden” varieties have been investigated for chloroplast ultrastructure [19,21–23], construction
and function of photosystem I (PSI) and photosystem II (PSII) [21,24,25], chlorophyll synthesis and
degradation [21], and plastid regulated expression of nuclear cab genes [26–28].

The plant species in genus Hosta, belonging to the family Liliaceae, are exceedingly popular
perennials in today’s gardens. In these species, chimera Hosta with variegated leaves has been widely
cultivated [29]. Hosta “Gold Standard” is a typical chimera Hosta species. The margin of its ovate leaves
is dark green, and the center of leaves appears light green in the spring and become progressively more
golden towards early summer [30]. Excess nitrogen fertilization will turn the golden-green variegated
leaves to whole green leaves of Hosta “Gold Standard” [19,30]. Therefore, Hosta “Gold Standard” is
considered as an ideal material to investigate the molecular mechanisms of leaf variegation.

Proteomics approaches provide a high-throughput and systematic analysis of protein networks
and molecular regulatory mechanisms of plant development and environmental response [31–35].
Proteomics has been applied to the investigation of leaf coloring mechanisms (albinism) [7,8].
Comparative proteomic studies based on two-dimensional gel electrophoresis (2-DE) have revealed 14
chloroplast proteins changed in the stage albinism line of winter wheat FA85 as compared with the
parent wheat Aibian 1 [7], and 26 proteins in periodic albinism of White leaf No. 1 (a typical albino
tea cultivar grown in China) [8]. These identified proteins are involved in metabolism of nitrogen
metabolism, photosynthesis, carbon and energy metabolism, RNA processing, protein processing,
signal transduction, and stress and defense response, indicating these physiological processes might
play important roles in the albinism [7,8]. The proteomic profiles from various leaf color tissues
provide new evidence for leaf color regulation in albinistic leaves, but the molecular mechanisms in
golden-green variegated leaves are still to be investigated.

In this study, the margin and center regions of young and mature leaves from Hosta
“Gold Standard”, as well as the leaves after excess nitrogen fertilization were analyzed using
physiological and comparative proteomic approaches. Our results indicate that nitrogen metabolism
regulation, photosynthesis and energy supply, chloroplast development, and chloroplast protein
import/processing play crucial roles in leaf color changes in variegated leaves. The results provide
novel insights into understanding the mechanisms of leaf color regulation in variegated leaves.

2. Results

2.1. Variegated Leaf Color Changes in Different Development Stages

The variegated young leaves of Hosta “Gold Standard” seedlings were ovate with dark green
margins and light green center (Figure 1A). During seedling development, the variegated mature
leaves become progressively golden in leaf center, with the leaf margin kept dark green (Figure 1B).
After 30 days of excess nitrogen fertilization, the whole leaves turned to green and the phenotype of
the variegated leaf disappeared (Figure 1C).
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Figure 1. Representative leaves at different development stages of Hosta “Gold Standard”.
(A) Young leaf; (B) mature leaf; (C) leaf under excess nitrogen fertilization. YLM: Young leaf margin;
YLC: Young leaf center; MLM: Mature leaf margin; MLC: Mature leaf center; LENF: Leaf under excess
nitrogen fertilization.

The color properties of various leaf regions at different development stages of Hosta “Gold
Standard” were determined. The value of lightness L* reflects the perceived lightness, and values of
the color coordinate a* and b* represent the hue from red to green and from yellow to blue, respectively.
There were significant differences in lightness L*, color coordinate a*, and color coordinate b* in the
marginal regions and central regions either of both young leaves and mature leaves, indicating the
variegated leaf phenotype (Figure 2). The lightness L*, color coordinate a*, and color coordinate
b* did not have significant changes in mature leaf margin (MLM), when compared with the young
leaf margin (YLM) (Figure 2). However, the color properties of the leaf center were changed during
leaf development. Lightness L* increased obviously, although color coordinate a* and b* showed no
obvious changes in mature leaf center (MLC) compared with young leaf center (YLC). After excess
nitrogen fertilization for 30 days, lightness L*, color coordinate a*, and color coordinate b* were
decreased significantly in leaves, when compared with MLC (Figure 2).

Figure 2. Color properties of various leaf regions at different development stages of Hosta “Gold
Standard”. (A) Lightness L*, representing the perceived lightness; (B) color coordinate a*, indicating
the change in hue from red to green; (C) color coordinate b*, indicating the change in hue from yellow
to blue. The values were determined in young leaf margin (YLM), young leaf center (YLC), mature leaf
margin (MLM), mature leaf center (MLC), and leaf under excess nitrogen fertilization (LENF), which
were presented as means ˘ SE (n = 3). The different small letters on the columns indicate significant
differences among various leaf regions at different development stages (p < 0.05).
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2.2. Chlorophyll Contents in Differrent Regions of Leaves

To evaluate the leaf color changes, the contents of chlorophylls in various regions of leaves were
determined. The contents of total chlorophylls (Chls), chlorophyll a (Chl a), and chlorophyll b (Chl b)
showed no significant changes in MLM compared with YLM (Figure 3A–C). But the contents of total
Chls, Chl a, and Chl b were lower in the central regions than those in the marginal regions of young
leaves and mature leaves, and the decrease of them was significant in mature leaves (Figure 3A–C).
Besides, the ratio of Chl a to Chl b in MLC was the highest among various regions/stages (Figure 3D).
After excess nitrogen fertilization for 30 days, the contents of total Chls, Chl a and Chl b in leaves under
excess nitrogen fertilization (LENF) were all increased when compared with MLC, but they still were
lower than MLM (Figure 3A–C).

Figure 3. Chlorophyll contents of various leaf regions at different development stages of Hosta “Gold
Standard”. (A) Total chlorophyll content; (B) chlorophyll a content; (C) chlorophyll b content; (D) the
ratio of chlorophyll a/b. The values were determined in young leaf margin (YLM), young leaf center
(YLC), mature leaf margin (MLM), mature leaf center (MLC), and leaf under excess nitrogen fertilization
(LENF), which were presented as means ˘ SE (n = 3). The different small letters on the columns indicate
significant differences among various leaf regions at different development stages (p < 0.05).

2.3. Nitrogen Contents and Activities of Nitrogen Metabolism-Related Enzymes

To monitor the nitrogen assimilation status in various leaf regions at different development
stages from Hosta “Gold Standard” or under excess nitrogen fertilization, the nitrogen contents and
the activities of nitrogen metabolism related enzymes were determined. During leaf development,
the nitrogen contents in the centers of young leaves and mature leaves were all lower than in the
margins of these leaves (Figure 4A). Accordingly, the activities of nitrate reductase (NR) and glutamine
α-oxoglutarate aminotransferase (GOGAT) in YLC and MLC were reduced when compared with YLM
and MLM (Figure 4B,C). The activities of glutamine synthetase (GS) in YLC were lower than YLM,
but their activities in MLM and MLC were similar (Figure 4D). Interestingly, the nitrogen levels in
LENF were similar with those in leaf centers and obviously lower than in the margins (Figure 4A).
The activities of NR, GOGAT and GS in LENF were induced when compared with those in leaf centers,
except the GOGAT activity was still lower than in leaf margins (Figure 4B–D).
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Figure 4. Nitrogen content and activities of nitrogen metabolism-related enzymes in various leaf regions
at different development stages of Hosta “Gold Standard”. (A) Nitrogen content; (B) nitrate reductase
(NR) activity; (C) glutamine α-oxoglutarate aminotransferase (GOGAT) activity; (D) glutamine
synthetase (GS) activity. The values were determined in young leaf margin (YLM), young leaf center
(YLC), mature leaf margin (MLM), mature leaf center (MLC), and leaf under excess nitrogen fertilization
(LENF), which were presented as means ˘ SE (n = 3). The different small letters on the columns indicate
significant differences among various leaf regions at different development stages (p < 0.05).

2.4. Identification of Differentially Expressed Proteins (DEPs) in Various Leaf Regions

To investigate the DEPs in different leaf regions and nitrogen conditions, the protein profiles of
five regions/stages of leaves (YLM, YLC, MLM, MLC, and LENF) were obtained using 2-DE analysis.
On Coomassie Brilliant Blue-stained gels (24 cm immobilized pH gradient (IPG) strip, pH 4–7),
908 ˘ 15, 917 ˘ 39, 873 ˘ 30, 856 ˘ 53, and 839 ˘ 19 protein spots from YLM, YLC, MLM, MLC, and
LENF were detected, respectively (Figure 5, Supplemental Figure S1). After gel image analysis on the
basis of the calculated average vol % values of each matched protein spot, 42 reproducibly matched
spots showed more than a 1.5-fold change in abundance (p < 0.05). The proteins from these spots were
digested in gel and identified using mass spectrometry (MALDI TOF-TOF MS). In total, 31 DEPs were
identified using Mascot database searching (Figure 5, Table 1, and Supplemental Table S1).
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Figure 5. Representative 2-DE gel images of proteins extracted from various leaf regions at different
development stages of Hosta “Gold Standard”. (A) Young leaf margin (YLM); (B) young leaf
center (YLC); (C) mature leaf margin (MLM); (D) mature leaf center (MLC); (E) leaf under excess
nitrogen fertilization (LENF). Proteins were separated on 24 cm immobilized pH gradient (IPG) strips
(pH 4–7 linear gradient) using isoelectric focusing (IEF) in the first dimension, followed by 12.5%
SDS-PAGE gels in the second dimension. The 2-DE gel was stained with Coomassie Brilliant Blue.
Molecular weight (Mw) in kilodaltons (kDa) and pI of proteins are indicated on the left and top of
the gel, respectively. A total of 31 differentially expressed proteins identified by MALDI TOF-TOF
MS were marked with numbers on the gel, and the detailed information can be found in Table 1,
Supplemental Figure S1, and Supplemental Tables S1 and S2. The protein spots of proteoforms in
each group were enclosed in a red rectangle. GS1: Glutamine synthetase isoform GS1c; Hsp70: Heat
shock protein 70; PreP1: Presequence protease 1; PRK: Phosphoribulokinase; RBP: RuBisCO large
subunit-binding protein subunit; TK, transketolase.

2.5. Annotation and Functional Categorization of DEPs

Among the 31 identified DEPs, seven were originally annotated as unknown, or hypothetical
proteins. In this study, they were re-annotated according to The Basic Local Alignment Search
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Tool (BLAST) analysis (Table 1, and Supplemental Table S2). Taken together, based on the function
information from Gene Ontology, BLAST analysis, and literature, all these proteins were mainly
involved in nitrogen metabolism, photosynthesis, carbohydrate and energy metabolism, protein
synthesis, protein processing and degradation as well as stress and defense (Table 1). Among them,
proteins involved in protein metabolism, including protein synthesis, protein processing and
degradation, accounted for the largest group (38% of DEPs) (Figure 6A).

Figure 6. Functional categorization and subcellular localization of the differentially expressed proteins
(DEPs) from various leaf regions at different development stages of Hosta “Gold Standard”. (A) A total
of 31 DEPs were classified into six functional categories. The percentage of proteins in different
functional categories is shown in the pie; (B) Subcellular localization categories of the identified
proteins. The numbers of proteins with different locations are shown. Chl: Chloroplast; Cyt: Cytoplasm;
Mit: Mitochondria.

2.6. Proteoform Analysis of DEPs

The 31 DEPs only represented 21 unique proteins, since six proteins each had multiple proteoforms.
These proteins were glutamine synthetase isoform GS1c (GS1) (spots 795 and 806), transketolase (TK)
(spots 338 and 346), RuBisCO large subunit-binding protein subunit (RBP) (spots 459, 476, and 472),
phosphoribulokinase (PRK) (spots 840 and 832), heat shock protein 70 (Hsp70) (spots 355, 361, 358, 367,
and 332), and presequence protease 1 (PreP1) (spots 170 and 179) (Figure 5, Table 1, and Supplemental
Table S3).

Interestingly, the proteoforms of each protein were distributed along a horizontal line on the
2DE gel (Figure 5), indicating that they have similar experimental molecular weight, but different
isoelectric points (Table 1). Moreover, on the basis of our mass spectrometry (MS) identification,
multiple alignments of the amino acid sequences from the six proteins were analyzed. The sequence
alignment results indicate that there were high levels of sequence identities among various proteoforms
of each protein (e.g., 100% of GS1 and PreP1, over 80% of TK, PRK, and Hsp70, as well as over 70% of
RBP) (Supplemental Figure S2). Most importantly, the proteoform expression patterns of each protein
were remarkably similar (Table 1, Supplemental Table S3). For example, two proteoforms of GS1 (spots
795 and 806) appeared at higher levels in MLM and MLC than that in YLM, YLC, and LENF. Besides,
two proteoforms of PRK (spots 840 and 832) were increased in MLC and decreased in YLC. In addition,
five proteoforms of Hsp70 (spots 355, 361, 358, 367, and 332) were all reduced in mature leaves when
compared with young leaves, but kept stable level in LENF and YLM (Table 1, Supplemental Table S3).

2.7. Subcellular Localization of DEPs

The analysis of protein subcellular localization is critical for understanding their functions. In this
study, the 31 DEPs were submitted to five internet tools (i.e., YLoc, LocTree3, Plant-mPLoc, ngLOC,
and TargetP) for subcellular localization (Table 1, Figure 6B, and Supplemental Table S4). Among them,
22 DEPs (71%) were predicted to be localized in chloroplasts, including three DEPs localized in
chloroplast and mitochondrion/cytoplasm (Figure 6B). The majority of DEPs were predicted to be
localized in chloroplasts, suggesting that the leaf color changes were mainly attributed to the metabolic
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differences in the chloroplasts. In addition, our results of MS-identified peptides of DEPs provided
amino acid sequence information for their subcellular localization. The sequence alignment of four
proteins (GS, phosphoglycerate kinase (PGK), fructose-bisphosphate aldolase (FBA), and Hsp70) with
MS-identified peptides and their homologs from other plant species (e.g., wheat, rice, and Arabidopsis)
supported our prediction of subcellular localization. For example, the MS-identified peptides from
two proteoforms of GS1 (spots 795 and 806) were submitted to alignment analysis with their homologs
of ten GS family members in wheat [36]. The results indicate that they were well aligned with the
cytosolic GS1, but not with the plastidic GS2 (Figure 7, Supplemental Figure S3). For PGK (spot 740)
and FBA (spot 847), the MS-identified peptides of PGK were matched with chloroplast-localized
homologs from rice (Oryza sativa sp. japonica) [37] (Supplemental Figure S4), while the MS-identified
peptides of FBA were matched with four cytoplasm-localized FBA of eight family members from
Arabidopsis [38] (Supplemental Figure S5). For Hsp70, the peptide sequences of five proteoforms were
aligned with 14 homologs of Hsp70 in Arabidopsis [39]. The specific MS-identified peptides from
four proteoforms (spots 355, 361, 358, and 367) were only matched to the cytoplasm-localized Hsp70s,
while one proteoform (spot 332) was well aligned with the Hsp70 localized in the chloroplast (Table 1,
Supplemental Figure S6).

Figure 7. Sequence alignment between the mass spectrometry (MS)-identified peptides from two
proteoforms of glutamine synthetase 1 (GS1) (spots 795 and 806) and the amino acid sequences of the
ten GS isozymes in wheat (Triticum aestivum L.). The amino acid sequences from wheat used for the
multiple sequence alignment were from National Center for Biotechnology Information non-redundant
(NCBInr) protein database and submitted by Bernard et al. [36]. The accession numbers and names
of the GS isozymes were listed on the left, and the subfamilies were shown on the right of the amino
acid sequences. The asterisk indicates completely conserved residues; colon indicates highly conserved
residues; dot indicates a weak conservative region. The MS-identified peptides from spots 795, 806
and both were highlighted in red, blue, and purple fonts, respectively. The results showed that the
MS-identified peptides were well aligned with cytosolic GS1, but not plastidic GS2. The detailed
information of the identified peptides can be found in Table S1, and the complete alignment can be
found in Figure S3.

2.8. Hierarchical Cluster Analysis of DEPs

To better understand the expression patterns of all the coordinately regulated proteins, hierarchical
clustering analysis of the 31 DEPs were performed, which revealed two main clusters (Figure 8).
Cluster I contained 17 DEPs, the abundances of which in mature leaves were reduced when compared
with young leaves (especially in YLM). These proteins were grouped into two distinct subclusters.
Subcluster I-1 included the significantly increased proteins in LENF when compared with mature
leaves. The proteins in Subcluster I-1 mainly included four proteoforms of heat shock congnate
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70 kDa (Hsc70) (spots 335, 358, 367, 361), and a chloroplastic chaperone protein ClpB3 (spot 225), as
well as chlorophyll a/b binding protein 6 (CAB6) (spot 1120) and photosystem II stability/assembly
factor HCF136 (HCF136) (spot 881). Subcluster I-2 contained the proteins whose abundances were
induced in YLM compared with other tissues (e.g., PGK (spot 740) and chloroplastic elongation factor
G (cpEF-G) (spot 268)) (Figure 8). Cluster II contained 14 DEPs, which were also grouped into two
subclusters. Subcluster II-1 included the proteins that were increased in central regions but decreased
in marginal regions of young leaves and mature leaves, as well as in LENF, such as the ClpA subunit
(homologous to Hsp93-V/ClpC1 in Arabidopsis) (spot 238), two proteoforms of RBP-β (spots 476
and 472), and NADH-ubiquinone oxidoreductase (spot 286). Subcluster II-2 contained the proteins that
were increased in mature leaves but decreased in young leaves and LENF, including two proteoforms
of GS1 (spots 795 and 806), two proteoforms of PRK (spots 832 and 840), a proteoform of RBP-α
(spot 459), dehydroascorbate reductase (DHAR) (spot 1023), FBA (spot 847), plastid TK (spot 338), and
haloalkane dehalogenase (HLD) (spot 887) (Figure 8). These results suggest that the proteins appeared
function skewed in different regions of variegated leaves of Hosta “Gold Standard”.

Figure 8. Hierarchical clustering analysis of the expression profiles of the identified 31 proteins. The five
columns represent various leaf regions at different development stages of Hosta “Gold Standard”,
including young leaf margin (YLM), young leaf center (YLC), mature leaf margin (MLM), mature leaf
center (MLC), leaf under excess nitrogen fertilization (LENF). The rows represent individual proteins.
Two main clusters (I and II) and subclusters of I (I-1 and I-2) and subclusters of II (II-1 and II-2) are
shown on the left side. Functional categories indicated by capital letters, spot numbers, and protein
names are listed on the right side. The scale bar indicates log (base2) transformed protein abundance
ratios ranging from ´0.9 to 0.9. The ratio was calculated by dividing percent volume (vol %) of
each protein spot at various leaf region samples by the average vol % of the five various leaf region
samples of the same protein spot. The increased and decreased proteins are represented in red and
green, respectively. The color intensity increases with increasing abundant differences. Functional
categories: A, nitrogen metabolism; B, photosynthesis; C, carbohydrate and energy metabolism; D,
protein synthesis; E, protein processing and degradation; F, stress and defence.

3. Discussion

3.1. Leaf Color Difference of Variegated Leaves Is Determined by the Chlorophyll Contents

It is well known that the leaf color is affected by chlorophyll and carotenoid levels in variegated
leaves. In this study, the center color of variegated leaves was gradully turned from light green (in
YLC) to golden (in MLC) during normal leaf development, and can be changed to green under excess
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nitrogen fertilization, but the margin color of variegated leaves has no obvious changes (Figures 1
and 2). Aurea yellow leaves were severely deficient in all the pigments and particularly in Chl a
and Chl b [20]. In Hosta “Gold Standard” leaves, total Chls, Chl a, and Chl b in golden regions
were obviously lower than in green regions of variegated leaves, and the Chl b accumulation was
more reduced than Chl a (Figure 3A–D). A similar phenomenon has also been observed in Ligustrum
vicaryi [21] and Amaranthus tricolor [18]. L. vicaryi is a plant species with chlorophyll-less golden-color
leaves on the upper canopy but green leaves under the canopy [21], and A. tricolor is a C4 plant with
three-color (green, yellow and red) leaves [18]. After 30 days of excess nitrogen fertilization, the
average total Chls, Chl a and Chl b in LENF were increased obviously when compared with that
in central regions, but still lower than that in marginal regions of young leaves and mature leaves
(Figure 3A–C). The high abundant Chls in marginal regions ensured higher levels of photosynthesis
and other metabolisms, which might compensate for the lower levels in central regions of variegated
leaves [17,40].

3.2. Nitrogen Metabolism Level Determined the Chlorophyll Synthesis in Variegated Leaves

Nitrogen nutrition (i.e., nitrate and ammonium) is one of the major determinants of chlorophyll
synthesis and chloroplast development in variegated leaves [41]. About 75% of the total nitrogen in
plant is required for chlorophyll synthesis, the components of photosynthetic enzymes and thylakoid
membranes (reviewed in [41]). Nitrate needs to be reduced to nitrite by NR in roots, and then be
reduced to ammonium by nitrite reductase (NiR) in chloroplast. Subsequently, ammonium from
various sources (e.g., soil, nitrate reduction, photorespiration, and amino acid decomposition) is
fixed into amino acids (i.e., glutamine/glutamate) in the GS/GOGAT pathway [42]. GS catalyzes
the ATP-dependent condensation of ammonium to the δ-carboxyl group of glutamate (Glu) to form
glutamine (Gln), while GOGAT catalyzes the conversion of Gln and 2-oxoglutarate to two molecules of
Glu, which serves as one of the nitrogen donors for the biosynthesis of organic nitrogenous compounds,
such as chlorophylls, proteins, and nucleotides [43] (Figure 9). Therefore, NR, GS, and GOGAT are the
key enzymes in nitrogen assimilation processes, which play important roles in chlorophyll synthesis
and chloroplast development.

In Hosta “Gold Standard” leaves, obviously lower levels of nitrogen metabolism in center light
green/golden regions than in margin regions of young and mature variegated leaves could be inferred
from the results of total nitrogen levels and activities of NR and GOGAT (Figure 4A–C). However, the
activities of GS and the levels of two proteoforms of GS1 showed exactly opposite patterns in mature
leaves compared to young leaves (Figure 4D, Table 1, Figure 9). In most C3 plant leaves, GS family
includes cytosol-localized GS1 and chloroplast-localized GS2. GS activity in leaves is mainly attributed
to GS2 (70%–95%), but not GS1 (5%–30%) [44]. GS1 mainly functions in nitrogen remobilization from
protein breakdown in leaves, especially the remobilization of the inorganic form of nitrogen from
senescing leaves for grain filling [45]. GS2 mainly functions in the reassimilation of ammonia generated
from photorespiration [45] and nitrate reduction [46]. Therefore, although GS1 levels were increased
in mature variegated leaves of C3 plant Hosta, the decrease of total GS activity in mature leaves was
probably due to the decline of GS2 activity (Figure 4D). It has been found that the decreases of GS2
abundance occurred in an albinism line of winter wheat [7] and at the albinistic stage in an albino
tea cultivar [8]. This indicates that reassimilation of ammonia released from photorespiration was
reduced in mature variegated leaves. This is supported by the decreases of photorespiration and
photosynthesis rates due to the decreased abundances of photosynthetic proteins (Table 1). Moreover,
the induced abundance of GS1 in mature variegated leaves implied that assimilation of ammonium
from the degraded proteins is critical for variegated leave maturation. Interestingly, in leaves during
senescence [47], under salt stress [48], or pathogen attack [49], GS activity also decreased, accompanied
by the induced GS1 abundance and reduced GS2 abundance.
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Figure 9. Schematic presentation of the leaf color regulation mechanism in chimera Hosta “Gold
Standard” leaves. The identified proteins were integrated into subcellular pathways. A, Nitrogen
metabolism; B, Photosynthesis and energy supply; C, Protein synthesis, processing and degradation.
Protein expression patterns and enzyme activities are marked in the oval shapes with squares and
circles in different colors, respectively. The increased and decreased proteins are represented in red
and green, respectively. The color intensity increases with increasing abundant differences. The solid
line indicates single-step reaction, and the dashed line indicates multistep reaction. Abbreviation:
2-OG, 2-oxoglutarate; 40S, eukaryotic small ribosomal subunit; 60S, eukaryotic large ribosomal subunit;
ATP-α, ATP synthase alpha chain; CAB6, chlorophyll a/b binding protein 6; ClpB3, chloroplastic
chaperone protein ClpB3; cpEF-G, chloroplastic elongation factor G; cpHsp70, stromal 70 kDa heat
shock-related protein; DHAP, dihydroxyacetone phosphate; E4P, erythrose-4-phosphate; F6P, fructose
6-phosphate; FBA, fructose-1,6- bisphosphate aldolase; FBP, fructose 1,6-bisphosphate; Fd, ferredoxin;
FNR, ferredoxin-NADP reductase; FtsH8, ATP-dependent zinc metalloprotease FtsH8; G3P, glycerate
3-phosphate; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; Gln, glutamine; Glu, glutamate;
GS1, cytosol-localized glutamine synthetase isoform; GS2, plastid-localized glutamine synthetase
isoform; HCF136, photosystem II stability/assembly factor HCF136; Hsc70, heat shock congnate 70 kDa
protein; Hsp93-V, heat shock protein 93-V(ClpC1, ClpA subunit); NiR, nitrite reductase; NR, nitrate
reductase; OEC33, O2 evolving complex 33kD family protein; PGA, 3-phosphoglyceric acid; PGK,
phosphoglycerate kinase; PreP1, presequence protease 1; PRK, phosphoribulokinase; PSI, photosystem
I; PSII, photosystem II; Q, quinine; R5P, ribose-5-phosphate; RBP, RuBisCO large subunit-binding
protein subunit; Ru5P, ribulose-5-phosphate; RuBisCO, ribulose-1,5-bisphosphate carboxylase; RuBP,
ribulose-1,5-bisphosphate; S7P, sedoheptulose-7-phosphate; TIC, translocon at the inner envelope
membrane of chloroplasts; TK, transketolase; TOC, translocon at the outer envelope membrane of
chloroplasts; Xu5P, xylulose-5-phosphate.

In addition, nitrogen metabolism was inhibited in central light green/golden regions in variegated
leaves, and recovered after excess nitrogen fertilization (Figure 4B–D). Similar nitrogen metabolic
processes have been found in chloroplast-ribosome-deficient leaves of “albostrians” mutant of barley
and “iojap” mutant of maize [50]. In these albino mutants, the NR activity was generally 40% lower
than wide-type plants [50]. In addition, proteomic analysis has revealed that GS abundance was
decreased in albinistic stage, and then increased in the regreening stage in the albino tea cultivar [8].
Among the three enzymes, GS activities in LENF were induced, but GS1 abundances in LENF were
lower than those in mature leaves. This indicates that the induced GS activity in LENF was due to
the increase of GS2 activity, because it has been shown that excess ammonia can induce GS2 gene
transcription in both rice and tobacco leaves [51]. The chloroplast-localized GS2 contributed more
Gln for plastid development [52]. Inhibition of GS with the herbicide phosphinothricin (PPT) led to

152



Int. J. Mol. Sci. 2016, 17, 346

decreases of GS2 mRNA and polypeptides, but increase of GS1, and ultimately rapid chlorosis of
leaves [46]. The GS1 subfamily has several members in some plants (e.g., maize [53], Arabidopsis [54],
and rice [55]), with different expression patterns and various affinities for NH4

+ (reviewed in [45]).
The alignment analysis indicates that two proteoforms of GS1 in our results were homologous with
GS1a/GS1b/ GS1c of wheat and GS1-3/GS1-4 of maize [36]. The two proteoforms of GS1 were
consistently expressed in young leaves and LENF, but obviously increased in mature leaves (Table 1,
Figure 9). Their homologs in maize seedlings have no obvious changes after external ammonium
application [53]. In addition, the two proteoforms of GS1 with similar molecular weight may be
generated from post-translational modifications (e.g., phosphorylation), since GS1 activity is regulated
by phosphorylation and interaction with 14-3-3 protein during senescence in relation to nitrogen
remobilization [47]. All these data indicate that assimilation patterns of ammonium coordinately
catalyzed by GS1 and GS2 is critical for many processes of development and stress response (Figure 9).

3.3. Chloroplast Development in Different Stages and Nitrogen Levels

In the leaves of many variegated plant species, chloroplast development is different in various
regions, nitrogen levels, light intensities, and other environmental conditions [19,21,22]. Leaves under
sufficient nitrogen conditions have large chloroplasts with well-developed grana, stroma lamellae,
thylakoid membranes, and photosynthetic enzymes, and starch granules [41,56]. Several PS related
proteins (e.g., CAB6, HCF136, and O2 evolving complex 33 kD family protein (OEC33)) identified in
this study are critical for thylakoid membrane structure construction and photosynthesis regulation
in variegated leaves. CAB6, HCF136, and OEC33 were decreased in light green/golden regions in
young and mature leaves, and induced after excess nitrogen fertilization (Table 1, Figure 9). CAB6 is a
constituent of PSI antenna encoded by LHCa1 gene, and was found to be reduced in the albino leaves
compared to the green leaves from bamboo (Pseudosasa japonica) [57]. CAB was also increased back
to the normal level during leaf recovery from senescence to green leaves [58]. HCF136 is a stroma
thylakoid lumenal side-localized PSII assembly factor required for PSII proteins accumulation [59].
The severe mutational defect of HCF136 led to a pale green seedling phenotype [59]. OEC also bounds
to the lumen side of PSII, and functions as a water-oxidizing enzyme in the water photooxidation
process [60]. It has been reported that some LHCII proteins were deficient in the yellow-leaved mutant
of H. sieboldii (“Wogan Gold”) [22] and maple (Acer negundo Hassk. var. odessanum) [23], or appeared in
low levels in golden leaves from L. vicaryi [21]. Importantly, the expression pattern of PS proteins was
consistent with our previous observation of chloroplast ultrastructure of Hosta “Gold Standard”, which
proved that thylakoid membrane and grana formation in the golden region was obviously affected, but
normal in green region and green leaves after excess nitrogen fertilization [19]. Previous findings in
another Hosta species (Hosta sieboldii) and L. vicaryi reported that the grana formation and chloroplast
development were blocked in the leaves of yellow mutant, and leaves contain only a few separate
thylakoid membranes, and the grana are degraded [22], as well as the chloroplast ultrastructure was
different in upper golden leaves, lower green leaves, and regreening upper leaves under different light
intensities [21].

3.4. Photosynthesis and Energy Supply Are Different in Various Regions of Variegated Leaves

It is well-known that photosynthesis capacity in the yellow/golden regions is generally lower
than in the green regions of variegated leaves of several species, such as willow myrtle (Agonis flexuosa
(Willd.) Sweet), oleander (Nerium oleander L.) [16], agave (Agave americana) [17], and fig tree (Ficus
microcarpa L. f. cv Golden Leaves) [13], but the molecular mechanisms underlying the photosynthetic
differences are unknown. In this study, besides the three photosystem proteins (CAB6, HCF136,
OEC33), we identified five enzymes related to the Calvin cycle, which were RBP-α, RBP-β, PGK,
TK, and PRK (Table 1, Figure 9). The decreases of CAB6, HCF136, and OEC33 in golden regions
of variegated leaves would lead to low light reaction activity and shortage of ATP and NADPH
for Calvin cycle. Accordingly, PGK and one TK proteoform also appeared to be low in the center
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golden regions, suggesting the reduced photosynthetic carbon reduction in the golden regions of
variegated leaves. In contrast, RBPs and PRKs were induced in the center golden regions of variegated
leaves, appearing contradictory to the reduced photosynthesis in the golden regions. Although RBP is
normally considered as chloroplast chaperonin 60 (Cpn60), which interacts with RuBisCO for positive
regulation of its function in photosynthetic tissues [61], they also can bind to other imported proteins
(e.g., stromal plastid division protein and FtsZ polymer), regulating protein folding and dynamics
for the formation of normal plastid division apparatus [62,63]. Taken together with the unchanged
abundance of RuBisCO in our results, we speculate that the induced RBPs (Cpn60) mainly contribute
to other imported protein folding in variegated leaves of Hosta “Gold Standard”. Additionally, PRK is
an essential enzyme in the Calvin cycle for regeneration of the RuBisCO substrate [64], and it was also
reported to have negligible control of the Calvin cycle under a range of environmental conditions [65].
The photosynthetic carbon assimilation in golden regions of variegated leaves would be controlled by
the rate-limiting enzyme TKs, but not PRKs.

After excess nitrogen fertilization, the levels of these Calvin cycle-related enzymes were decreased,
although the photosynthesis system proteins (CAB6, OEC33, and HCF136) were increased in LENF
when compared with those in MLC (Table 1, Figure 9). The decreased photosynthesis was also found in
Hosta “Blue Umbrella” [66] and Hosta “Francee” [67] when fertilized with more than 0.5 g/kg urea. All
these results indicated that nitrogen level was strongly correlated with photosynthetic capacity [68,69].
Nitrogen assimilation into Glu in leaves is dependent on the consumption of carbon skeletons and
supply of ATP and NADPH generated from photosynthesis [70]. In our results, the increased nitrogen
assimilation would compete against ATP/NADPH with photosynthetic carbon fixation, leading to
the carbon assimilation decrease in LENF [71]. In addition, the difference of photosynthetic CO2

assimilation would lead to the carbohydrate metabolism changes in various regions of variegated
leaves. In the variegated leaves from A. americana, the contents of various sugars (e.g., sucrose, glucose,
and fructose) were lower in the yellow regions than in the green regions [17]. In this study, we
found that the abundance of cytoplasm-located FBA was lower in the central regions than in the
marginal regions, indicating glycolysis and gluconeogenesis would be reduced in the golden regions
of variegated leaves (Table 1, Figure 9).

3.5. Chloroplast Protein Synthesis, Processing and Degradtaion in Variegated Leaves

Protein synthesis and processing in chloroplasts is crucial for chloroplast biogenesis, development
and metabolism [72]. It has been reported that ribosome numbers are much reduced in aurea
yellow leaves [20]. In this study, we found an induced cpEF-G in golden regions of mature leaves
(Table 1, Figure 9), which is encoded by cpEF-G in plastid genome. Its homolog in Arabidopsis is
snowy cotyledon1 (SCO1). A sco1-1 mutant exhibited greening inhibition during the early seedling
development stage, while the sco1 null mutant cannot survive [73]. The induced SCO1 functions
in the increase of protein translation to compensate for the reduced amount of ribosome in a clpR4
mutant [74]. Thus, the increased cpEF-G would contribute for the stabilization of protein translation in
the golden regions of variegated leaves.

The polypeptide maturation and protein quality control are important for proper plastid
differentiation and chloroplast development [75]. It has been found that chaperones and proteases, such
as cpHsp70 [76,77], ClpB3 [78], caseinolytic protease, subunit C (ClpC) [79], FtsH8 [80], and PreP1 [81]
were involved in leaf variegation. The Arabidopsis mutants of these genes shared some similar
characteristics with the variegated leaves of Hosta “Gold Standard”, such as leaf variegation, decreased
pigment content, and reduced chloroplast development [76–81]. In our results, the abundances of
ClpB3, Hsp93-V (ClpC1), PreP1, and FtsH8 showed obvious changes in various regions of variegated
leaves (Table 1, Figure 9). ClpB3 is a chloroplast-localized chaperone. It functions in the unfolding
of aggregated protein cooperating with the DnaK chaperone that is homologous to cpHsp70 [82].
The ClpB3 mutants (e.g., albino or pale-green) showed severe defects in chloroplast development [78].
The low abundance of ClpB3 in the variegated leaves of Hosta “Gold Standard” indicates that it
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would contribute to the reduced protein solubility and/or assembly processes in the stroma [79].
Besides, soluble stroma-localized Hsp93 (ClpC) is also thought to be a chaperone component of
the Clp protease complexes, which plays a central role in dissolution and degradation of protein
aggregates as a stromal housekeeping protease [83,84]. Interestingly, in Arabidopsis, it was also
shown that the Hsp93-V (ClpC1) participates in the degradation of chlorophyllide a oxygenase
(CAO), which is responsible for the conversion of Chl a to Chl b [85,86]. Therefore, the increased
Hsp93-V (ClpC1) in the golden region of variegated leaves of Hosta “Gold Standard” might induce
the degradation of CAO, leading to the reduction of conversion of Chl a to Chl b. This would be
the reason of increased ratio of Chl a/b in the golden regions of the leaves (Figure 3D). In addition,
PreP1 is a zinc-dependent metalloendopeptidase. It functions as the organellar peptide degrading
protease responsible for degrading free targeting peptides and clearing other unstructured toxic
peptides [87]. The protease activity has been shown to be increased in chlorophyll-less leaves, such
as albino leaves [8,88] and senescent leaves [89], indicating they may hydrolyze chlorophyll-binding
proteins during Chl degradation [58]. The similar trends of ClpB3 and cpHsp70 in this study confirmed
the synergistic functions of these chaperones to unfold aggregated proteins followed by protein
refolding [90]. Therefore, in our study, the reduced cpHsp70 and ClpB3 might lead to accumulation of
unwanted/damaged proteins in the golden regions of variegated leaves especially, and the increased
Hsp93-V (ClpC1) and PreP1 might contribute to degrading these aggregates in the golden regions.
Additionally, the chloroplast FtsH complex is in charge of the turnover of the Photosystem II reaction
center D1 protein, as well as other protein degradation for the development and maintenance of the
photosynthetic apparatus [91]. Early chloroplast development requires sufficient FtsH for thylakoid
biogenesis [75]. The ftsh2 ftsh8 double mutants exhibiting an albino-like phenotype emphasize the
possibility that both FtsH2 and FtsH8 are necessary for the proper FtsH function [80]. Leaf variegation
is suppressed, at least in part, by an increase in FtsH levels [74]. In this study, FtsH8 appeared at
lower levels in the variegated mature leaves than in young leaves, suggesting that thylakoid formation
was affected in the variegated leaves of Hosta “Gold Standard”. After excess nitrogen fertilization,
the nitrogen assimilation, amino acid metabolism, and protein synthesis are enhanced in the leaves.
The increased Hsc70s, cpHsp70 and ClpB3 in LENF would contribute to folding of nascent polypeptide
chains, prevention of aggregation, and solubilization/refolding of aggregated proteins [92]. In addition,
the decline of Hsp93-V (ClpC1) and PreP1 in LENF indicates that protein degradation was inactive
after excess nitrogen fertilization. Similar decreases in protease activities have also been reported in
the regreening leaves compared with senescent leaves [58] and albescent leaves [88].

Importantly, protein import from cytosol to developing chloroplasts through translocons at
the outer and inner membrane of chloroplasts is necessary for chloroplast differentiation and
development [75]. Various cytosolic chaperones (e.g., Hsp70 and Hsp90) are considered to interact
with unfolded preproteins for maintaining their import competence and directing them to the
translocons [93]. More than 75% of chloroplast transit peptides are predicted to have at least one Hsp70
binding site [94]. cpHsp70, a component of the protein import machinery of the chloroplasts, is crucial
for the import of nuclear-encoded polypeptides (e.g., the light harvesting chlorophyll a/b-binding
protein (prLHCBP)) [95,96] (Figure 9). When two stromal cpHsc70-1 and cpHsc70-2 were knocked out
in Arabidopsis, protein import into the chloroplasts was affected in the early developmental stages
of mutants [76]. A T-DNA insertion line of cpHsc70-1 (ΔcpHsc70-1) has variegated cotyledons [77].
In this study, four cytoplasm-located and one chloroplast-located proteoform of Hsp70 appeared at low
abundances in variegated leaves of Hosta “Gold Standard” (Table 1, Figure 9). Hsp70 proteoforms were
also reduced in leaves at albinism stage of winter wheat [7] and the albinistic stage of an albino tea
cultivar “White leaf No. 1” [8]. The decrease of Hsp70s in chlorophyll-less leaves may affect chloroplast
protein import, leading to non-green leaf color [7,8]. However, we also found Hsp93-V (ClpC1) and
RBPs (Cpn60s) have significantly higher abundance in golden leaves, but lower abundance in LENF.
RBPs (Cpn60s) contribute to the imported protein to fold into native conformation by interacting with
a component of the inner membrane import apparatus Tic110 [97]. The expression patterns of Hsp93-V
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(ClpC1) and cpHsp70 in this study proved the previous notion that cpHsp70-1 and Hsp93-V (ClpC1)
have redundant functions in chloroplast protein import [76].

4. Materials and Methods

4.1. Materials and Treatment

Hosta “Gold Standard” grew at Beijing Botanical Garden (39˝91N; 116˝41E), Institute of Botany,
Chinese Academy of Science. Uniformly-sized field three-year-old seedlings of Hosta “Gold Standard”
were selected and transplanted to flowerpots (28 cm in diameter, 22 cm in height). Each flowerpot
contained one seedling and 5 kg of soils, including garden soil, sand, and humus (2:1:1, v/v/v). And its
basic contents were as follows: total nitrogen, 0.22%; soluble phosphorus, 0.127%; total kalium, 2.38%;
organic matter, 4.36%; and pH 7.403. Owing to reduced biomass accumulation over 50% shadings of
the Hosta plants [98], 50% of natural light was selected in this study.

Uniformly-sized potted seedlings were then placed in the shade with 50% of natural light by
using black shade in mid-April, when YLM and YLC were harvested. About 70 days later, MLM and
MLC were harvested from the variegated mature leaves. After this harvest, excess nitrogen fertilizer
(2 gram urea per kilogram soil, 46%) was applied for the remaining variegated mature leafed plants
according to the methods from Liu et al. [19]. After 30 days treatment, LEFN were harvested. All these
five samples were used freshly, or immediately frozen in liquid nitrogen and then stored at ´80 ˝C for
further experiments.

4.2. Leaf Color Quantification

The leaf color was quantified by using a color meter (NF333 spectrophotometer, Nippon Denshoku
Industries Co., Tokyo, Japan). Results were expressed according to CIELAB color coordinates system,
L*, a*, and b*. L* represents the perceived lightness, and color coordinate a* and b* indicate the change
in hue from red to green and from yellow to blue, respectively [99].

4.3. Chlorophyll Content Determination

The contents of Chl a, Chl b and total Chls were determined according to the method described
by Arnon [100]. Fresh 6 mm diameter leaf discs were homogenized with 80% (w/v) cold acetone
(Jiangsu Qiangsheng Chemical Co., Ltd., Jiangsu, China), followed by centrifuged at 5000ˆ g for
10 min. The chlorophyll contents were calculated from the absorbance of the supernatant at 663 and
646 nm according to the method of Lichtenthaler and Wellburn [101].

4.4. Leaf Nitrogen Content Determination

Fresh leaves were cleaned, dried, smashed, screened through mesh size of 80, and digested with
sulfuric acid-hydrogen peroxide. Then the total nitrogen content was determined by using a Kjeltec
2300 Auto analyzer (Foss Tecator AB, Höganas, Sweden).

4.5. Nitrogen Metabolism-Related Enzymes Activity Assay

The activities of NR and GS were determined according to Zhao et al. [102]. The activity of GOGAT
was determined by the method of Singh and Srivastava [103] with some modification. The extraction
buffer contained 1 mM EDTA (Amresco, Solon, OH, USA), 1 mM β-mercaptoethanol (Amresco, Solon,
OH, USA), 1 mM MgCl2 (Richjoint Chemical, Shanghai, China), 10 mM Tris (Amresco, Solon, OH,
USA)-HCl (pH 8.2). The assay buffer contained 0.4 mL 20 mM L-glutamine (Sigma-Aldrich Co., St.
Louis, MO, USA), 0.5 mL 20 mM α-oxoglutarate (Sigma-Aldrich Co., St. Louis, MO, USA), 0.1 mL
10 mM KCI (Richjoint Chemical, Shanghai, China), 0.2 mL 3 mM NADH (F. Hoffmann-La Roche Ltd.,
Basel, Switzerland) and 0.3 mL of the enzyme preparation. The final volume was completed to 3.0 mL
with 25 mM Tris-HCl buffer (pH 7.6) [103]. The reaction was started by the addition of L-glutamine
immediately following the enzyme preparation. The absorbance decrease was recorded for 4 min at

156



Int. J. Mol. Sci. 2016, 17, 346

340 nm by using a UV-1800 spectrophotometer (Shimadz, Kyoto, Japan). The activity of GOGAT was
expressed as the amount of NADH oxidized per minute per milligram protein.

4.6. Protein Sample Preparation, 2-DE, and Image Analysis

The proteins from leaves were extracted using a phenol extraction method described in detail
in Wang et al. [104]. The experiments were repeated three times using protein samples prepared
independently from different batches of plants. Protein concentration was determined using a
Quant-kit according to the manufacture’s instructions (GE Healthcare Life Science, Uppsala, Sweden).
Protein samples were separated using 24 cm, pH 4–7 linear gradient IPG strips through isoelectric
focusing (IEF) in the first dimension, followed by 12.5% SDS-PAGE gels in the second dimension [105].
Gel images were acquired by scanning the CBB-stained gel using an ImageScanner III (GE Healthcare
Life Science, Uppsala, Sweden) at a resolution of 300 dpi and 16-bit grayscale pixel depth. Then, the
images were analyzed using ImageMaster 2D software (version 5.0) (GE Healthcare Life Science,
Uppsala, Sweden). For quantitative analysis, the volume of each spot was normalized against the total
valid spots. Spots from three biological replicates with more than a 1.5-fold change among the protein
samples and a p value smaller than 0.05 were considered to be DEPs.

4.7. Protein Identification and Database Searching

The differentially expressed spots were cut from the gels and digested with trypsin according
to a previous method [105]. Proteins were identified according to the method described in
Sun et al. [106]. The MS and MS/MS spectra acquired on a MALDI TOF-TOF mass spectrometer
(4800 Proteomics Analyzer, AB SCIEX, Foster City, CA, USA) were searched against the National Center
for Biotechnology Information non-redundant (NCBInr) protein databases [107] (10,348,164 sequences
entries in NCBInr) using the search engine Mascot (Matrix Sciences, London, UK) [108]. The taxonomic
category was Green Plants (730,150 sequences). The searching parameters were set according to
Wang et al. [104], including mass accuracy of 0.3 Da, one missed cleavage per peptide allowed,
carbamidomethylation of cysteine as a fixed modification, and oxidation of methionine as a variable
modification. To obtain high confident identification, proteins had to meet the following criteria: the
top hits on the database searching report, the MOWSE score greater than 43 (p < 0.05), and at least two
peptides matched with nearly complete y-ion series and complementary b-ion series present.

4.8. Protein Classification

The identified proteins were searched against the NCBI database [107] and UniProt database [109]
to determine if their functions were known. Based on the function information from Gene Ontology,
BLAST alignments, and literature, these proteins were grouped into various categories.

4.9. Protein Subcellular Location

The subcellular locations of the identified proteins was predicted using five internet tools
according to Zhao et al. [110] with some modifications: YLoc [111], confidence score ě0.7;
LocTree3 [112], expected accuracy ě80%; Plant-mPLoc [113], no threshold value in Plant-mPLoc;
ngLOC [114], probability ě60%; and TargetP [115], reliabilityclass ď4. Only the consistent predictions
from at least two tools were accepted as a confident result.

4.10. Multiple Sequence Alignment

Multiple sequence alignments of related proteins were created by using ClustalX 1.81, and refined
by using BoxShade Server [116].

157



Int. J. Mol. Sci. 2016, 17, 346

4.11. Hierarchical Cluster Analysis

Self-organizing tree algorithm hierarchical clustering of the protein expression profiles was
performed using Cluster software (version 3.0) as described in the website [117]. Input data was
preprocessed by dividing percent volume (vol %) of each protein spot at various leaf region samples by
the average vol % of the five various leaf region samples of the same protein spot, and then followed
by a log (base 2) transformation.

4.12. Statistical Analysis

All results were presented as means ˘ standard error (SE) of at least three replicates. Data were
analyzed by One-Way Analysis of Variance (ANOVA) using the statistical software SPSS 17.0 (SPSS
Inc., Chicago, IL, USA). A p value less than 0.05 was considered statistically significant [118].

5. Conclusions

High-throughput proteomics has shown advantages in acquiring large-scale information on
individual proteins and their dynamic changes underlying sophisticated leaf color-related cellular
processes. We discovered 31 proteins related to the leaf color regulation in Hosta “Gold Standard”,
represented by the induced GS1 and the decreased Hsp70 in mature variegated leaves, as well as
the highly abundant cpEF-G and RBP (Cpn60) in the center golden regions of variegated leaves
compared to the green regions of variegated leaves. These protein expression patterns implied low
levels of nitrogen metabolism, photosynthesis, and energy supply, dissolution and degradation of
those unwanted/damaged proteins aggregates in the golden regions, as well as inhibition of protein
import from cytosol to developing chloroplasts in the mature variegated leaves. Additionally, diverse
proteoforms of several proteins (e.g., GS1, Hsp70, RBP, PRK, and PreP1) implied post-translational
modification performs key functions during the development of variegated leaves. All these findings
provide useful molecular information for better understanding the complicated leaf color regulation
mechanisms. However, further validation and characterization of the proteins identified in this study
are needed. Moreover, investigation of low abundant and extremely acidic/basic proteins in the
varigated leaves, as well as analysis of the protein post-translational modification and protein-protein
interaction using proteomics approaches are also necessary for further understanding of the complex
cellular and molecular processes in variegated leaves.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/
17/3/346/s1.
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Abstract: The second messenger 3’,5’-cyclic adenosine monophosphate (cAMP) is increasingly
recognized as having many different roles in plant responses to environmental stimuli. To gain
further insights into these roles, Arabidopsis thaliana cell suspension culture was treated with 100 nM
of cell permeant 8-bromo-cAMP for 5 or 10 min. Here, applying mass spectrometry and comparative
proteomics, 20 proteins were identified as differentially expressed and we noted a specific bias in
proteins with a role in abiotic stress, particularly cold and salinity, biotic stress as well as proteins with
a role in glycolysis. These findings suggest that cAMP is sufficient to elicit specific stress responses
that may in turn induce complex changes to cellular energy homeostasis.

Keywords: cAMP-dependent proteome; biotic stress; abiotic stress; glycolysis; TCA cycle

1. Introduction

Environmental factors such as biotic and abiotic stresses can cause constraints on the growth,
development and productivity of plants. These stresses also disturb cellular homeostasis, and
consequently, a rapid response is initiated to alleviate the impact of stress. Signaling molecules
including second messengers such as cyclic nucleotides play an important role in this early phase.
Cyclic nucleotides and 3’,5’-cyclic adenosine monophosphate (cAMP) in particular have long been
established as important messengers in prokaryotes as well as in lower and higher eukaryotes [1].
In plants, cAMP has been reported to have direct and/or indirect roles in many developmental
processes including pollen growth [2] and response to biotic stress [3–5].

The levels of cAMP have been shown to increase in response to biotic stress and subsequently
influence calcium (Ca2+) influx by targeting membrane cyclic nucleotide-gated channels (CNGCs) [6],
thereby increasing cytosolic free Ca2+. Plant CNGCs are ligand and voltage-gated channels functioning
in sensory signal transduction and have been proposed to regulate Ca2+ influx into the cytosol [7,8].
The CNGCs also have a role in plant development and plant responses to biotic and abiotic stress [9].
CNGCs open upon binding of either cAMP or 3’,5’-cyclic guanosine monophosphate (cGMP) which
act as potential activating ligands [8] and close upon binding of Ca2+/calmodulin (Figure 1). The cyclic
nucleotides and calmodulin competitively bind to overlapping binding sites at the C-terminus in
the cytosolic part of the channel [10,11]. In turn, Ca2+ amplifies the signal as part of the cellular
response [12]. In Arabidopsis, there are 20 annotated CNGCs [13,14] and CNGC2 in particular is an
inward-rectifying potassium (K2+) channel that is blocked by Ca2+ [8]. Mutation of CNGC2 results in
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an impaired hypersensitive response to avirulent pathogens and cAMP-/cGMP-dependent cytosolic
Ca2+ elevation [15].

At the structural level, voltage-independent channels (VICs) in the plasma membrane of
Arabidopsis root cells have been reported to be highly sensitive to cAMP and these channels are
also implicated in salt tolerance in Arabidopsis seedlings by reducing sodium (Na+) influx [16].
Furthermore, an increasing number of plant mononucleotide cyclases, including adenylate cyclases
(enzymes that synthesis cAMP from ATP), have been predicted [17,18] and experimentally
confirmed [2,19].

Mass spectrometry-based approaches have been employed previously to study cAMP in plants,
firstly to determine the concentration of cAMP [20], secondly to look at the interactome network of
cAMP [21], and finally to look at the cAMP-dependent responses [22]. In the latter study, systems-level
analyses showed that upon treatment of Arabidopsis plants with 1 or 10 μM of cAMP, proteins involved
in responses to temperature, light and photosynthesis were changing in abundance at 1 and 3 h after
treatment. However, previous studies have used high concentrations of cAMP, which may not be
physiologically relevant. Therefore, we have undertaken studying cAMP-dependent proteome changes
at low cAMP concentration and monitoring early cellular responses with a view to gain further insight
into the possible physiological implications at cellular levels.

 

Figure 1. An illustration of some signal transduction pathways mediated by the G-protein coupled
receptor based on the animal system. When adenylyl cyclase (AC) is activated by the Gα-subunit of
the G-protein coupled receptor (GPCR), it catalyzes the formation of cAMP. Cyclic AMP then activates
many substrates and kinases such as protein kinase A (PKA) which will regulate many biological
processes. Cyclic nucleotide-gated channel (CNGC); soluble adenylyl cyclase (sAC); phosphodiesterase
(PDE); cAMP response element-binding (CREB); CREB-binding protein (CBP); catalytic subunit of PKA
(C); regulatory subunit of PKA (R).

2. Results and Discussion

In order to obtain a cAMP-dependent proteome, Arabidopsis ecotype Columbia-0 (Col-0) cell
suspension cultures were treated with 100 nM of cell permeant 8-Br-cAMP and samples were collected
at 5 and 10 min after treatment. Extracted proteins from three biological replicates were digested with
trypsin and the peptides were labeled with tandem mass tag (TMT) six-plex for quantitative analysis.
A total of 1023 quantifiable proteins were identified (false discovery rate: 0.8%). Proteins present in at
least two biological replicates from each treatment time point were compared to their corresponding
controls. Twenty proteins were detected as differentially expressed, with at least a ˘1.5-fold change
(˘0.6 in log2 transformation) and a statistically significant p-value of ď0.05 (Table 1). After 5 min of
cAMP treatment, three proteins increased in abundance and four proteins decreased in abundance,
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while after 10 min of cAMP treatment, 10 proteins increased in abundance and four proteins decreased
in abundance. In this study, only a few of the proteins fulfilled the set thresholds and it is of particular
note that in addition to each protein being detected in at least two out of three biological replicates,
proteins from cAMP-treated cells were compared with mock-treated cells collected at the same
time point.

Table 1. 3’,5’-Cyclic adenosine monophosphate (cAMP)-responsive proteins after 5 and
10 min treatment.

Accession
Number

Protein Name Fold Change (Log2) p-Value GO Term

Proteins identified changing after 5 min of cAMP treatment

At3g16460 Jacalin-related lectin 34 4.495 0.01358 A
At2g01140 Fructose-bisphosphate aldolase 3 3.532 0.01473 B, D, E
At1g20450 Early response to dehydration 10 (ERD10) 0.971 0.04245 A, B, E
At2g37220 RNA-binding protein ´0.607 0.00180 A, C
At1g08110 Glyoxalase I ´0.651 0.00912 B, D, E
At1g14980 Chaperonin 10 ´0.733 0.02203
At2g27710 60S acidic ribosomal protein family ´1.476 0.03411 A

Proteins identified changing after 10 min of cAMP treatment

At1g23100 GroES-like family protein 39.566 0.02049
At1g24360 3-Oxoacyl-[acyl-carrier-protein] reductase 9.238 0.01110 A
At1g28200 FH interacting protein 1 2.979 0.04999
At1g14980 Chaperonin 10 1.771 0.04747
At1g48920 Nucleolin like 1 1.434 0.03283
At1g53240 Mitochondrial malate dehydrogenase 0.846 0.03931 A, B, C, D, E
At2g38540 Lipid transfer protein 1 0.844 0.04096
At2g41430 Early response to dehydration 15 (ERD15) 0.756 0.03081 B, C, D
At2g47730 Glutathione S-transferase Φ 8 0.726 0.04412 A, B, C
At3g16450 Jacalin-related lectin 33 0.628 0.02041 A
At1g11580 Methylesterase PCR A ´0.606 0.03673 C
At4g21860 Methionine sulfoxide reductase B2 ´0.697 0.04911
At4g38740 Rotamase cyclophilin 1 (ROC1) ´0.706 0.00733 D
At5g47200 RAB GTPase homolog 1A ´0.856 0.03223

GO, gene ontology; A, response to cold (GO:0009409); B, response to salt stress (GO:0009651); C, response to
bacterium (GO:0009617); D, response to cadmium ion (GO:0046686); E, glycolytic process (GO:0006096).

Gene ontology (GO) analysis using FatiGO+ allowed classification of identified proteins in
each group based on their enrichments as compared to the normal distribution [23,24]. Eight of
the 20 differentially expressed proteins are in the category “response to cold”, six proteins are
in the category “response to salt stress”, five proteins are in both “response to bacterium” and
“response to cadmium ion” and four proteins are enriched in the category “glycolytic process”
(Table 1). Although 24 proteins that are involved in the glycolytic process were identified (Table S1),
only four were significantly changing in abundance at either 5 or 10 min after cAMP treatment.
The four proteins include fructose-bisphosphate aldolase 3 (FBA3; At2g01140), mitochondrial malate
dehydrogenase (MDH; At1g53240) and early response to dehydration 10 (ERD10; At1g20450) which
increased in abundance while glyoxalase I (At1g08110) decreased (Figure 2).

Fructose-bisphosphate aldolase catalyzes two reversible reactions. The first involves the enzymatic
conversion of fructose 1,6-bisphosphate into the triose phosphates, dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate in gluconeogenesis. The second reaction involves the condensation
reaction of fructose-1,6-biphosphate and sedoheptulose-1,7-biphosphate in the Calvin cycle [25].
The mRNA levels of FBA3 have been shown to increase in response to abscisic acid (ABA) and salicylic
acid (SA) and to various abiotic stresses such as salinity, drought, cold and heat, but the expression
levels were noted to decrease in response to cadmium (Cd2+) ions [26]. Increased abundance of
FBA3 was also observed at 5 min after cAMP treatment (Table 1) and this implicates cAMP in abiotic
stress responses.
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Figure 2. A schematic diagram of the glycolysis and tricarboxylic acid (TCA) cycle pathways showing
proteins differentially expressed post cAMP treatment. The glycolysis and TCA metabolic products
are shown in black, the enzymes are in red and a protein associated with the TCA cycle is shown in
blue. The green arrows indicate proteins that accumulate in response to cAMP while the red arrow
indicates a protein that is reduced in quantity. All the other proteins underlined are some of the proteins
identified in the current study that are not changing in abundance after cAMP treatment.

Malate dehydrogenase reversibly catalyzes the oxidation of malate to oxaloacetate using the
reduction of NAD+ to NADH in the tricarboxylic acid (TCA) cycle [27]. The control of the TCA cycle
activity is dependent on several enzymes, including aconitase, fumarase, succinate dehydrogenase,
2-oxoglutarate dehydrogenase and MDH, which all have different flux control coefficients [28]. A flux
control coefficient is a quantifiable parameter measuring the contribution or effect of enzymes on
the overall steady-state flux of a metabolic pathway. Mitochondrial MDH has the highest flux
control coefficient (1.76) and is considered one of the rate-limiting steps [28]. Plant mitochondrial
MDH is also important in oxidizing NADH in the TCA cycle and in the malate/aspartate shuttle in
photorespiration [29]. Malate dehydrogenase has been shown to increase in abundance in response to
oxidative stress [30] and flooding [31]. In tomato (Solanum lycopersicum), mutations in mitochondrial
MDH affect growth and fruit yield [32], while in Arabidopsis, single and double knockouts of the
two mitochondrial MDH genes appear to have little effect on growth and development [33]. In addition
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to MDH increasing in abundance in response to cAMP, ERD10 also increased in abundance in response
to cAMP treatment (Table 1). An increase in abundance of ERD10 has previously been shown to have a
protective role by slowing the heat-induced aggregation and/or inactivation rate of various substrates
such as alcohol dehydrogenase and citrate synthase, the enzyme that catalyses the first step of the TCA
cycle [34]. Given that increases in both MDH and ERD10 abundance have been observed to increase
the respiration rate [29,34], an increase in MDH and ERD10 in response to cAMP implicates cAMP
directly or indirectly in the modulation of the TCA cycle and, with it, energy metabolism.

In contrast, glyoxalase I, a protein that detoxifies methylglyoxal, a cytotoxic by-product of
glycolysis [35], decreases in abundance in response to cAMP. In Arabidopsis, glyoxalase 1 (At1g08110)
has been shown to decrease in abundance under abiotic stress conditions including salinity, drought,
osmotic and cold [36]. Given that proteins ERD10, mitochondrial MDH and FBA3 increase and
glyoxalase I decreases, we hypothesize that cAMP has a regulatory function in abiotic stress responses
in general and the modulation of the TCA cycle in particular.

Of the 20 differentially expressed proteins identified in this study, five proteins, 3-oxoacyl-[acyl-
carrier-protein] reductase (At1g24360), rotamase cyclophilin 1 (ROC1; At4g38740), RNA-binding
protein (At2g37220), early response to dehydration 15 (ERD15; At2g41430) and mitochondrial MDH,
have been associated with the response to ABA. Abscisic acid controls several aspects of development
and adaptation to stress [37–39]. The 3-oxoacyl-[acyl-carrier-protein] reductase that catalyzes the first
reduction step in fatty acid biosynthesis [40] is repressed by ABA in guard cells of Arabidopsis [41],
but it increases in abundance in response to cAMP treatment in Arabidopsis cell suspension culture
(Table 1). On the other hand, ROC1, a signaling protein component controlling plant responses
to light, is an important link between phytochrome signaling and brassinosteroid sensitivity [42].
Rotamase cyclophilin 1 has been shown to decrease in abundance in response to abiotic stress and
after ABA treatment [43], and this is consistent with the response to cAMP (Table 1).

In Arabidopsis, RNA-binding proteins have also been shown to play a role in ABA signaling
during germination and drought tolerance [44], and ABA affects tyrosine dephosphorylation of a
chloroplast-localized RNA-binding protein (At2g37220) in particular, and may modify its RNA-binding
activity and thereby regulate gene expression [45]. The RNA-binding protein is related to the maize
glycine-rich RNA-binding protein A, and the encoding gene has been shown to be induced by ABA
and this is also a target for phosphorylation [46,47]. The protein has also been observed to increase
in abundance at least two-fold in response to cold treatment [48]. However, in response to cAMP,
the RNA-binding protein decreased in abundance (Table 1). It is therefore important to follow up
on the phosphorylation status of this RNA-binding protein to see whether cAMP affects tyrosine
dephosphorylation much like in the response to ABA.

Another protein that is involved in ABA responses is ERD15. In addition to being a negative
regulator of ABA responses, ERD15 has a role in the defense against pathogens [38]. Besides the
central role of ABA in controlling responses to abiotic stress stimuli, ABA also influences biotic stress
responses and may interfere with signaling that is regulated by other hormones including SA [49].
ABA treatment prior to infection can increase the susceptibility of Arabidopsis to Pseudomonas syringae
pv. tomato, while decreased ABA levels can improve SA-dependent defenses, suggesting that ABA
modulates SA-dependent defense responses [50]. Expression of ERD15 was observed to increase at
least 50 times more in Arabidopsis inoculated with Paenibacillus polymyxa than in untreated plants [51].
Given that ERD15 is induced by biotic stress, rapidly but transiently induced in response to ABA [52]
and increased in abundance in response to cAMP treatment, this again is consistent with the hypothesis
that cAMP is part of the biotic stress response.

Glutathione S-transferase Φ8 (GSTF8, At2g47730), a marker for early stress and defense responses,
also increases in abundance in response to cAMP (Table 1). The expression of GSTF8 can be induced
by a range of biotic and abiotic stresses, hydrogen peroxide and in response to SA [53–57]. Overall this
increase in abundance of GSTF8 upon induction by various stresses is also an indirect support for a
role of cAMP in both biotic and abiotic stress responses.
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The response to cAMP also leads to enrichment in the GO categories “response to cold” and
“response to salt stress” (Table 1) and the proteins in these categories include the mitochondrial
MDH, GSTF8, RNA-binding protein, 3-oxoacyl-(acyl-carrier-protein) reductase and ERD10.
Interestingly, ERD10 has been reported to be a general anti-stress protein that is up-regulated in
response to a broad range of abiotic stresses [58] and was previously shown to increase in abundance
after treatment of Arabidopsis leaves with 1 or 10 μM cAMP [22]. Furthermore, it is not uncommon
for salinity stress-responsive proteins to also be responsive to Cd2+ ion stress and for both responses
to confer a degree of cross-protection [59]. It is therefore not surprising to see that five out of the six
proteins enriched in the category “response to salt stress” are also enriched in the category “response
to cadmium ion” (Table 1).

Treatment of Arabidopsis roots with Cd2+ ions (10 μM) has been shown to alter the root proteome,
e.g., an increase in the accumulation of proteins involved in the synthesis of glutathione-derived
metal-binding proteins such as ATP sulfurylase, glutathione S-transferase, latex allergen-like
proteins [60]. Interestingly, treatment of Arabidopsis seedlings with Cd2+ ions (50 μM) has been
observed to increase the cellular cAMP concentration [61], and this in turn can induce the expression of
enzymes involved in the phenylpropanoid pathway [62]. The phenylpropanoid pathway synthesizes
precursors and metabolites protecting against abiotic stress including Cd2+ [63,64]. Taken together,
the changing abundance of at least some proteins in response to Cd2+ may indeed require a direct or
indirect interaction with cAMP.

What is the link between cAMP, Cd2+ and salinity? In Arabidopsis, an increase in cAMP levels
significantly reduced Na+ influx in roots and it was shown that VIC-mediated Na+ currents are
down-regulated by cAMP [16]. Further, treatment of Arabidopsis roots with 100 mM NaCl causes a
decrease in cellular levels of cAMP, leading to a deactivation of protein kinase A. Thus, during salinity
stress, cAMP suppresses expression of the Na+ efflux pump [16]. In addition, five of the differentially
expressed proteins enriched in the category “response to salt stress” (Table 1) have been previously
observed to undergo differential expression in response to low Cd2+ stress [65]. Most of the proteins
enriched in “response to cadmium ion” are also enriched in the category “response to salt stress”,
suggesting that cAMP has a role in both salinity and Cd2+ stress responses.

Twelve of the differentially expressed proteins identified (Table 1) have previously been linked to
cabbage leaf curl virus infection [66]. Of these, seven show a similar differential accumulation pattern
to cAMP (Table 2) consistent with a generalized role in plant defense against pathogens.

Table 2. Comparison between proteins responsive to cAMP and proteins involved in pathogen response.

Accession
Number

Protein Name

cAMP Treatment Pathogen Response *

Fold
Change
(Log2)

p-Value
Fold

Change
(Log2)

p-Value

AT3G16460 Jacalin-related lectin 34 4.495 0.01358 0.274 4.90 ˆ 10´5

AT2G01140 Fructose-bisphosphate aldolase 3 3.532 0.01473 0.372 1.48 ˆ 10´5

AT1G20450 Early response to dehydration 10 (ERD10) 0.971 0.04245 ´0.756 7.00 ˆ 10´6

AT2G37220 RNA-binding protein ´0.607 0.00180 ´0.539 2.35 ˆ 10´5

AT2G27710 60S acidic ribosomal protein family ´1.476 0.03411 ´0.692 2.25 ˆ 10´7

AT1G24360 3-Oxoacyl-[acyl-carrier-protein] reductase 9.238 0.01110 ´0.265 3.97 ˆ 10´4

AT1G53240 Mitochondrial malate dehydrogenase 0.846 0.03931 ´0.599 1.11 ˆ 10´5

AT2G38540 Lipid transfer protein 1 0.844 0.04096 ´2.701 5.04 ˆ 10´25

AT1G11580 Methylesterase PCR A ´0.606 0.03673 ´0.194 1.86 ˆ 10´3

AT4G21860 Methionine sulfoxide reductase B2 ´0.697 0.04911 ´0.766 2.55 ˆ 10´8

AT4G38740 Rotamase cyclophilin 1 (ROC1) ´0.706 0.00733 ´0.827 1.40 ˆ 10´7

AT5G47200 RAB GTPase homolog 1A ´0.856 0.03223 0.498 2.11 ˆ 10´7

* Proteins reported in [66].
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Finally, a previous study using 1 or 10 μM cAMP treatments of Arabidopsis leaves for 1 or 3 h
implicated cAMP in light and temperature responses [22]. Despite the much higher concentration
and later time points used in the earlier study, three proteins, methylesterase PCR A (At1g11580), 60S
acidic ribosomal protein family (At2g27710) and RNA-binding protein (At2g37220), were common
and decreased in abundance in response to cAMP, adding to the growing evidence for a key role of
cAMP in the transduction and/or modulation of environmental stimuli.

3. Materials and Methods

3.1. Plant Material and Growth Conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) cell suspension culture was grown in 250 mL
Erlenmeyer flasks containing 100 mL of Gamborg’s B5 medium with vitamins (Sigma-Aldrich, St. Louis,
MO, USA) [67] supplemented with 3% (w/v) sucrose, 0.05 μg¨ mL´1 (v/v) kinetin, 1 mg¨ mL´1

2,4-dichlorophenoxyacetic acid and 0.05% (w/v) MES. Cells were grown in a growth chamber (Innova®

43, New Brunswick Scientific Co., Edison, NJ, USA) under photosynthetic light with 12 h light/12 h
dark cycles at 23 ˝C and orbital agitation at 120 rpm and sub-cultured every 1-days.

3.2. cAMP Treatment and Protein Extraction

At 10 days post-subculturing, three biological replicate flasks were treated with 100 nM of
8-bromo-cAMP and cells of each mock (equal volume of water) or cAMP treated were collected
at 0, 5 and 10 min post-treatment. Media were drained off using Stericup® filter unit (Millipore,
Billerica, MA, USA), and the cells were immediately snap frozen in liquid nitrogen and stored at
´80 ˝C until use. Approximately 1 g of cells was ground to a fine powder with mortar and pestle
in liquid nitrogen and proteins were precipitated in trichloroacetic acid in acetone, vortexed and
incubated overnight. Precipitated proteins were pelleted, washed and re-suspended in urea lysis buffer
(7 M urea, 2 M thiourea, 4% (w/v) 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate).
Approximately 100 μg of total soluble protein extract was reduced, alkylated, digested with trypsin
and purified using Sep-Pak Vac tC18 100 mg cartridge (Waters, Milford, MA, USA), as described
previously [68], prior to drying in a Speed Vac concentrator (Thermo Scientific, Bremen, Germany).

3.3. Peptide Labeling Using Tandem Mass Tag and Peptide Fractionation by OFFGEL Fractionator

Purified and dried tryptic peptides were labeled with tandem mass tag (TMT™) six-plex (Thermo
Scientific, Bremen, Germany) according to manufacturer’s instructions. Each biological replicate was
labeled separately, pooled together and then fractionated using a 3100 OFFGEL fractionator (Agilent
Technologies, Santa Clara, CA, USA) using 24-well high resolution immobilized pH gradient strips,
pH 3–10, as described previously [68].

3.4. Protein Identification by LTQ Orbitrap and Quantification of Differentially Expressed Proteins

Dried peptide fractions were re-suspended in a solution containing 5% (v/v) acetonitrile
and 0.1% (v/v) formic acid and analyzed by an LTQ-Orbitrap Velos (Thermo Scientific, Bremen,
Germany) coupled with a nanoelectrospray ion source (Proxeon Biosystems, Odense, Denmark)
for nano-LC–MS/MS analyses. The MS scan range was 350 to 1600 m/z with the normalized
collision-induced dissociation at 35.0 V. The top 10 precursor ions were selected in the MS scan with
resolution R = 60,000 for fragmentation in the linear ion trap. All spectra were submitted for protein
identification to MASCOT search engine (Matrix Science, London, UK) as described previously [22],
except that TMT labeling was added as a fixed modification. Identified proteins were evaluated
and quantitated using Scaffold Q+ software, version 4.0.4 (Proteome Software, Portland, OR, USA).
Proteins were considered as positive identifications if they were identified with a minimum of two
unique peptides, a MASCOT ion score ě26, a peptide probability of 95% and a protein threshold of
99%. Abundance levels of positively identified proteins from cAMP-treated cells that were present in
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at least two technical replicate were compared with mock-treated cells collected at the same time point.
Differential expression of a protein was considered significant if the fold change was at least ˘1.5-fold
change (˘0.6 in log2 transformation) and statistical significance p-value of ď0.05.

3.5. Computational Analysis of Functional Enrichment

The gene ontology (GO) and functional categorization analyses of the differentially expressed
proteins were performed using FatiGO+ tool in Babelomics version 5 suite [69,70].

4. Conclusions

cAMP treatment causes changes in the proteome that are diagnostic for biotic and abiotic
responsive proteins. Furthermore, cAMP also affects abundance levels of enzymes in the glycolytic
pathway and the TCA cycle and this is likely to have direct implications for the energy-transducing
pathways and ATP generation. Finally, cAMP may conceivably link biotic and abiotic stress responses
in stress-dependent changes of energy metabolism.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/6/
852/s1.

Acknowledgments: We thank Ludivine Thomas for her intellectual input during the project.

Author Contributions: Chris Gehring, Claudius Marondedze and May Alqurashi designed the research.
May Alqurashi performed the experiments and data analysis. All authors participated in writing and revising the
manuscript and approved the final version.

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

References

1. Gancedo, J.M. Biological roles of cAMP: Variations on a theme in the different kingdoms of life. Biol. Rev.
2013, 88, 645–668. [CrossRef] [PubMed]

2. Moutinho, A.; Hussey, P.; Trewavas, A.; Malhó, R. Cyclic AMP acts as a second messenger in pollen tube
growth and reorientation. Proc. Natl. Acad. Sci. USA 2001, 98, 10481–10486. [CrossRef] [PubMed]

3. Cooke, C.J.; Smith, C.J.; Walton, T.J.; Newton, R.P. Evidence that cyclic AMP is involved in the hypersensitive
response of Medicago sativa to a fungal elicitor. Phytochemistry 1994, 35, 889–895. [CrossRef]

4. Kim, H.-S.; Park, S.-Y.; Lee, S.; Adams, E.L.; Czymmek, K.; Kang, S. Loss of cAMP-dependent protein kinase
A affects multiple traits important for root pathogenesis by Fusarium oxysporum. Mol. Plant Microbe Interact.
2011, 24, 719–732. [CrossRef] [PubMed]

5. Lemtiri-Chlieh, F.; Thomas, L.; Marondedze, C.; Irving, H.; Gehring, C. Cyclic nucleotides and nucleotide
cyclases in Plant stress responses. In Abiotic Stress Response in Plants—Physiological, Biochemical and Genetic
Perspectives; Shanker, A., Venkateswarlu, B., Eds.; InTech: Vienna, Austria, 2011; p. 346p.

6. Ma, W.; Qi, Z.; Smigel, A.; Walker, R.; Verma, R.; Berkowitz, G. Ca2+, cAMP, and transduction of non-self
perception during plant immune responses. Proc. Natl. Acad. Sci. USA 2009, 106, 20995–21000. [CrossRef]
[PubMed]

7. Lemtiri-Chlieh, F.; Berkowitz, G.A. Cyclic adenosine monophosphate regulates calcium channels in the
plasma membrane of Arabidopsis leaf guard and mesophyll cells. J. Biol. Chem. 2004, 279, 35306–35312.
[CrossRef] [PubMed]

8. Qi, Z.; Verma, R.; Gehring, C.; Yamaguchi, Y.; Zhao, Y.; Ryan, C.; Berkowitz, G. Ca2+ signaling by plant
Arabidopsis thaliana Pep peptides depends on AtPepR1, a receptor with guanylyl cyclase activity, and
cGMP-activated Ca2+ channels. Proc. Natl. Acad. Sci. USA 2010, 107, 21193–21198. [CrossRef] [PubMed]

9. Kugler, A.; Köhler, B.; Palme, K.; Wolff, P.; Dietrich, P. Salt-dependent regulation of a CNG channel subfamily
in Arabidopsis. BMC Plant Biol. 2009, 9, 1–11. [CrossRef] [PubMed]

10. Kaplan, B.; Sherman, T.; Fromm, H. Cyclic nucleotide-gated channels in plants. FEBS Lett. 2007, 581,
2237–2246. [CrossRef] [PubMed]

172



Int. J. Mol. Sci. 2016, 17, 852

11. Ladwig, F.; Dahlke, R.I.; Stührwohldt, N.; Hartmann, J.; Harter, K.; Sauter, M. Phytosulfokine regulates
growth in Arabidopsis through a response module at the plasma membrane that includes CYCLIC
NUCLEOTIDE-GATED CHANNEL17, H+-ATPase, and BAK1. Plant Cell 2015, 27, 1718–1729. [CrossRef]
[PubMed]

12. DeWald, D.B.; Torabinejad, J.; Jones, C.A.; Shope, J.C.; Cangelosi, A.R.; Thompson, J.E.; Prestwich, G.D.;
Hama, H. Rapid Accumulation of Phosphatidylinositol 4,5-Bisphosphate and Inositol 1,4,5-Trisphosphate
Correlates with Calcium Mobilization in Salt-Stressed Arabidopsis. Plant Physiol. 2001, 126, 759–769.
[CrossRef] [PubMed]

13. Frietsch, S.; Wang, Y.-F.; Sladek, C.; Poulsen, L.R.; Romanowsky, S.M.; Schroeder, J.I.; Harper, J.F. A cyclic
nucleotide-gated channel is essential for polarized tip growth of pollen. Proc. Natl. Acad. Sci. USA 2007, 104,
14531–14536. [CrossRef] [PubMed]

14. Konrad, K.R.; Hedrich, R. The use of voltage-sensitive dyes to monitor signal-induced changes in membrane
potential–ABA triggered membrane depolarization in guard cells. Plant J. 2008, 55, 161–173. [CrossRef]
[PubMed]

15. Ma, W.; Berkowitz, G.A. Ca2+ conduction by plant cyclic nucleotide gated channels and associated signaling
components in pathogen defense signal transduction cascades. New Phytol. 2011, 190, 566–572. [CrossRef]
[PubMed]

16. Maathuis, F.J.M.; Sanders, D. Sodium uptake in Arabidopsis roots is regulated by cyclic nucleotides.
Plant Physiol. 2001, 127, 1617–1625. [CrossRef] [PubMed]

17. Gehring, C. Adenyl cyclases and cAMP in plant signaling—Past and present. Cell Commun. Signal. 2010, 8,
15–19. [CrossRef] [PubMed]

18. Marondedze, C.; Wong, A.; Thomas, L.; Irving, H.; Gehring, C. Cyclic Nucleotide Monophosphates in Plants
and Plant Signaling. In Handbook of Experimental Pharmacology; Barrett, J.E., Flockerzi, V., Frohman, M.A.,
Geppetti, P., Hofmann, F.B., Michel, M.C., Page, C.P., Thorburn, A.M., Wang, K., Eds.; Springer: Berlin,
Germany; Heidelberg, Germany, 2016; pp. 1–17.

19. Al-Younis, I.; Wong, A.; Gehring, C. The Arabidopsis thaliana K+-uptake permease 7 (AtKUP7) contains a
functional cytosolic adenylate cyclase catalytic centre. FEBS Lett. 2015, 589, 3848–3852. [CrossRef] [PubMed]

20. Newton, R.; Gibbs, N.; Moyse, C.; Wiebers, J.; Brown, E. Mass spectrometric identification of adenosine
3’:5’-cyclic monophosphate isolated from a higher plant tissue. Phytochemistry 1980, 19, 1909–1911. [CrossRef]

21. Donaldson, L.; Meier, S.; Gehring, C. The Arabidopsis cyclic nucleotide interactome. Cell Commun. Signal.
2016, 14, 10–27. [CrossRef] [PubMed]

22. Thomas, L.; Marondedze, C.; Ederli, L.; Pasqualini, S.; Gehring, C. Proteomic signatures implicate cAMP in
light and temperature responses in Arabidopsis thaliana. J. Proteom. 2013, 83, 47–59. [CrossRef] [PubMed]

23. Meier, S.; Gehring, C. A guide to the integrated application of on-line data mining tools for the inference of
gene functions at the systems level. Biotechnol. J. 2008, 3, 1375–1387. [CrossRef] [PubMed]

24. Alqurashi, M.; Meier, S. Inferring biological functions of guanylyl cyclases with computational methods.
In Cyclic Nucleotide Signaling in Plants; Gehring, C., Ed.; Humana Press: Totowa, NJ, USA, 2013; Volume 1016,
pp. 225–234.

25. Flechner, A.; Gross, W.; Martin, W.F.; Schnarrenberger, C. Chloroplast class I and class II aldolases are
bifunctional for fructose-1,6-biphosphate and sedoheptulose-1,7-biphosphate cleavage in the Calvin cycle.
FEBS Lett. 1999, 447, 200–202. [CrossRef]

26. Lu, W.; Tang, X.; Huo, Y.; Xu, R.; Qi, S.; Huang, J.; Zheng, C.; Wu, C. Identification and characterization of
fructose 1,6-bisphosphate aldolase genes in Arabidopsis reveal a gene family with diverse responses to abiotic
stresses. Gene 2012, 503, 65–74. [CrossRef] [PubMed]

27. Nunes-Nesi, A.; Carrari, F.; Lytovchenko, A.; Smith, A.M.O.; Ehlers Loureiro, M.; Ratcliffe, R.G.;
Sweetlove, L.J.; Fernie, A.R. Enhanced photosynthetic performance and growth as a consequence of
decreasing mitochondrial malate dehydrogenase activity in transgenic tomato plants. Plant Physiol. 2005,
137, 611–622. [CrossRef] [PubMed]

28. Araújo, W.L.; Nunes-Nesi, A.; Nikoloski, Z.; Sweetlove, L.J.; Fernie, A.R. Metabolic control and regulation of
the tricarboxylic acid cycle in photosynthetic and heterotrophic plant tissues. Plant Cell Environ. 2012, 35,
1–21. [CrossRef] [PubMed]

29. Scheibe, R. Malate valves to balance cellular energy supply. Physiol. Plant. 2004, 120, 21–26. [CrossRef]
[PubMed]

173



Int. J. Mol. Sci. 2016, 17, 852

30. Taylor, N.L.; Heazlewood, J.L.; Day, D.A.; Millar, A.H. Differential impact of environmental stresses on the
pea mitochondrial proteome. Mol. Cell. Proteom. 2005, 4, 1122–1133. [CrossRef] [PubMed]

31. Komatsu, S.; Yamamoto, A.; Nakamura, T.; Nouri, M.-Z.; Nanjo, Y.; Nishizawa, K.; Furukawa, K.
Comprehensive analysis of mitochondria in roots and hypocotyls of soybean under flooding stress using
proteomics and metabolomics techniques. J. Proteome Res. 2011, 10, 3993–4004. [CrossRef] [PubMed]

32. Nunes-Nesi, A.; Araújo, W.L.; Fernie, A.R. Targeting mitochondrial metabolism and machinery as a means
to enhance photosynthesis. Plant Physiol. 2011, 155, 101–107. [CrossRef] [PubMed]

33. Tronconi, M.A.; Fahnenstich, H.; Gerrard Weehler, M.C.; Andreo, C.S.; Flügge, U.-I.; Drincovich, M.F.;
Maurino, V.G. Arabidopsis NAD-malic enzyme functions as a homodimer and heterodimer and has a major
impact on nocturnal metabolism. Plant Physiol. 2008, 146, 1540–1552. [CrossRef] [PubMed]

34. Kovacs, D.; Kalmar, E.; Torok, Z.; Tompa, P. Chaperone activity of ERD10 and ERD14, two disordered
stress-related plant proteins. Plant Physiol. 2008, 147, 381–390. [CrossRef] [PubMed]

35. Thornalley, P.J. Glyoxalase I—Structure, function and a critical role in the enzymatic defence against glycation.
Biochem. Soc. Trans. 2003, 31, 1343–1348. [CrossRef] [PubMed]

36. Mustafiz, A.; Singh, A.; Pareek, A.; Sopory, S.; Singla-Pareek, S. Genome-wide analysis of rice and Arabidopsis
identifies two glyoxalase genes that are highly expressed in abiotic stresses. Funct. Integr. Genom. 2011, 11,
293–305. [CrossRef] [PubMed]

37. Finkelstein, R.R.; Rock, C.D. Abscisic acid biosynthesis and response. Arab. Book 2002, 1, e0058. [CrossRef]
[PubMed]

38. Cutler, S.R.; Rodriguez, P.L.; Finkelstein, R.R.; Abrams, S.R. Abscisic acid: Emergence of a core signaling
network. Annu. Rev. Plant Biol. 2010, 61, 651–679. [CrossRef] [PubMed]

39. Zhu, J.-K. Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 2002, 53, 247–273.
[CrossRef] [PubMed]

40. Harwood, J.L. Fatty acid metabolism. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1988, 39, 101–138. [CrossRef]
41. Leonhardt, N.; Kwak, J.M.; Robert, N.; Waner, D.; Leonhardt, G.; Schroeder, J.I. Microarray expression

analyses of Arabidopsis guard cells and isolation of a recessive abscisic acid hypersensitive protein
phosphatase 2C mutant. Plant Cell 2004, 16, 596–615. [CrossRef] [PubMed]

42. Trupkin, S.A.; Mora-García, S.; Casal, J.J. The cyclophilin ROC1 links phytochrome and cryptochrome to
brassinosteroid sensitivity. Plant J. 2012, 71, 712–723. [CrossRef] [PubMed]

43. Matsui, A.; Ishida, J.; Morosawa, T.; Mochizuki, Y.; Kaminuma, E.; Endo, T.A.; Okamoto, M.; Nambara, E.;
Nakajima, M.; Kawashima, M.; et al. Arabidopsis transcriptome analysis under drought, cold, high-salinity
and ABA treatment conditions using a tiling array. Plant Cell Physiol. 2008, 49, 1135–1149. [CrossRef]
[PubMed]

44. Kuhn, J.M.; Schroeder, J.I. Impacts of altered RNA metabolism on abscisic acid signaling. Curr. Opin.
Plant Biol. 2003, 6, 463–469. [CrossRef]

45. Ghelis, T.; Bolbach, G.; Clodic, G.; Habricot, Y.; Miginiac, E.; Sotta, B.; Jeannette, E. Protein tyrosine kinases
and protein tyrosine phosphatases are involved in abscisic acid-dependent processes in Arabidopsis seeds
and suspension cells. Plant Physiol. 2008, 148, 1668–1680. [CrossRef] [PubMed]

46. Gomez, J.; Sanchez-Martinez, D.; Stiefel, V.; Rigau, J.; Puigdomenech, P.; Pages, M. A gene induced by the
plant hormone abscisic acid in response to water stress encodes a glycine-rich protein. Nature 1988, 334,
262–264. [CrossRef] [PubMed]

47. Testi, M.G.; Croce, R.; Laureto, P.P.-D.; Bassi, R. A CK2 site is reversibly phosphorylated in the photosystem
II subunit CP29. FEBS Lett. 1996, 399, 245–250. [CrossRef]

48. Amme, S.; Matros, A.; Schlesier, B.; Mock, H.-P. Proteome analysis of cold stress response in
Arabidopsis thaliana using DIGE-technology. J. Exp. Bot. 2006, 57, 1537–1546. [CrossRef] [PubMed]

49. Mauch-Mani, B.; Mauch, F. The role of abscisic acid in plant–pathogen interactions. Curr. Opin. Plant Biol.
2005, 8, 409–414. [CrossRef] [PubMed]

50. Mohr, P.G.; Cahill, D.M. Abscisic acid influences the susceptibility of Arabidopsis thaliana to
Pseudomonas syringae pv. tomato and Peronospora parasitica. Funct. Plant Biol. 2003, 30, 461–469. [CrossRef]

51. Timmusk, S.; Wagner, E.G.H. The plant-growth-promoting rhizobacterium Paenibacillus polymyxa induces
changes in Arabidopsis thaliana gene expression: A possible connection between biotic and abiotic stress
responses. Mol. Plant-Microbe Interact. 1999, 12, 951–959. [CrossRef] [PubMed]

174



Int. J. Mol. Sci. 2016, 17, 852

52. Kariola, T.; Brader, G.; Helenius, E.; Li, J.; Heino, P.; Palva, E.T. Early Response to Dehydration 15. A negative
Regulator of ABA-responses in Arabidopsis. Plant Physiol. 2006, 142, 1559–1573. [CrossRef] [PubMed]

53. Chen, W.; Chao, G.; Singh, K.B. The promoter of a H2O2-inducible, Arabidopsis glutathione S-transferase
gene contains closely linked OBF- and OBP1-binding sites. Plant J. 1996, 10, 955–966. [CrossRef] [PubMed]

54. Chen, W.; Singh, K.B. The auxin, hydrogen peroxide and salicylic acid induced expression of the
Arabidopsis GST6 promoter is mediated in part by an ocs element. Plant J. 1999, 19, 667–677. [CrossRef]
[PubMed]

55. Wagner, U.; Edwards, R.; Dixon, D.; Mauch, F. Probing the diversity of the Arabidopsis glutathione
S-transferase gene family. Plant Mol. Biol. 2002, 49, 515–532. [CrossRef] [PubMed]

56. Uquillas, C.; Letelier, I.; Blanco, F.; Jordana, X.; Holuigue, L. NPR1-Independent Activation of Immediate
Early Salicylic Acid-Responsive Genes in Arabidopsis. Mol. Plant Microbe Interact. 2004, 17, 34–42. [CrossRef]
[PubMed]

57. Perl-Treves, R.; Foley, R.C.; Chen, W.; Singh, K.B. Early Induction of the Arabidopsis GSTF8 Promoter by
Specific Strains of the Fungal Pathogen Rhizoctonia solani. Mol. Plant Microbe Interact. 2004, 17, 70–80.
[CrossRef] [PubMed]

58. Kimura, M.; Yamamoto, Y.Y.; Seki, M.; Sakurai, T.; Sato, M.; Abe, T.; Yoshida, S.; Manabe, K.; Shinozaki, K.;
Matsui, M. Identification of Arabidopsis genes regulated by high light-stress using cDNA microarray.
Photochem. Photobiol. 2003, 77, 226–233. [CrossRef]
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Abstract: Seedlings of aluminum-tolerant ‘Xuegan’ (Citrus sinensis) and Al-intolerant ‘sour pummelo’
(Citrus grandis) were fertigated for 18 weeks with nutrient solution containing 0 and 1.2 mM
AlCl3¨ 6H2O. Al toxicity-induced inhibition of photosynthesis and the decrease of total soluble
protein only occurred in C. grandis leaves, demonstrating that C. sinensis had higher Al tolerance
than C. grandis. Using isobaric tags for relative and absolute quantification (iTRAQ), we obtained
more Al toxicity-responsive proteins from C. sinensis than from C. grandis leaves, which might be
responsible for the higher Al tolerance of C. sinensis. The following aspects might contribute to the Al
tolerance of C. sinensis: (a) better maintenance of photosynthesis and energy balance via inducing
photosynthesis and energy-related proteins; (b) less increased requirement for the detoxification
of reactive oxygen species and other toxic compounds, such as aldehydes, and great improvement
of the total ability of detoxification; and (c) upregulation of low-phosphorus-responsive proteins.
Al toxicity-responsive proteins related to RNA regulation, protein metabolism, cellular transport and
signal transduction might also play key roles in the higher Al tolerance of C. sinensis. We present the
global picture of Al toxicity-induced alterations of protein profiles in citrus leaves, and identify some
new Al toxicity-responsive proteins related to various biological processes. Our results provide some
novel clues about plant Al tolerance.

Keywords: aluminum toxicity; Citrus grandis; Citrus sinensis; iTRAQ; leaves; proteome

1. Introduction

Aluminum is the most abundant metallic element in the Earth’s crust [1]. In neutral or slightly
acidic soils, Al is mainly in the form of insoluble deposits and is biologically inactive. In acidic solutions
(pH < 5.0), Al exists in the forms of Al3+ and Al(OH)2+, which are soluble and available to plants [2].
Because micromolar concentration of Al3+ can rapidly inhibit root growth, Al toxicity is a major factor
limiting crop productivity in many acidic soils through the tropics and subtropics. Over 50% of the
world's potential arable lands are acidic [3,4]. Moreover, the acidity of the soils is gradually increasing
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due to environmental problems, including acid deposition, improper application of chemical fertilizers,
intensive agriculture and monoculture [5].

Higher plants have evolved two main mechanisms of Al detoxification (i.e., external and internal
detoxification mechanisms) that enable them to tolerate high levels of Al. However, the molecular
mechanisms for Al tolerance in higher plants are not fully understood [4,6–9]. The alteration of
proteins is an important process to cope with elevated Al in higher plants [7,10–13]. Proteome analysis
is becoming a powerful tool for the investigation of protein roles in higher plants. There have
been several reports investigating Al toxicity-responsive proteins using isobaric tags for relative and
absolute quantification (iTRAQ) or two-dimensional gel electrophoresis (2-DE). Wang et al. used
iTRAQ to isolate 106 differentially-abundant proteins from Al-treated rice roots [11], indicating that Al
toxicity-induced activation of the glycolysis/gluconeogenesis shunt might be a rapid and effective
way to balance the available energy levels to prevent the Al toxicity-induced shortage of intracellular
energy. Using iTRAQ, Jiang et al. isolated more Al toxicity-responsive proteins from Al-tolerant
Citrus sinensis roots than from Al-intolerant Citrus grandis roots [10], suggesting that the higher
metabolic flexibility might contribute to the higher Al tolerance of C. sinensis. Zhen et al. used 2-DE to
investigate the Al toxicity-induced alterations of root proteome in an Al-resistant soybean cultivar and
concluded that proteins related to stress/defense, signal transduction, transport, protein folding, gene
regulation and primary metabolism were critical for plant survival under Al toxicity [14]. Yang et al.
used 2-DE to identify 12 upregulated and five downregulated proteins from Al toxicity-exposed rice
roots. Further analysis showed that cysteine synthase (CS) played a key role in rice Al tolerance [12].
Duressa et al. observed that Al toxicity-induced alterations of root protein profiles differed between
Al-tolerant and -sensitive soybean genotypes, concluding that enzymes involved in organic acid
biosynthesis and detoxification systems played crucial roles in soybean Al tolerance [15]. Dai et al.
isolated 35 proteins related to Al tolerance from Al-tolerant wild barley roots [16]. In tomato roots,
proteins involved in detoxification were induced by Al toxicity [17]. Oh et al. showed that Al toxicity
increased the abundance of 19 proteins, including S-adenosylmethionine synthetase, oxalate oxidase
(OXO), malate dehydrogenase (MDH), citrate synthase and ascorbate peroxidase (APX), and decreased
the abundance of 28 proteins, including heat shock protein (HSP) 70, O-methyltransferase 4 and
enolase, in wheat roots [18]. All of these studies, however, have focused on root proteomics, because
the inhibition of root growth is one of the earliest and most easily-observed symptoms of Al toxic
damage [1]. To our knowledge, data available on the effects of Al toxicity on leaf proteomics are
rare [7]. In a study, Rahman et al. used 2-DE to identify eight upregulated proteins, including glutamine
synthetase and peroxiredoxin, and nine downregulated ones, including ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) in high Al-treated leaves [19]. In another study, Yang et al.
identified 92 proteins in Al or NO-treated rice leaves. Further analyses confirmed that NO alleviated
Al toxicity-induced reactive oxygen species (ROS) and reactive nitrogen species (RNS) toxicities by
increasing the activity and abundance of antioxidant enzymes [13].

Citrus is mainly grown in acidic and strong acidic soils. Low pH and high Al are the factors
causing the poor growth and decreased lifespan of citrus trees [20]. In 2011, we investigated the pH
of 319 soil samples from Pinghe pummelo (Citrus grandis) orchards, located in Zhangzhou, China.
The pH ranged from 3.26 to 6.22 with an average value of 4.34. Up to 90.0% of the soils displayed a pH
of less than 5.0 [21]. During 1998–1999, Huang et al. assayed the pH of 200 soil samples from Pinghe
pummelo orchards. The pH ranged from 3.57 to 7.25 with an average value of 4.63. Eighty-five point
five percent of the soils had a lower pH than 5.0 [22]. Soil acidification has been occurring rapidly
in pummelo orchards in the last decade. Therefore, understanding the mechanisms of Al toxicity
and Al tolerance in citrus plants is very important for citrus production. Previously, we investigated
the Al toxicity-responsive proteins in the roots of two citrus species differing in Al tolerance [10].
On this basis, we further examined the Al toxicity-induced alterations of gas exchange, Al and total
soluble protein concentrations and protein profiles revealed by iTRAQ in Al-tolerant C. sinensis and
Al-intolerant C. grandis leaves [23]. The objectives were (a) to understand the molecular mechanisms of
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citrus in dealing with Al toxicity at the protein level and (b) to identify proteins conferring Al tolerance
in citrus.

2. Results

2.1. Leaf Gas Exchange, Al and Total Soluble Protein Concentrations

We found that +Al C. grandis leaves had decreased CO2 assimilation and stomatal
conductance, but increased intercellular CO2 concentration (Figure 1A–C), implying that Al
toxicity-induced inhibition of photosynthesis in C. grandis was mainly limited by non-stomatal factors.
However, Al toxicity had no significant influence on C. sinensis leaf gas exchange. Leaf gas exchange
parameters did not significantly differ between the two citrus species at each given Al level, except
that both CO2 assimilation and stomatal conductance were lower in +Al C. grandis leaves than in
+Al C. sinensis leaves (Figure 1A–C). In C. grandis, the Al level was higher in +Al leaves than in controls.
In C. sinensis, the Al level showed an increased trend in +Al leaves, but did not significantly differ
between +Al and control leaves. No significant difference was observed in leaf Al concentration
between the two citrus species at each given Al treatment (Figure 1D). Besides, Al toxicity only
decreased the total soluble protein level in C. grandis leaves (Figure 1E). Therefore, C. sinensis was
more tolerant to Al toxicity than C. grandis. A similar result has been obtained by Yang et al. [23] and
Jiang et al. [10].

2.2. Leaf Al Toxicity-Responsive Proteins

We produced a total of 642,359 and 656,455 spectra from C. sinensis and C. grandis leaves
respectively using iTRAQ (Figures S1A and S2A). Unlike total spectra, the numbers of peptide
spectrum matches, peptides identified, unique peptides, proteins identified and protein group(s)
identified were higher in C. sinensis leaves than in C. grandis ones. The protein number in the two
citrus species decreased with increased number of peptides that matched to proteins. The number
of proteins with the same number of peptides was lower in C. grandis leaves than in C. sinensis ones
(Figures S1B and S2B).

Protein mass distribution, the distribution of sequence coverage and the distribution of peptide
length were similar between C. sinensis and C. grandis leaves. Proteins with 20–30 kDa were the
most abundant (Figures S1C and S2C). The protein number in the two citrus species decreased with
increased sequence coverage (Figures S2D and S3D). The number of peptides increased as amino acid
residues increased from six to eight, was less changed as amino acid residues increased from eight to
ten, then decreased with increased amino acid residues (Figures S1E and S2E).

We isolated 176 proteins with increased abundance and 134 proteins with decreased abundance
from +Al C. sinensis leaves. These proteins were related to energy and carbohydrate metabolism,
sulfur metabolism, stress response, low-phosphorus (P) response, nucleic acid metabolism, protein and
amino acid metabolism, cell wall and cytoskeleton metabolism, cellular transport, lipid metabolism,
signal transduction and other processes. By contrast, we only obtained six up- and 11 downregulated
proteins from +Al C. grandis leaves. These proteins were associated with energy and carbohydrate
metabolism, S metabolism, stress response, low-P response, nucleic acid metabolism, protein and
amino acid metabolism, cellular transport, signal transduction and other processes (Figure 2A,B and
Tables S1 and S2).

As shown in Figure 2C and Tables S1 and S2, 324 differentially-abundant proteins were found in
+Al C. sinensis and C. grandis leaves. Among these proteins, 307 differentially-abundant proteins only
presented in C. sinensis and 14 only presented in C. grandis, and only three differentially-abundant
proteins with the same accession number (i.e., Ciclev10026096 m, Ciclev10015568 m and Ciclev10009194 m)
were shared by the two species.
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Figure 1. Effects of Al toxicity on leaf CO2 assimilation (A); stomatal conductance (B); intercellular
CO2 concentration (C); Al (D) and total soluble protein (E) concentrations. Bars represent the
means ˘ standard error SE (n = 5). DW: dry weight; FW: fresh weight. Differences among four
treatment combinations (two species ˆ two Al) were analyzed by two-way analysis of variance.
Means were separated by Duncan’s new multiple range test. Different letters above the bars indicate
a significant difference at p < 0.05.
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Figure 2. Classification of Al toxicity-responsive proteins in C. sinensis (A) and C. grandis (B) leaves;
and Venn diagram analysis of Al toxicity-responsive proteins (C).

2.3. Transcriptional Analysis of Genes for Some Differentially-Abundant Proteins

qRT-PCR was applied to analyze the mRNA levels of genes for 20 differentially-abundant proteins,
which were selected in a randomized manner from +Al C. grandis and C. sinensis leaves. Except for
three genes (i.e., Ciclev10008649m, Ciclev10000951m and Ciclev10022212m), the expression profiles of
all of these genes matched with our iTRAQ data (Figure S3; Tables S1 and S2), indicating that 85% of
these differentially-abundant proteins were regulated at the transcriptional level.

2.4. Analysis of Five Al Toxicity-Responsive Enzymes in C. sinensis Leaves

In this study, we measured the activities of five enzymes related to ROS scavenging (i.e.,
superoxide dismutase (SOD), APX, catalase (CAT) and monodehydroascorbate reductase (MDAR))
and jasmonic acid (JA) biosynthesis (i.e., lipoxygenase (LOX)) in C. sinensis leaves in order to validate
the differentially-abundant enzymes. As shown in Figure 3 and Table S1, the activities of all five
enzymes matched well with our iTRAQ data.
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Figure 3. Effects of Al toxicity on the activities of superoxide dismutase (SOD) (A); ascorbate peroxidase
(APX) (B); catalase (CAT) (C); monodehydroascorbate reductase (MDAR) (D) and lipoxygenase (LOX)
(E) in C. sinensis leaves. Bars represent the means ˘ SE (n = 4). Significance tests for two means (control
and Al toxicity) were carried out by the unpaired t-test at the p < 0.05 level. Different letters above the
bars indicate a significant difference at p < 0.05.

3. Discussion

3.1. C. sinensis Displayed Higher Metabolic Flexibility than C. grandis

Alterations of proteome compositions are required for plants to deal with Al [7,10–13]. As shown
in Tables S1 and S2, the number of Al toxicity-responsive proteins was higher in C. sinensis leaves than
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in C. grandis leaves, meaning that C. sinensis had higher metabolic flexibility than C. grandis. This agrees
with the report that more Al toxicity-responsive proteins were isolated from C. sinensis roots than from
C. grandis ones [10]. Thus, we concluded that the metabolic flexibility contributed to the higher Al
tolerance of C. sinensis.

3.2. Al Toxicity-Induced Alterations of Energy and Carbohydrate Metabolism-Related Proteins Contribute to
the Higher Al-Tolerance of C. sinensis

We isolated 27 up- and 10 downregulated proteins related to energy and carbohydrate
metabolism from +Al C. sinensis leaves, but only one upregulated proteins from +Al C. grandis ones
(Tables S1 and S2). A similar result has been obtained on +Al C. sinensis and C. grandis roots [10].
Energy deprivation is a general symptom of photosynthetic plants under most types of stress. A close
relationship exists between energy availability and stress tolerance [24]. Here, we identified eight
upregulated proteins in photosystem (PS) II and Calvin cycle from +Al C. sinensis leaves, which agrees
with the report that Al toxicity increased the activities of Calvin cycle enzymes in citrus leaves [25].
The upregulation of these proteins might be responsible for the higher photosynthesis and for the
maintenance of energy homeostasis. This is also supported by our data that CO2 assimilation was not
reduced in +Al C. sinensis leaves (Figure 1A).

Seven increased (i.e., AT5G11720.1, AT3G26720.1, AT4G39010.1, AT4G34480.1, AT3G57240.1,
AT3G57270.1 and AT5G24090.1) and two decreased (i.e., AT5G49360.1 and AT3G48950.1) proteins
in abundances related to cell wall polysaccharide degradation were isolated from +Al C. sinensis
leaves. Furthermore, four upregulated proteins in cell wall polysaccharide (i.e., AT1G22360.1 and
AT1G22380.1) and starch (i.e., AT2G36390.1 and AT1G32900.1) biosynthesis, one downregulated
protein (i.e., AT1G29050.1) in cellulose synthesis and one downregulated protein (i.e., AT5G19220.1) in
starch biosynthesis were identified from +Al C. sinensis leaves (Table S1). Thus, the remodeling of the
cell wall structure might occur in these leaves by selective degradation and/or biosynthesis of some
polysaccharide components, thus contributing to their Al tolerance [26]. Besides, the degradation
products of the reserve polysaccharides might be utilized as a source of carbon or energy for other key
metabolic processes [27].

We found that all four differentially-abundant proteins (i.e., AT3G04120.1, AT5G56350.1,
AT3G08590.1 and AT5G15140.1) in glycolysis were upregulated in +Al C. sinensis leaves (Table S1).
Wang et al. observed that most of the Al toxicity-responsive proteins in glycolysis were upregulated
in Al-tolerant rice roots, concluding that Al-tolerant roots could maintain their basic respiration
and provide more glycolytically-produced ATP under Al stress [11]. Thus, the Al toxicity-induced
upregulation of glycolysis might play a role in the higher Al tolerance of C. sinensis.

3.3. Al Toxicity-Induced Upregulation of Antioxidant Systems and Other Stress-Related Proteins Played a Role
in the Al Tolerance of C. sinensis

Aluminum toxicity can lead to the excessive generation of ROS, thus causing lipid peroxidation
in plants [28,29]. Plants have evolved diverse non-enzymatic and enzymatic defense mechanisms
to minimize cellular damage caused by ROS. S metabolism is a core pathway for the synthesis of
S-containing compounds [7,12]. Through producing different S-containing compounds, such as
reduced glutathione (GSH), cysteine, cysteine-rich metal-chelating proteins, glutaredoxins (GRXs)
and thioredoxins (TRXs), ATP sulfurylase (ATPS) and other S-metabolism-related enzymes play key
roles in plant tolerance to abiotic stresses, including Al toxicity [30,31]. Here, we obtained 15 up- and
two downregulated proteins associated with S metabolism from +Al C. sinensis leaves, indicating that
S metabolism was enhanced in these leaves (Table S1; Figure S4). However, we only isolated one
downregulated S metabolism-related protein from +Al C. grandis leaves (Table S2). This agrees with
our report that S metabolism was upregulated in +Al C. sinensis and C. grandis roots, particularly in
the former [10].

Besides S metabolism-related proteins, the abundance of four other antioxidant enzymes was
higher in +Al C. sinensis leaves (Table S1), which agrees with our report that the activities of antioxidant
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enzymes were enhanced in +Al citrus leaves [32]. However, the abundances of CAT, ATP1a/ATP1b
and probable MDAR were decreased in +Al C. sinensis leaves. To validate the reliability of iTRAQ data,
we assayed the activities of four differentially-abundant antioxidant enzymes (i.e., SOD, APX, CAT
and MDAR) in C. sinensis leaves. The activities of SOD and APX were higher in +Al leaves than in
controls, while the reverse was the case for the activities of CAT and MDAR (Figure 3A–D). This fully
agrees with the data obtained by iTRAQ (Table S1). Furthermore, we isolated 11 other upregulated
proteins (i.e., AT4G10720.1, AT5G54620.1, AT2G42590.3, AT3G23400.1, AT4G22240.1, AT3G47860.1,
AT1G09560.1, AT4G03240.1 and three AT1G17100.1), which can protect plants against oxidative stress,
from +Al C. sinensis leaves.

Al toxicity increases the production of aldehydes [29], which can result in a rapid and excessive
accumulation of ROS in plant cells [33]. Yin et al. demonstrated the involvement of aldehydes in
+Al tobacco roots [29]. Transgenic plants and yeasts overexpressing aldehyde scavenging enzyme
genes, such as aldo-keto reductase [34], alcohol dehydrogenase [35] and aldehyde dehydrogenase [33],
displayed enhanced tolerance to oxidative stress resulting from various environmental stresses through
aldehyde detoxification. We observed that the abundances of one probable aldo-keto reductase 2
and two alcohol dehydrogenases were increased in +Al C. sinensis leaves, indicating that aldo-keto
reductase and alcohol dehydrogenase might play a role in the adaptation of C. sinensis to Al toxicity.
However, the abundance of aldehyde dehydrogenase 22A1 was reduced in +Al C. sinensis leaves
(Table S1).

To sum up, the total ability of detoxification was greatly enhanced in +Al C. sinensis leaves.
However, only one downregulated S metabolism-related protein was identified from +Al C. grandis
leaves (Table S2). Therefore, the Al toxicity-induced upregulation of detoxification systems might play
a role in the higher Al tolerance of C. sinensis.

Chaperones/HSPs play key roles in protecting plants against various stresses, including Al
toxicity [7]. We obtained eight upregulated chaperones/HSPs from +Al C. sinensis leaves (Table S1),
which agrees with the reports that there are one low molecular weight (LMW)-HSP and three DnaJ-like
proteins in Al-tolerant soybean roots [14], and two dnaK-type molecular chaperone hsc70.1 (At5g02500)
in Al-tolerant Arabidopsis ecotype (Col-0) roots increased in response to Al toxicity [36]. Therefore,
chaperones/HSPs might play a role in the higher Al tolerance of C. sinensis via re-establishing normal
protein conformation and maintaining cellular homeostasis. In addition, Al toxicity also induced
another seven stress-related proteins (i.e., AT1G01470.1, AT5G54110.1, AT1G17020.1, AT3G04720.1,
AT2G21620.1, AT3G53990.1 and AT1G24020.2) in C. sinensis leaves.

3.4. Low P-Responsive Proteins Were Induced by Al Toxicity, Particularly in C. sinensis Leaves

We isolated one down- and 14 upregulated low P-responsive proteins from +Al C. sinensis
leaves, but only two upregulated ones from +Al C. grandis leaves (Tables S1 and S2). This agrees
with our reports that Al toxicity reduced the P level in citrus roots, stem and leaves [23,37].
Inorganic pyrophosphatases, which catalyze the hydrolysis of pyrophosphate (PPi) to phosphate
(Pi), may play a role in plant adaptation to Pi- limitation [38]. Ribonucleases have a role in
the remobilization of Pi during Pi limitation [39]. Al toxicity leads to plant P deficiency, thus
inducing purple acid phosphatases in order to enhance Pi acquisition and utilization in plants [11].
The glycerophosphodiester phosphodiesterase (GDPD)-mediated lipid metabolic pathway might
function in the release of Pi from phospholipids during Pi deprivation [40]. Gregory et al. reported
that in vivo phosphorylation activation of phosphoenolpyruvate carboxylase contributed to the
metabolic adaptation of Pi-starved Arabidopsis [41]. Caparrós-Martín et al. found that the expression of
AtSgpp (At2g38740) encoding haloacid dehalogenase (HAD)-like hydrolase was affected by (a)biotic
stresses, being the greatest under Pi starvation, concluding that AtSgpp might function in maintaining
the homeostatic balance of Pi in the cell [42]. Thus, the Al toxicity-induced upregulation of low
P-responsive proteins might play a role in the maintenance of cellular P homeostasis through the
conversion of organic P and/or PPi into available Pi.
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3.5. RNA Regulations Might Play a Role in the Higher Al Tolerance of C. sinensis

Gene expression is regulated at the transcriptional and the post-transcriptional levels.
We identified five upregulated transcription factors (TFs) (i.e., probable WRKY TF 50, basic-leucine
zipper (bZIP) TF family protein, nuclear factor Y (NFY), subunit C11, C2H2-like zinc finger protein
and HAP3-like protein), one downregulated TF (Myb domain protein 15), two upregulated (i.e.,
methyl-CPG-binding domain 11 and GLNB1 homolog) and two downregulated (i.e., zinc knuckle
(CCHC-type) family protein and mitochondrial transcription termination factor family protein)
proteins related to transcription regulation in +Al C. sinensis leaves (Table S1). Regulatory genes have
crucial roles in plant tolerance to abiotic stresses, including Al toxicity [6,7,43,44]. Three zinc finger
TFs, AtSTOP1 (sensitive to proton rhizotoxicity), OsART1 (Al resistance TF) and TaSTOP1, have been
cloned from Arabidopsis, rice and bread wheat, respectively. They play a key role in Al detoxification
via regulating multiple genes responsible for Al tolerance [44,45]. The expression level of bZIP94
TF was higher in Al-tolerant soybean roots than in Al-sensitive ones 48 h after Al treatment [46].
Plant NFY confers maize, rice and Arabidopsis stress tolerance [47,48]. The post-transcriptional
regulations, which include RNA capping, RNA polyadenylation, RNA splicing, RNA transport
and RNA stability, play a role in plant adaptation to abiotic stress, including Al toxicity [49,50].
We got two upregulated RNA-binding (RRM/RBD/RNP motifs) family proteins for mRNA stability,
one upregulated pentatricopeptide repeat (PPR) superfamily protein mainly involved in regulating
post-transcriptional processes [51], one upregulated putative pre-mRNA splicing factor and one
downregulated spliceosome-associated protein 130 for RNA splicing from +Al C. sinensis leaves.
An Arabidopsis chloroplast PPR protein SVR7 was reported to be important for normal photosynthesis
and oxidative tolerance [52]. SOAR1, a cytosolic-nuclear PPR protein, had key roles in plant
tolerance [51]. Lee et al. showed that STA1, a pre-mRNA splicing factor, was essential for stress
tolerance in Arabidopsis [53]. To conclude, most of these differentially-abundant proteins related to
RNA regulations were induced in +Al C. sinensis leaves. However, we only isolated one upregulated
methyl-CpG-binding domain 9 and one downregulated DEK domain-containing chromatin-associated
protein related to RNA regulations from +Al C. grandis leaves (Table S2). Thus, RNA regulation might
play a role in the higher Al tolerance of C. sinensis.

3.6. Protein Metabolism Was More Adaptive to Al Toxicity in C. sinensis than in C. grandis

We isolated 66 down- and nine upregulated proteins in protein synthesis from +Al C. sinensis
leaves (Table S1), implying that protein synthesis was impaired in these leaves. However, the total
soluble protein concentration did not significantly differ between +Al and control C. sinensis leaves
(Figure 1E). It seemed that other causes were involved in regulating the total soluble protein level in
+Al leaves. Cao et al. showed that Al decreased the ATP level in Pinus massoniana needles [54]. Thus, the
ATP level might be decreased in +Al C. sinensis leaves. Protein synthesis, a major consumer of ATP, is
subject to strict regulation under conditions where ATP production becomes limited [55]. Thus, the Al
toxicity-induced downregulation of protein synthesis-related proteins might be an adaptive response
to Al toxicity by saving ATP due to reasonable regulation of protein translation in these leaves. Similar
results have been reported on +Al C. sinensis, rice and Arabidopsis roots [10,11,56]. Furthermore, the Al
toxicity-induced inhibition of many ribosomal proteins in C. sinensis leaves might imply a redistribution
of the resources to meet the increased requirement for amino acids in non-ribosomal peptide (i.e., GSH
and phytochelation for Al complexation) synthesis. This is also supported by the above inference that
S metabolism was induced in +Al C. sinensis leaves and by the report that +Al Citrus reshni leaves
had higher levels of GSH and oxidized glutathione (GSSG) [32]. However, we only identified two
downregulated protein synthesis-related proteins in +Al C. grandis leaves (Table S2).

Plant proteases are required for the strict control of protein quality and the selective degradation
of specific proteins in response to biotic and abiotic stresses [57]. Futile and inactive (i.e., incorrectly
folded) proteins are targeted by ubiquitin for degradation [58]. As expected, we identified
15 upregulated proteinase-related proteins and two upregulated (i.e., AT4G10790.1 and AT4G17510.1)
ubiquitination-related proteins in +Al C. sinensis leaves (Table S1). In addition to degrading mature
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proteins into free amino acids, the proteolytic cleavage of proteins by proteinases and ubiquitination
also plays a role in the modification and maturation of proteins. Because no difference was
observed in the total soluble protein level between +Al and control C. sinensis leaves (Figure 1E),
the Al toxicity-induced upregulation of proteases and ubiquitination-related proteins might mainly
function in the modification and maturation of proteins, which might provide an adaptive response
to Al toxicity by maintaining the stability of protein complexes and/or the recycling of nitrogen.
By contrast, we only obtained one upregulated ubiquitin-protein ligase 1 from +Al C. grandis leaves
(Table S2).

3.7. Cell Wall and Cytoskeleton Metabolism-Related Proteins

Expansins, which enable the growing cell wall to extend by weakening noncovalent bonding
between the matrix and cellulose microfibrils, are believed to be the key regulators of wall extension
during growth [59]. The upregulation of expansin-like B1 in +Al C. sinensis leaves (Table S1) might be
helpful to plant growth by loosening the cell wall. This is supported by our data that the abundance
of seven proteins involved in cell wall polysaccharide degradation were enhanced in +Al C. sinensis
leaves. Al toxicity inhibits cytoskeletal dynamics and Al interacts with the microtubules and actin
filaments [60]. As expected, we identified four cytoskeleton-related Al toxicity-responsive proteins
from C. sinensis leaves. The higher abundance of actin depolymerizing factor 1 in +Al C. sinensis leaves
means that depolymerization of actin filaments might be enhanced in these leaves. The polymerization
and depolymerization of actin filaments may provide cells with the ability to rapidly remodel the
cytoskeleton in response to endogenous cues or external signals [61]. Thus, the induction of actin
depolymerizing factor 1 in +Al C. sinensis leaves might be an adaptive response to Al toxicity.

3.8. Cellular Transport-Related Proteins

We identified ten up- and nine downregulated proteins related to cellular transport in
+Al C. sinensis leaves (Table S1), indicating that cellular transport was altered under Al-stress.
Hamilton et al. showed that V-ATPase was induced by Al toxicity in an Al-resistant wheat cultivar [62].
Further study suggested that V-ATPase activity played a role in wheat Al resistance [63]. Ferritins not
only are important for iron homeostasis, but also play key roles in preventing oxidative damage by
sequestering highly reactive intracellular Fe and inhibiting the production of hydroxyl radicals [64].
Besides their role in the transport of O2, plant hemoglobins are plausible targets for enhancing
stress tolerance. Over-expression of hemoglobin 1 (Hb1) gene conferred stress tolerance to plants
by maintaining the cellular energy status and growth, as well as improving the survival of plants
under stress conditions [65–68]. CDGSH Fe-S domain-containing protein NEET plays crucial
roles in plant development, senescence, Fe homeostasis/metabolism and ROS homeostasis [69].
Wang et al. reported that clathrin light chains (CLCs) played a key role in regulating clathrin-mediated
trafficking, auxin signaling and development in Arabidopsis [70]. Lam et al. demonstrated that
the secretory carrier-associated membrane proteins (SCAMPs) highlighted the developing cell plate
during cytokinesis in tobacco BY-2 cells [71]. Voltage-dependent anion channels (VDACs) mediate
the exchange of metabolites, such as ATP, NADH and ions between mitochondria and cytoplasm.
AtVDAC1 is essential for the maintenance of mitochondrial functions associated with energy
transaction in Arabidopsis [72]. Heavy metal-associated domain-containing protein plays a role in heavy
metal transport and/or detoxification [73,74]. Therefore, the Al toxicity-induced upregulation of these
proteins might be an adaptive strategy. However, we only isolated one upregulated transport-related
protein (AT1G80310.1) from + Al C. grandis leaves (Table S2).

3.9. Lipid Metabolism-Related Proteins

JA one of the most important signaling molecules, is an oxylipin. Oxylipins and JA derivatives
have active roles in plant tolerance to (a)biotic stresses [75]. We found that the levels of three
enzymes involved in JA biosynthesis (i.e., lipoxygenase 2 (LOX2), allene oxide cyclase 3 (AOC3)
and acyl-activating enzyme 7) were increased in +Al C. sinensis leaves, but unaffected in +Al C. grandis
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leaves (Tables S1 and S2). Furthermore, the activity of LOX was increased in +Al C. sinensis leaves
(Figure 3D). This agrees with the reports that both JA biosynthesis and level might be enhanced
in +Al C. sinensis roots [10], that both the shoot LOX activity and Al toxicity-induced increase in
shoot LOX activity were higher in the Al-tolerant sorghum cultivar than in the Al-sensitive one [76]
and that NO enhanced the Al toxicity-induced increase in AOC3 in rice leaves [13]. Therefore, JA
signaling might be activated in +Al C. sinensis leaves, thus contributing to the higher Al tolerance
of C. sinensis. Similarly, the levels of two acyl-CoA thioesterases, which presumably participate in
the release of JA from JA-CoA [77], were increased in +Al C. sinensis leaves. However, the level
of long chain acyl-CoA synthetase 4, which activates free fatty acids to acyl-CoA thioesters, was
decreased in +Al C. sinensis leaves (Table S1). GDSL esterases/lipases perform crucial roles in plant
abiotic responses [78]. Gujjar et al. reported that GDSL20 were downregulated more strongly in
a drought-sensitive tomato line than in a drought-tolerant one [79]. Thus, the higher level of GDSL
esterase/lipase 5 in +Al C. sinensis leaves (Table S1) might contribute to the higher Al tolerance of
C. sinensis.

3.10. Signal Transduction-Related Proteins

Signal transduction is altered by Al toxicity [6,7,13]. As expected, we isolated five upregulated and
one downregulated protein related to protein phosphorylation/dephosphorylation, four upregulated
Ca signal-related proteins and another five proteins (i.e., four upregulated and one downregulated)
involved in signal transduction from +Al C. sinensis leaves (Table S1). Clay and Nelson found that
the loss of VH1 caused premature leaf senescence and defective vascular transport in Arabidopsis [80].
The upregulation of the protein phosphatase 2C (PP2C) family protein in +Al C. sinensis leaves agrees
with the reports that PP2A was elevated only in Al-tolerant soybean roots by Al toxicity [15] and
that the expression of PP2C was upregulated in Al-tolerant soybean roots relative to Al-sensitive
ones [46]. Studies in transgenic plants demonstrated that serine/threonine-protein phosphatases
2A and 5 positively regulated the responses of plants to abiotic stresses [81,82]. The increased
abundance of four Ca signal-related proteins in +Al C. sinensis leaves agrees with the report that
three Ca-binding proteins were enhanced in +Al rice leaves [13], implying the involvement of Ca in
C. sinensis Al tolerance. The upregulation of the auxin-responsive family protein in +Al C. sinensis
leaves indicates that the auxin signal pathway might be involved in plant Al tolerance. This agrees
with the report that NO improved rice Al tolerance possibly through its interaction with auxin and GA
signals [13]. In addition, we obtained two proteins (i.e., one upregulated farnesylcysteine lyase and one
downregulated farnesyltransferase A) involved in abscisic acid (ABA) signaling from +Al C. sinensis
leaves. To sum up, the responses of C. sinensis to Al toxicity were regulated in multiple signal pathways,
thus contributing to the higher Al tolerance, while only two downregulated proteins related to signal
transduction were isolated from +Al C. grandis ones (Table S2).

4. Materials and Methods

4.1. Plant Materials and Al Treatments

‘Sour pummelo’ (Citrus grandis (L.) Osbeck) seeds were collected from Fujian Academy of Forestry
Sciences, Fuzhou, China. ‘Xuegan’ (Citrus sinensis (L.) Osbeck) seeds were collected from Minan village,
Tingjiang town, Mawei district, Fuzhou, China. This study was carried out at Fujian Agriculture
and Forestry University, Fuzhou, China (26˝51 N, 119˝141 E). Plant culture and Al treatments were
performed according to Jiang et al. [10]. In late May (five weeks after seed germination), uniform
seedlings of C. grandis and C. sinensis were transported to 6 L pots (two plants to a pot) containing
clean river sand and grown in a greenhouse under a natural photoperiod. Each pot was supplied
with 500 mL of nutrient solution every two days. The nutrient solution contained the following
macronutrients (in mM): KNO3, 1; Ca(NO3)2, 1; KH2PO4, 0.1; MgSO4, 0.5; and micronutrients (in μM):
H3BO3, 20; MnCl2, 2; ZnSO4, 2; CuSO4, 0.5; (NH4)6Mo7O24, 0.065; and Fe-ethylenediaminetetraacetic
acid (EDTA), 20. Six weeks after transplanting, each pot was supplied daily with a nutrient solution
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containing 0 (control) or 1.2 mM AlCl3¨ 6H2O (+Al) until the sand was saturated. The pH of the
nutrient solutions was adjusted to 4.1–4.2 using HCl or NaOH. Eighteen weeks after the beginning
of Al treatments, fully-expanded (about seven-week-old, midribs and petioles removed) leaves were
collected at noon under full sun from different replicates and treatments and immediately frozen
in liquid N2. Samples were stored at ´80 ˝C until they were used for protein extraction, qRT-PCR
analysis, total soluble protein concentration and the enzyme activity assay. The remaining seedlings
that were not sampled were used to measure leaf Al concentration and gas exchange.

4.2. Measurements of Leaf Gas Exchange, Total Soluble Protein and Al Concentrations

Leaf gas exchange was measured with a CIARS-2 portable photosynthesis system (PP systems,
Herts, U.K.) at ambient CO2 concentration under a controlled light intensity of ca. 1000 m´2¨ s´1

between 9:00 and 11:00 on a clear day. During all of the measurements, leaf temperature and relative
humidity were 31.9 ˘ 0.2 ˝C and 71.4% ˘ 0.6%, respectively. There were five replicates per treatment.

Leaf total soluble protein concentration was assayed according to Bradford [83] after being
extracted with 50 mM Na2HPO4-KH2PO4 (pH 7.0) and 5% (w/v) insoluble polyvinylpyrrolidone.
There were five replicates per treatment.

About seven-week-old leaves (midribs and petioles removed) were collected and dried at 70 ˝C
for 48 h. Leaf Al concentration was determined colorimetrically by the aluminon (the triammonium
salt of aurintricarboxylic acid) after being digested in a mixture of HNO3:HClO4 [84]. There were five
replicates per treatment.

4.3. Protein Extraction

Proteins were extracted from frozen leaves using a phenol extraction procedure according to
Yang et al. [85]. Briefly, equal amounts of frozen leaves from six plants (one plant per pot) were mixed
as a biological replicate. There was one biological replicate for each treatment. About 1 g frozen mixed
samples was well ground in liquid N2 with a mortar and pestle. Four milliliters of ice-cooled buffer
containing 100 mM Tris-HCl pH 7.8, 100 mM KCl, 50 mM L-ascorbic acid, 1% (v/v) Triton X-100, 1%
(v/v) β-mercaptoethanol and 1 mM phenylmethanesulfonyl fluoride (PMSF) were added to the powder
and gently pulverized. The mixture was allowed to thaw slowly on ice. The resulting suspension was
transferred to a 10-mL tube, then an equal volume of Tris-phenol (pH 8.0) was added. The mixture was
thoroughly vortexed before centrifuging at 13,000ˆ g for 15 min at 4 ˝C. The upper phenolic phase was
transferred to a 50-mL tube, then five volumes of 100 mM ammonium acetate/methanol were added.
After mixing carefully, the mixture was stored at ´20 ˝C overnight. The supernatant was removed
carefully after centrifugation at 13,000ˆ g for 15 min at 4 ˝C, then the protein pellets were suspended
in 25 mL of ice-cooled methanol for 2 h at ´20 ˝C. Protein pellets were collected by centrifugation at
13,000ˆ g for 15 min at 4 ˝C and then were resuspended in 25 mL of ice-cooled acetone containing 0.1%
β-mercaptoethanol and kept at ´20 ˝C for 2 h. After centrifugation at 13,000ˆ g for 15 min at 4 ˝C, the
pellets were washed twice with 25 mL of ice-cooled acetone, then dried by lyophilization and finally
stored at ´80 ˝C until use. Lyophilized proteins were dissolved in buffer containing 8 M urea, 50 mM
triethylammonium bicarbonate (TEAB), pH 8.5, 0.1% sodium dodecyl sulfate (SDS) and protease
inhibitor cocktail (Roche, Indianapolis, IN, USA) for 1 h at 4 ˝C under constant mixing. After being
centrifuged at 16,000ˆ g for 20 min at 4 ˝C, the supernatant was collected and quantified using the
BCA assay kit (Pierce, Rockford, IL, USA).

4.4. iTRAQ Analysis

iTRAQ analysis was performed according to the manufacturer’s instructions (AB Sciex Inc.,
Framingham, MA, USA) at CapitalBio Technology, Beijing. Six volumes of pre-cooled acetone (´20 ˝C)
were added to each sample tube (100 μg total protein). After being inverted thrice, the tube was
incubated at ´20 ˝C until a flocculent was formed (4–16 h). Thereafter, the acetone was decanted after
centrifugation at 10,000ˆ g for 15 min. Protein from +Al and control leaves was dissolved in a mixture
(100 μL) containing 35 μL 8 M urea and 9 μL 500 mM TEAB. Protein reduction, cysteine block, trypsin
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digestion and iTRAQ™ labels were performed according to manufacturer’s protocol for iTRAQ®

Reagents–8plex (AB Sciex Inc., MA, USA; Sciex iChemistry® Product Number 4390812). Al-treated and
control samples for C. sinensis were labeled with 121 and 119 tags; samples of C. grandis were labeled
with 117 and 114 tags, respectively. Each label contained a reporter group, a peptide reactive group
(PRG) and a balance group. When the labeled peptide was fragmented along the peptide backbone
by MS/MS fragmentation, the iTRAQ™ reporter groups broke off and yielded distinct ions at m/z
113, 114, 115, 116, 117, 118, 119 and 121. The relative intensities of the reporter ions were shown to be
directly proportional to the relative levels of each peptide in the samples. The peptides labeled with
the isobaric tags were incubated at room temperature for 2 h. The labeled peptide mixtures were then
pooled and stored at ´80 ˝C until use.

For strong cationic exchange (SCX) chromatography using an Agilent 1260 Infinity
high-performance liquid chromatography (HPLC) (Agilent Technologies, Palo Alto, CA, USA), the
labeled peptides were first lyophilized and reconstituted in solvent A (2% acetonitrile (ACN), pH 10),
then the samples were loaded onto the XBridge C18, 5 μm, 250 ˆ 4.6 mm column (Waters, Milford,
MA, USA) and eluted using a gradient of 5%–45% Solvent B (90% ACN, pH 10) for 40 min. A total of
40 fractions was collected, which were then concatenated to 20 fractions, vacuum dried and stored at
´80 ˝C until further LC-MS analysis.

The LC-MS/MS analysis was carried out in CapitalBio Technology using a Q Exactive mass
spectrometer (Thermo Scientific, San Jose, CA, USA). The peptide mixture was separated by reversed
phase chromatography on a DIONEX nano-UPLC system using an Acclaim C18 PepMap100 nano-Trap
column (75 μm ˆ 2 cm) connected to an Acclaim PepMap RSLC C18 analytical column (75 μm ˆ 25 cm,
2 μm particle size) (Thermo Scientific). Before loading, the sample was dissolved in Mobile Phase A,
containing 2% ACN and 0.1% formic acid. A linear gradient of Mobile Phase B (0.1% formic acid
in 99.9% ACN) from 2%–35% in 45 min was followed by a steep increase to 80% Mobile Phase B in
1 min at a flow rate of 300 nL¨ min´1. The nano-LC was coupled online with the Q Exactive mass
spectrometer using a stainless steel Emitter coupled to a nanospray ion source.

Mass spectrometry analysis was made in a data-dependent manner with full scans (350–1600 m/z)
acquired using an Orbitrap mass analyzer (Thermo Fisher Scientific, Carlsbad, CA, USA) at a mass
resolution of 70,000 FWHM at 400 m/z in Q Exactive. The twenty most intense precursor ions from
a survey scan were selected for MS/MS from each duty cycle and detected at a mass resolution of
17,500 FWHM at m/z of 400 in the Orbitrap analyzer. All of the tandem mass spectra were produced
by the higher energy collision dissociation (HCD) method. Dynamic exclusion was set for 20 s.

Proteome discoverer (1.4) software (Thermo Scientific) was used to perform database searching
against the Citrus clementina database (https://www.citrusgenomedb.org/species/clementina/
genome1.0) using the Sequest algorithms. The following settings were applied: precursor mass
tolerance of 20 ppm, fragment mass tolerance of 0.02 Da. Trypsin was specified as the digesting enzyme,
and 2 missed cleavages were allowed. Cysteine carbamidomethylation and iTRAQ modifications
(N-terminus and lysine residues) were defined as fixed modifications, and methionine oxidation was
the variable modification. The results were filtered using the following settings: only high confident
peptides with a global false discovery rate (FDR) <1% based on a target-decoy approach were included
in the results. In the iTRAQ quantitation workflow, the most confident centroid method was used with
an integration window of 20 ppm. For protein quantitation, only proteins that contained at least two
unique peptides were used to quantify proteins. The quantitative protein ratios were weighted and
normalized by the median ratio in Mascot [10,86]. In this study, a protein was considered differentially
abundant when it had a fold change of >2 and a p value of <0.05.

Bioinformatic analysis of proteins was performed according to Yang et al. [85] and Gan et al. [87].

4.5. qRT-PCR Analysis of Gene Expression

About 300 mg of frozen leaves collected equally from six pots (one plant per pot, one leaf
per plant) were mixed as a biological replicate. There were three biological replicates for each
treatment. Total RNAs were independently extracted thrice from +Al and control frozen leaves
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using the Recalcitrant Plant Total RNA Extraction Kit (Centrifugal column type, Bioteke Corporation,
Beijing, China) according to the manufacturer’s instructions. Gene-specific primers were designed
using Primer Software Version 5.0 (PREMIER Biosoft International, Palo Alto, CA, USA) according to
the corresponding sequences of selected proteins in the citrus genome (http://www.phytozome.net/
cgi-bin/gbrowse/citrus/). The sequences of the F and R primers used are given in Table S3. qRT-PCR
was performed according to Zhou et al. [88]. Each sample was run in two technical replicates. For the
normalization of gene expression, citrus actin (GU911361.1) was used as an internal standard, and the
leaves from control plants were used as the reference sample, which was set to 1.

4.6. Analysis of SOD, APX, CAT, MDAR and LOX Activities in C. sinensis Leaves

Leaf SOD, APX, CAT and MDAR were assayed according to Li et al. [89]. Leaf LOX was assayed
by the formation of conjugated dienes from linoleic acid according to Axelrod et al. [90].

4.7. Experimental Design and Statistical Analysis

There were 40 seedlings (20 pots) in a completely randomized design. Experiments were
performed with 3–5 replicates except for iTRAQ analysis. For each treatment, only one biological
sample was used to perform iTRAQ analysis. The replicates represented material from individual
plants, except for iTRAQ and qRT-PCR analysis, in which each biological replicate was created by
pooling equal samples from six different plants (one plant per pot). Differences among four treatment
combinations (two species ˆ two Al) were analyzed by two-way analysis of variance. Four means
were separated by Duncan’s new multiple range test at p < 0.05. Significant tests between two means
(control and Al toxicity) were carried out by the unpaired t-test at the p < 0.05 level.

4.8. Data Deposit

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE Proteomics Identification (PRIDE) partner repository with the dataset
identifier PXD002916

5. Conclusions

Al toxicity only lowered C. grandis leaf CO2 assimilation and total soluble protein concentration,
demonstrating that C. sinensis had higher Al tolerance than C. grandis. Here, we used iTRAQ to
investigate comparatively Al toxicity-responsive proteins in Al-tolerant C. sinensis and Al-intolerant
C. grandis leaves and obtained more differentially-abundant proteins from +Al C. sinensis leaves than
from +Al C. grandis leaves. The majority of the differentially-abundant proteins only presented in
C. sinensis or C. grandis; only three Al toxicity-responsive proteins were shared by both. C. sinensis
displayed higher metabolic flexibility than C. grandis, possibly contributing to the higher Al tolerance of
C. sinensis. The higher Al tolerance of C. sinensis might include several aspects: (a) photosynthesis and
energy-related proteins were more adaptive to Al toxicity in C. sinensis than in C. grandis, which might
account for the better maintenance of photosynthesis and energy balance in +Al C. sinensis leaves;
(b) less increased requirement for detoxification of ROS and other toxic compounds, such as aldehydes,
due to Al toxicity-induced inhibition of photosynthesis, because CO2 assimilation was not significantly
altered, and great improvement of the total ability of detoxification via inducing proteins related to
detoxification of ROS (i.e., S metabolism related proteins, SOD, peroxidase, plastid-lipid-associated
proteins, germin-like proteins and frataxin) and aldehydes (i.e., aldo-keto reductase and alcohol
dehydrogenase) in +Al C. sinensis leaves; (c) induction of low P-responsive proteins in +Al C. sinensis
leaves. In addition, Al toxicity-responsive proteins related to RNA regulations, protein metabolism,
cellular transport and signal transduction might contribute to the higher Al tolerance of C. sinensis.
Here, we presented the global picture of Al toxicity-induced protein alterations in Al-tolerant C. sinensis
and Al-intolerant C. grandis leaves and identified some new Al toxicity-responsive proteins involved
in carbohydrate and energy metabolism (i.e., ferredoxin 3 and aldose 1-epimerase), detoxification
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(i.e., ATPS, lipocalin, aldo-keto reductase, ankyrin repeat-containing protein and frataxin), low
P-response (i.e., ribonuclease and purple acid phosphatase), nucleic acid metabolism (i.e., bZIP
TF and HAP3-like protein), protein and amino acid metabolism (i.e., cystatin, arginase and cysteine
proteinases), cellular transport (i.e., ferritin and CDGSH iron-sulfur domain-containing protein NEET)
and signal transduction (i.e., VH1-interacting kinase and farnesylcysteine lyase) from plant leaves.
Thus, our findings will increase our understanding of the molecular mechanisms on citrus Al toxicity
and Al tolerance at the protein level.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/
7/1180/s1.
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Abstract: In this study, we conducted the first isobaric tags for relative and absolute quantitation
(isobaric tags for relative and absolute quantitation (iTRAQ))-based comparative proteomic analysis
of ramie plantlets after 0 (minor drought stress), 24 (moderate drought stress), and 72 h (severe
drought stress) of treatment with 15% (w/v) poly (ethylene glycol)6000 (PEG6000) to simulate
drought stress. In our study, the association analysis of proteins and transcript expression revealed
1244 and 968 associated proteins identified in leaves and roots, respectively. L1, L2, and L3 are leaf
samples which were harvested at 0, 24, and 72 h after being treated with 15% PEG6000, respectively.
Among those treatment groups, a total of 118, 216, and 433 unique proteins were identified as
differentially expressed during L1 vs. L2, L2 vs. L3, and L1 vs. L3, respectively. R1, R2, and R3
are root samples which were harvested at 0, 24, and 72 h after being treated with 15% PEG6000,
respectively. Among those treatment groups, a total of 124, 27, and 240 unique proteins were
identified as differentially expressed during R1 vs. R2, R2 vs. R3, and R1 vs. R3, respectively.
Bioinformatics analysis indicated that glycolysis/gluconeogenesis was significantly upregulated in
roots in response to drought stress. This enhancement may result in more glycolytically generated
adenosine triphosphate (ATP) in roots to adapt to adverse environmental conditions. To obtain
complementary information related to iTRAQ data, the mRNA levels of 12 proteins related to
glycolysis/gluconeogenesis in leaves and 7 in roots were further analyzed by qPCR. Most of their
expression levels were higher in R3 than R1 and R2, suggesting that these compounds may promote
drought tolerance by modulating the production of available energy.

Keywords: comparative proteome analysis; drought stress; ramie; isobaric tags for relative and
absolute quantitation (iTRAQ)

1. Introduction

Among several factors controlling plant growth, water plays a vital role [1]. A global water
shortage is a very serious environmental problem. A looming water crisis, which is lead by poor water
management, increased competition of limited water resources, and the uncertain consequences of
global warming, is threatening agricultural productivity world widely [2]. With increasingly limited
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water resources of agriculture, developing the tolerance of crops to water shortages might be the most
economical way to improve agricultural productivity [3]. Therefore, an urgent need exists to enhance
crop tolerance to drought stress.

Plants can respond to adverse environments with several physiological and biochemical strategies
that were derived from a long-term domestication process [2]. Plant response to drought stress is a
complex course, and several mechanisms include drought resistance, which include drought escape
via a developmental plasticity, drought avoidance through reducing water loss and enhancing water
uptake, and drought tolerance by means of antioxidant capacity and osmotic adjustment [4]. In order
to defend against drought stress, plants undergo a process of stress acclimation. This process may
require changes in a large number of stress-related gene expressions [5–7] and synthesis of diverse
functional proteins [8–10]. Recently, expanding transcriptome data sets has uncovered that many genes
were induced or repressed upon drought stress in Arabidopsis [11], maize [12], rice [13], soybean [14],
and ramie [15]. This study was lead to an understanding of the drought stress regulatory mechanism.
However, several transcripts will experience transcriptional, translational, and post-translational
modifications, revealing that the potential drought stress molecular mechanisms via differentially
expressed gene identification are not comprehensive enough [16].

Ramie (Boehmeria nivea L.) is an important natural fiber crop. Ramie is grown on about 80,000 ha
with an annual fiber production of 150,000 t in 2012 (FAOSTAT, http://faostat3.fao.org). In China,
ramie is the second most important fiber crop, behind cotton in crop acreage and fiber production [15].
Ramie grows vigorously in well-watered cultivation environments, resulting in a high yield of
vegetative fiber extracted from stem bast. Good irrigation is essential for this crop, as fiber yield is
reduced under drought stress [17]. To avoid competing land with food crops, ramie can be transferred
to arid or semiarid hilly mountainous areas, where it will face a more serious drought threat in the
future. High fiber yields were obtained in drought-tolerant cultivars of ramie with root systems,
leaf responses, cellular responses, and biochemical activities that allowed high levels of photosynthesis
and carbon deposition under stress [17]. Twelve transcription factors involved in the drought response
were found by Illumina tag-sequencing and qRT-PCR in ramie [15]. However, the levels of mRNA
and proteins did not always correlate well [10]. Protein expression changes in response to drought
stress have been studied in some other plants, and drought stress-induced proteins involved in
photosynthesis [18], signaling pathways [19], oxidative stress detoxification [20], and transport [21]
have been identified. However, the specific proteins induced in ramie under drought conditions
remain unknown.

Here, we provide an iTRAQ-based comparative analysis of the drought-resistant response of
ramie. This is the first use of iTRAQ to research on the molecular mechanisms of ramie related to
drought stress. Identifying and quantifying multiple sample proteins simultaneously is the advantage
of this approach [22]. Proteins that are too large or small, too acidic or basic, too hydrophobic, or in low
abundance are difficult to observe via 2D gel electrophoresis, but can be identified by iTRAQ [22,23].
We imposed drought stress by PEG to evaluate plant drought-tolerance preliminarily [24]. In this
study, the leaves and roots of “Huazhu No. 5” were harvested 0 (L1 and R1), 24 (L2 and R2), and
72 (L3 and R3) hours after being treated with 15% (w/v) PEG6000. Our results provide new insights
into the ramie response to drought stress.

2. Results and Discussion

2.1. Analytical Strategy for Proteome Identification under Drought Stress

The leaves only slightly yellowed and curled after 24 h of drought treatment (Figure 1c) but
showed severe chlorosis and stopped growing after 72 h (Figure 1d). The relative water content (RWC)
of leaves seemed to decline consistently [25].

Many abiotic stresses trigger the production of reactive oxygen species (ROS), which disrupts
normal metabolism by causing oxidative damage to membrane lipids, proteins, and nucleic acids [26].
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Peroxidase activity (POD) can eliminate these harmful molecules [27]. The POD activity first increased
but later decreased [25]. Based on the critical time-points for RWC and the POD activity [25],
three critical time-points (0, 24, and 72 h after drought stress) were screened for morphological (Figure 1)
and physiological results [25]. An iTRAQ-based quantitative proteome analysis was performed for
a global view of the proteome responses to different durations of drought treatments (Figure S1).
Protein mass distribution in ramie is shown in Figure S2.

Figure 1. (a) After two-week propagation from stem cuttings, the plantlets of “Huazhu No. 5” were
transplanted into half-strength Hoagland's solution for 20 days. Leaf and root samples of the same
sizes were harvested at 0 h (b), 24 h(c), and 72 h (d) after materials had been treated with 15% (w/v)
PEG6000 to induce drought stress. They were cultured under cool white fluorescent light in 16/8 h
(light/dark) with a relative humidity of 50%–70% and temperatures about 25 ± 2 ◦C in the daytime
and 20 ± 2 ◦C at night. Scale bar = 2 cm.

2.2. Correlation Coefficients of Biological Replicates

To determine differentially expressed proteins in leaves (L1, L2, and L3) and roots (R1, R2, and
R3), the correlation coefficients between pairs of biological replicates were first evaluated (Figure 2).
The two L1 and R1 controls were used as denominators, respectively. We used the proteins that
were quantified with iTRAQ ratios to calculate correlation coefficients. The ratios (L2L3 vs. L1 and
R2R3 vs. R1) were then log-transformed and plotted against each other. As illustrated in Figure 2,
all correlation coefficients of the biological replicates were equal to or greater than 0.8 [28], indicating
the excellent biological reproducibility of drought-regulated protein expression.
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Figure 2. The correlation coefficients were calculated between two biological replicates. The ratios
of quantified proteins were log-transformed and plotted. (a) Leaves; (b) roots. Tags 113 and 115
in Figure 2a represent repeat (1) and repeat (2) of 0 h of leaf treatment with 15% (w/v) PEG6000,
respectively. Tags 116 and 117 in Figure 2a represent repeat (1) and repeat (2) of 24 h of leaf treatment
with 15% (w/v) PEG6000, respectively. Tags 118 and 119 in Figure 2a represent repeat (1) and repeat
(2) of 72 h of leaf treatment with 15% (w/v) PEG6000, respectively. Tags 113 and 115 in Figure 2b
represent repeat (1) and repeat (2) of 0 h of root treatment with 15% (w/v) PEG6000, respectively.
Tags 116 and 117 in Figure 2b represent repeat (1) and repeat (2) of 24 h of root treatment with 15%
(w/v) PEG6000, respectively. Tags 118 and 119 in Figure 2b represent repeat (1) and repeat (2) of 72 h of
root treatment with 15% (w/v) PEG6000, respectively. The ratios (L2L3 vs. L1 and R2R3 vs. R1) were
then log-transformed and plotted against each other.

2.3. Functional Classification and Annotation

We conducted gene ontology (GO) functional annotation analysis for all identified proteins.
The results cover a wide range of biological processes, cellular components, and molecular functions,
including 44 important functional groups (Figure 3; Table S1). The largest subcategory in the biological
process category was “metabolic processes” and the second was “cellular processes”. In the cellular
component category, “cell”, “cell part”, and “organelle” were the main categories. “Binding” and
“catalytic activity” were the main categories of molecular function.

Identified proteins were classified according to their biological functions using the NCBI COG
(Cluster of Orthologous Groups of proteins) database (http://www.ncbi.nlm.nih.gov/COG/). All leaf
proteins were classified into 22 COG subcategories (Figure 4a; Table S2) including general function
prediction only (13.92%); posttranslational modification, protein turnover, and chaperones (13.57%);
carbohydrate transport and metabolism (12.30%); energy production and conversion (10.79%);
and translation, ribosomal structure, and biogenesis (10.10%). All root proteins were classified
into 21 subcategories (Figure 4b; Table S2) including general function prediction only (12.66%);
carbohydrate transport and metabolism (12.34%); posttranslational modification, protein turnover,
and chaperones (12.34%); energy production and conversion (11.87%); translation, ribosomal structure,
and biogenesis (10.00%), and amino acid transport and metabolism (9.38%). In this study, the identified
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proteins were mainly involved in general function prediction only (R); carbohydrate transport
and metabolism (G); energy production and conversion (C), posttranslational modification, protein
turnover, and chaperones (O); translation, ribosomal structure, and biogenesis (J), and amino acid
transport and metabolism (E) (Figure 4). Proteins related to energy metabolism, stress resistance, “cell
growth, differentiation and structure”, and metabolism-related proteins have also been reported in
ramie under N, P, and K deficiency [29]. The other identified proteins with COG categories are shown
in Figure 4.

 

Figure 3. The categorization of proteins is based on gene ontology (GO) annotation. The category
number is displayed with biological process, cellular components, and molecular functions. y-axis
(left) represents percentages of proteins identified, y-axis (right) represents the protein number.

Figure 4. Cont.
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Figure 4. COG function classification of all leaf (a) and root (b) proteins.

2.4. Effects of Drought Stress on Expression Changes of the Ramie Leaf and Root Proteomes

The results showed that most proteins in leaves were downregulated under drought stress.
Compared to L1 (control), 10 proteins in L2 were upregulated, and 108 proteins were downregulated,
while 20 proteins in L3 were upregulated, and 413 were downregulated (Table 1). The upregulated
proteins in L3 included all 10 that were upregulated in L2, and the downregulated proteins in L3
included 107 that were also downregulated in L2. Proteins that were upregulated or downregulated in
L3 were selected for further analysis.

Table 1. Numbers of differently expressed proteins during drought stress. The “upregulated” row
indicates the number of upregulated proteins in posterior samples compared with anterior samples.
The “downregulated” row indicates the number of downregulated proteins in posterior samples
compared with anterior samples.

Samples Upregulated Downregulated

L1–L2 10 108
L2–L3 0 216
L1–L3 20 413
R1–R2 122 2
R2–R3 20 7
R1–R3 211 29

In contrast, most root proteins were upregulated under drought stress. Compared to R1 (control),
122 proteins in R2 were upregulated, and 2 were downregulated; 211 proteins in R3 were upregulated,
and 29 were downregulated (Table 1). The upregulated proteins in R3 included all 122 proteins
that were upregulated in R2, and the downregulated proteins in R3 contained 2 proteins that were
downregulated in R2. Proteins that were upregulated or downregulated in R3 were selected for
further analysis.

The differentially regulated proteins from leaves and roots were clustered according to similarities
in change profiles across all conditions. A dendrogram and colored image were produced as a
cluster analysis of different samples using Cluster 3.0 (Michael Eisen, Stanford, CA, USA). Dark boxes
indicate no change in expression pattern compared to the control. In Figure 5 (Table S3) and Figure 6
(Table S4), each row represents a single protein and each column represents a treatment (Figure 5: L2
on left, L3 on right; Figure 6: R2 on left, R3 on right). Cluster analysis revealed that the differentially
expressed proteins in leaves could be generally divided into two groups: continuously upregulated
(4.6%; Cluster I) and downregulated (95.4%; Cluster II) in response to drought stress (Figure 5).
The differentially expressed proteins in roots also formed two upregulated (87.9%; Cluster I) and
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downregulated (12.1%; Cluster II) groups in response to drought stress (Figure 6). For Cluster II,
proteins in ramie leaves were mainly involved in energy metabolism and photosynthesis. Other protein
functions included secondary metabolism, starch and sucrose metabolism, disease/defense, signal
transduction, cell structure, and protein synthesis. Plants need a considerable amount of ATP for
sufficient energy for growth, development, and stress responses [30]. Under drought stress, the ATP
synthesis process in ramie was influenced significantly. Large quantities of ATP-related proteins were
downregulated, including ATP synthase alpha subunit, ATP synthase beta subunit, and ATP synthase
CF1 alpha subunit. When plants are under abiotic stress, the initial response is to lower energy
metabolism by reducing ATP synthesis in cells. In accordance with these results, protein abundance
of ATP synthase was decreased under drought stress in spring wheat varieties Ningchun 4 [31].
Photosynthesis is sensitive to drought and other types of stress (e.g., nutrient stress) [29]. For Cluster I,
proteins in ramie roots were mainly involved in energy metabolism. Other protein functions included
secondary metabolism, amino acid metabolism, disease/defense, sucrose metabolism, and protein
synthesis. Large quantities of ATP-related proteins were upregulated, including ATP synthase alpha
subunit, ATP synthase beta subunit, and V-type proton ATPase catalytic subunit A. ATP synthase beta
subunit was upregulated in drought-tolerant Tibetan wild barley genotype XZ5 but downregulated in
drought-sensitive XZ54 [32]. In addition, roots and leaves of ramie also showed differential responses
in accumulation of ATP synthesis-related proteins. It has been reported that these enzymes play an
important role in the removal of abnormal or damaged proteins and in the fine control of some key
cellular components, combining a peptidase and a chaperone activity [33]. Energy deprivation is a
general symptom of photosynthetic plants under stress and ultimately arrests growth and causes cell
death. Many proteins were upregulated in roots under drought stress to induce alternative glycolysis
pathways to maintain energy levels. Energy deficit often enhances inherent pathways of carbohydrate
metabolisms [34].

2.5. Association and Differential Expression Analysis of Proteome and Transcriptome Data

To investigate association and differential expression analysis of proteome data produced in this
research and transcriptome data produced in our earlier published Illumina Paired-End sequencing
project, hierarchical cluster analyses were conducted in this study. All differently expressed proteins
were represented including data from L3 and R3. Approximately, 138,000 transcripts were detected
from ramie under PEG6000 simulated drought stress in our earlier published Illumina Paired-End
sequencing project. The expression profiles of all differentially expressed proteins and corresponding
transcripts under drought stress are shown in Figure 7. The correlations of gene expression at
the transcript and protein levels for the leaves and roots were 65 and 12, respectively (Table S5).
The results indicated that more differentially expressed proteins were observed in ramie leaves
than in ramie roots. Differentially expressed proteins in ramie leaves were mainly involved in
photosynthesis and energy metabolism, disease/defense, cell structure, and protein synthesis. It is
well known that the photosynthetic system and its maintenance will badly affect plant survival under
abiotic stress environment [35,36]. Among the differentially expressed proteins, it was found that
photosystem II (PSII) proteins were downregulated in transcription and protein levels. Drought stress
has been reported to damage the photosynthetic system by causing severe disruption of the PSII
complex [37] and the chloroplast envelope [38]. Similar studies have been reported in rice under
drought stress [37]. Water, as the reducing agent, involves absorbed photons to provide fundamental
energy for photosynthesis in green plants, so drought might be the most intense of all abiotic stresses
affecting the photosynthesis process. In the transcriptional level, ATP synthase CF1 α subunit and ATP
synthase γ chain chloroplastic-like isoform 1 were found to be upregulated, but downregulated in the
protein level. Fructose 1,6-bisphosphate aldolase was found to be upregulated at the transcriptional
level but at the protein level be downregulated. We found that most proteins differentially expressed
under drought stress showed contrary trends with their corresponding transcripts (Figure 7) in
ramie leaves. Plants may respond to drought stress by changing post-transcriptional regulation.
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Post-transcriptional regulation is a potential target mechanism that can be deeply studied in order to
elucidate the drought response in plants [39]. We found that most proteins differentially expressed
under drought stress showed similar trends with their corresponding transcripts (Figure 7) in ramie
roots. Chitinase was found to be upregulated at the transcriptional and protein levels in ramie roots.
Previous research has indicated that the expression level of the drought-induced protein 3 (DIP3)
protein obtained in roots of upland rice was up in a short time under drought tolerance. Thus,
our results reveal that the class III chitinases member DIP3 may be a stress-induced protein when
plants respond to stress conditions [40].

Figure 5. Hierarchical display of data from differentially expressed protein of leaves under drought
stress. Upregulated proteins are in red; downregulated proteins are in green (for interpretation of the
color references in the figure legend).
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Figure 6. Hierarchical display of data from differentially expressed protein of roots under drought
stresses. Upregulated proteins are in red; downregulated proteins are in green (for interpretation of the
color references in the figure legend).
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Figure 7. Association clustering analysis of differentially expressed proteins and its corresponding
transcripts. Protein (left) represents the expression levels of differentially expressed proteins, Transcript
(right) represents the expression profile of the corresponding genes encoding differentially expressed
proteins. (a) leaf of ramie; (b) root of ramie. Upregulated proteins are in red; downregulated proteins
are in green (for interpretation of the color references in the figure legend).

2.6. Identification Biochemical Reactions Significantly Upregulated in Roots by Drought Stress

ABA plays an important role in the expression of genes related to drought stress in nearly
all cells [41–43]. Drought-stressed ramie roots upregulated heat shock protein (gi|4204861
and gi|255582806), ribosomal protein (gi|241865406, gi|18203445, gi|148807154, gi|50659630,
and gi|133793), ubiquitin-conjugating enzyme family protein (gi|192910862), and chaperonin
(gi|108706134), all of which involved ABA signaling to enhance the cellular dehydration tolerance.
In addition, many ribosome proteins have been linked to cell structure, protein translation, protein
biosynthesis, and plant development in wheat [44]. Heat shock proteins play broad roles in many
cellular processes in Arabidopsis subjected to heat stress [45].

Excessive accumulation of ROS under drought stress can disrupt normal metabolism by oxidative
damage of membrane lipids, proteins, and nucleicacids [25]. Catalase (CAT) and POD were all
upregulated at the protein level under drought stress. CAT and POD (among other so-called
scavengers) are able to eliminate these harmful molecules. Therefore, the mechanisms of the
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ROS-reducing system and the antioxidant enzyme-increasing system can play important roles in
enhancing tolerance to drought stress.

Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology-Based Annotation System
(http://kobas.cbi.pku.edu.cn) [46], was used to identify significant pathways involved in the
response to drought stress in ramie. The drought-responsive proteins in roots represented a wide
range of pathways, including metabolic pathways, glycolysis/gluconeogenesis, biosynthesis of
secondary metabolites, ribosomes, oxidative phosphorylation, pyruvate metabolism, glyoxylate and
dicarboxylate metabolism, phenylalanine metabolism, phenylpropanoid biosynthesis, and the citrate
cycle (TCA cycle). Energy deprivation is a general symptom of stressed photosynthetic plants [47].
Photosynthesis, respiration rates, or both are dramatically reduced under stress [47–49], causing
energy deprivation and growth arrest [34,49]. The energy deprivation often enhances inherent
pathways of carbohydrate metabolism and induces alternative pathways of glycolysis to maintain
energy [34]. Glycolysis/gluconeogenesis is an alternative bioenergetic pathway in stressed organisms
(Table S6). To obtain information complementary to the iTRAQ data, the mRNA levels of 12 proteins
in leaves and 7 proteins in roots related to glycolysis/gluconeogenesis were further analyzed by
qPCR. Details of the glycolytic/gluconeogenetic pathway are shown in Figure 8. Eleven proteins in
leaves, gi|168035690 (EC:5.4.2.2), gi|302142655 (EC:2.7.1.1), gi|297735045 (EC:4.1.2.13), gi|302774424
(EC:4.1.2.13), gi|82941449 (EC:4.1.2.13), gi|298541583 (EC:2.7.2.3), gi|129915 (EC:2.7.2.3), gi|222868326
(EC:5.4.2.1), gi|297746511 (EC:2.7.1.40), gi|118489203 (EC:1.8.1.4), and gi|298552499 (EC:1.2.1.3),
were involved in glycolysis/gluconeogenesis (green in Figure 8). Six proteins in roots, gi|118481158
(EC:2.7.2.3), gi|296523718 (EC:4.1.1.1), gi|298552499 (EC:1.2.1.3), gi|2641346 (EC:1.1.1.1), gi|222845119
(EC:1.2.4.1), and gi|225450619 (EC:1.8.1.4), were also involved (red in Figure 8), while one protein,
gi|297735045 (EC:4.1.2.13) in roots, was upregulated and colored by green. The upregulated
expressions of these proteins may play a vital role in initiating the glycolytic/gluconeogenetic
pathway under unfavorable conditions. This hypothesis is consistent with a previous observation that
several glycolysis/gluconeogenesis-related genes were induced under aluminum stress in wheat [50].
Glycolysis could also be used to generate ATP to meet the energy requirement [51]. Under drought
treatments, 30% of ramie proteins were related to metabolism and energy conversion. Roots of ramie
appear to be able to perceive and convert stress signaling into energy status and induce alternative
metabolic pathways to adjust their growth and development in response to drought stress [34].
Thus, enhancement of the glycolytic/gluconeogenetic pathway could result in more glycolytically
generated ATP in roots to adapt to adverse environmental conditions [52].

2.7. Verification of Isobaric Tags for Relative and Absolute Quantitation (iTRAQ) Data on Selected
Candidates by qPCR

To obtain information complementary to the iTRAQ data and KOBAS results, we also examined
expression levels of genes involved in glycolysis/gluconeogenesis. RNA of the leaves and roots
was extracted after 0 h, 24 h, and 72 h of PEG6000 treatments and subjected to qPCR analysis.
qPCR data values for Figures 9 and 10 are shown in Table S7, using GAPDH as an internal
control. The expression patterns of the twelve genes (gi|302774424, gi|82941449, gi|298541583,
gi|129915, gi|222868326, gi|297746511, gi|118489203, gi|298552499, gi|297735045, gi|222845119,
gi|168035690, and gi|302142655) were summarized in Figure 8. The qPCR results show that,
upon drought stress, most genes encoding key enzymes related to glycolysis/gluconeogenesis were
significantly downregulated in leaves of ramie (Figure 9), in agreement with the iTRAQ data. However,
gi|82941449 and gi|297735045 were downregulated after 24 h of treatment but upregulated after
72 h. These data indicate that the transcript and protein levels of differentially expressed genes
are not always consistent. The expression patterns of the seven genes in roots (gi|298552499,
gi|297735045, gi|118481158, gi|222845119, gi|296523718, gi|225450619, and gi|2641346) are
summarized in Figure 10. Upon drought stress, most genes encoding key enzymes related to
glycolysis/gluconeogenesis were significantly upregulated in roots (Figure 10), in line with the iTRAQ
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data. Such remarkable activation of glycolytic/gluconeogenetic pathway suggests a strong promotion
of biosynthesis of available energy [34].

Figure 8. Regulatory changes in the pathway of glycolysis/gluconeogenesis. Colored circle nodes
correspond with the ramie genes detected in the isobaric tags for relative and absolute quantitation
(iTRAQ) data. (a) upregulated or downregulated genes in leaves; (b) upregulated or downregulated
genes in roots. The above network model is generated with a cytoscape web application, based on
information gained from up to four levels of functional analysis: fold change of gene/protein,
protein-protein interaction, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment,
and biological process enrichment. Circle nodes: genes/proteins; rectangle nodes: KEGG pathway or
biological process. Pathways are colored in a gradient color from yellow to blue; yellow indicates a
lower p-value, and blue indicates a higher p-value. Biological processes are colored in red. In the case
of fold change analysis, genes/proteins are colored in red (upregulation) and green (downregulation).
A default confidence cutoff of 400 was used: interactions with a higher confident score are shown as
solid lines between genes/proteins; dashed lines indicate otherwise.

Figure 9. Cont.
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Figure 9. qPCR data for the mRNA expression levels of genes for drought-responsive proteins mapped
in glycolytic/gluconeogenetic pathway in ramie leaves. The values represent relative mRNA levels
against control groups (0 h samples), values of which were all set to 1 unit. Statistically significant
differences in gene expression are indicated with asterisks: * p < 0.05.

Figure 10. qPCR data for the mRNA expression levels of genes for drought-responsive proteins mapped
in glycolytic/gluconeogenetic pathway in roots of ramie. The values represent relative mRNA levels
against control groups (0 h samples), values of which were all set to 1 unit. Statistically significant
differences in gene expression are indicated with asterisks: * p < 0.05.
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3. Materials and Methods

3.1. Plant Materials and Stress Treatments

“Huazhu No. 5” is an elite ramie variety [53] with characteristics of high yield, good fiber quality,
and high drought resistance levels. Two weeks after planting, the “Huazhu No. 5” plantlets were
propagated from stem cuttings, which were transplanted into a half-strength Hoagland's solution
for 20 days. The seedling stage was considered to last until the plants reached about 10 cm in height
(Figure 1a). Stem cuttings were prepared for ramie plantlets. Plantlets were used as sources of the
leaves and roots. They were cultured under cool white fluorescent light in 16/8 h (light/dark) with a
relative humidity of 50%–70% and temperatures about 25 ± 2 ◦C in the daytime and 20 ± 2 ◦C at night.

Leaf and root samples of the same size were harvested and photographed at 0 (L1 and R1;
Figure 1b), 24 (L2 and R2; Figure 1c), and 72 (L3 and R3; Figure 1d) hours after the plantlets had
been treated with 15% (w/v) PEG6000 to induce drought stress with three replicates. Half-strength
Hoagland's solution was replaced each day with freshly prepared solutions. Leaves and roots were
collected and frozen in liquid nitrogen and stored at −80 ◦C prior to analysis.

3.2. Protein Extraction

Proteins from two biological replicates in each treatment were extracted and prepared as
previously described with some modifications [29]. Dry protein powder was treated with a 0.5-mL
lysis buffer (8 M of urea, 4% CHAPS, 40 mM of Tris-HCL, 5 mM of EDTA (Sigma, St. Louis, MO,
USA), 1 mM of PMSF (Sigma, St. Louis, MO, USA), and 10 mM of Dithiothreitol (DTT) (Sigma,
St. Louis, MO, USA), pH 8.0). The samples were sonicated thrice for 5 min on ice using a high
intensity ultrasonic processor. The remaining debris was removed by centrifugation at 30,000× g
at 4 ◦C for 15 min. The supernatant was transferred to a new tube, reduced with 10 mM of DTT
for 1 h, and alkylated with 55 m of Miodoacetamide for 45 min at room temperature in darkness.
Then, 4 volumes of prechilled acetone were added to the protein, which was precipitated for 30 min
at −20 ◦C. After centrifugation, the pellet was then dissolved in 0.5 M of TEAB (Sigma, St. Louis,
MO, USA) and sonicated for 5 min. The centrifugation step was repeated, and the supernatant was
collected. Protein content was determined with a 2-D Quant kit (GE Healthcare, Piscataway, NJ, USA)
according to the manufacturer’s instructions.

3.3. Digestion and iTRAQ Labeling

Approximately 100 μg of protein for each sample was digested with trypsin (Promega, Madison,
WI, USA) overnight at 37 ◦C in a 1:20 trypsin-to-protein mass ratio. After trypsin digestion, peptides
were dried by vacuum centrifugation, reconstituted in 0.5 M of TEAB, and processed with an 8-plex
iTRAQ kit (Applied Biosystems, Foster City, CA, USA). Briefly, one unit of iTRAQ reagent (defined as
the amount of reagent required to label 100 μg of peptides) was thawed and reconstituted in 70 μL of
isopropanol. Peptides from treatment and control subgroups were labeled with different iTRAQ tags
by incubation at room temperature for 2 h. The iTRAQ-labeled peptide mixtures were then pooled,
dried by vacuum centrifugation (Speed-Vac, Savant) and fractionated by strong cationic exchange
(SCX) chromatography (Phenomenex, Guangzhou, China).

3.4. Fractionation by Strong Cationic Exchange (SCX) Chromatography

For SCX chromatography using a Shimadzu LC-20AB HPLC Pump system (Kyoto, Japan), the
iTRAQ-labeled peptide mixture was reconstituted with 4 mL of buffer A (25 mM of NaH2PO4 in
25% ACN, pH 3.0) and loaded onto a 4.6 × 250-mm Ultremex SCX column containing 5-μm particles
(Phenomenex, Torrance, CA, USA). The peptides were eluted at a flow rate of 1 mL/min with a
gradient of buffer A for 10 min, 5%–35% buffer B (25 mM of NaH2PO4, 1 M of KCl in 25% ACN, pH 3.0)
for 11 min, and 35%–80% buffer B for 1 min. The system was then maintained in 80% buffer B for
3 min before equilibrating with buffer A for 10 min prior to the next injection. Elution was monitored
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by measuring absorbance at 214 nm, and fractions were collected every 1 min. The eluted peptides
were pooled as 10 fractions, desalted with a Strata X C18 column (Phenomenex), and vacuum-dried.

3.5. Liquid Chromatography-Electrospray Ionization-Tandem Mass Spectrometry (LC-ESI-MS/MS) Analysis

Each fraction was resuspended in 10 μL of buffer A (5% ACN, 0.1% FA) and centrifuged at
20,000 g for 10 min. In each fraction, the final concentration of peptide was about 0.5 μg/uL on
average using a NanoDrop (Thermo Fisher Scientific, Wilmington, DE, USA) in conjunction with
the Scopes method [54]. Supernatant (8 μL) was loaded on a Dionex Ultimate 3000 UPLC system by
the autosampler onto a C18 trap column at 8 μL/min for 4 min, and the peptides were eluted onto
an analytical C18 column (inner diameter 75 μm) packed in-house. The 40-min gradient was run at
300 nL/min starting from 2% to 35% B (95% ACN, 0.1% FA), followed by a 5-min linear gradient to
80%, maintenance at 80% B for 4 min, and a return to 5% in 1 min.

The peptides were subjected to nanoelectrospray ionization followed by tandem mass
spectrometry (MS/MS) in a nano-ESI LTQ-Velos Pro Orbitrap-Elite mass spectrometer (ThermoFisher
Scientific, San Jose, CA, USA) coupled online to the ultra performance liquid chromatography (UPLC).
Intact peptides were detected in the Orbitrap at a resolution of 60,000. MS scans ranged from 350 to
2000 m/z. MS/MS was performed using a high energy collision dissociation (HCD) operating
mode with a normalized collision energy setting of 45%. MS/MS spectra of up to 15 of the most
intense ions were acquired. Isolation width was set as 2 m/z and dynamic exclusion was set as
30 s. The electrospray voltage applied was 1.8 kV. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium [55] via the PRIDE partner repository with the dataset
identifier PXD001940 and 10.6019/PXD001940.

3.6. Association Analysis of Proteomics and Transcriptomics

In the ramie transcriptome sequencing, the de novo assembly often carried out under the
circumstances, neither genomic information nor directly linked transcriptome information were
available. In this study, we used previously published Illumina Paired-End sequencing project data,
because the drought stress treatment on the material is the same as the material treatment of ramie
transcriptome analysis we published previously [25]. Cluster analysis was used to identify groups
of similarly differentially expressed proteins and transcripts at three drought stress stages, and the
results output through the software Java Treeview in graphic form. Cluster analysis of association
expression in differentially expressed proteins with corresponding transcript levels data was analyzed
with Cluster 3.0.

3.7. Quantitative Realtime PCR (qRT-PCR)

Each sample comprised material from three plants that were mixed. Leaf and roots were collected
and frozen in liquid nitrogen and stored at −80 ◦C prior to analysis for subsequent RNA extraction.
Total RNA was separately isolated from the six samples (L1, L2, L3, R1, R2, and R3) with the
RNAprep Pure Plant Kit (Tiangen Biotech, Beijing, China), following the manufacturer’s instructions.
RNA quality was confirmed by gel electrophoresis and with the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). The ramie GAPDH gene was selected as an internal
control in each reaction. The primers used in this study were listed in Table 1. PCR amplification was
performed as previously described [25]. The reactions were performed in triplicate, and the results
were averaged.

3.8. Data Analysis

The raw mass data were converted to anmgf.file with Proteome Discover 1.3 (Thermo Fisher
Scientific) with in-house MASCOT software 2.3.02 (Matrix Science, London, UK). In the database
search, full tryptic specificity was required with tolerance set at one missed cleavage. The FDR
(false positive rate) was cutoff with 1%. In this study, hierarchical cluster analyses were conducted
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according to a previous report [28]. Carbamido methylation of cysteine was set as a fixed modification.
Gln->pyro-Glu of the N terminus, deamination of the N terminus, and oxidation of methionine were
set as variable modifications. The initial precursor mass tolerance was set to 15 ppm, and the fragment
ion level was set to 0.02 Da. iTRAQ 8-plex was set as quantitation. In this study, the database was
obtained from transcription sequence [25]. The transcription sequence data have been deposited at the
NCBI in the Short Read Archive database under accession SRP041143. After stringent quality checking
and data cleaning, approximately 33,976,322,460 bp (30 G) of high-quality data (94.02% of the raw data)
were generated under the Q20 standard (Q30 = 87.19%). Assembly of the high-quality sequencing
reads yielded 138,381 unigenes, with an average length of 730.6 bp and a range from 201 to 20,860 bp.
The N50 scaffold size was 972 bp. The unigene sequences were compared to the non-redundant (nr)
protein database with a cutoff E-value of 1 × 10−5. As a result, 47,565 unigenes (34%) were annotated.
The cutoff value for downregulated proteins was 0.67-fold and for the upregulated proteins was
1.5-fold [56]. The p value threshold was <0.05. The differentially expressed proteins were used for GO
terms/KEGG pathway enrichment analyses using the hyper geometric test to measure significantly
enriched terms:

P = 1 −
m−1

∑
i=0

(
M
i

)(
N − M
n − i

)
(

N
n

)

where N is the number of proteins with GO/KEGG annotations, and n represents the number
of differentially expressed proteins in N. The variables, M and m, represent the total number
of proteins and the number of differentially expressed proteins, respectively, in each GO/KEGG
term. The threshold for significant enrichment of protein sets was corrected to a p value of ≤0.05.
Every experiment was carried out with three biological replicates, except iTRAQ experiments, carried
out with two biological replicates.

4. Conclusions

The iTRAQ-based comparative proteome analysis and qPCR data presented here will help
in further understanding the responses of ramie to drought stress and improving the drought
tolerance of this fiber crop. KOBAS analysis indicated that glycolysis/gluconeogenesis was the
main metabolic pathway upregulated in ramie roots in response to drought stress. The activation of
glycolysis/gluconeogenesis in ramie roots appeared to be a rapid and effective way to balance the
levels of available energy to prevent intracellular energy shortages. In conclusion, this study provides
a valuable source for proteomic studies in ramie plants, especially in those under drought stress.
Our work will assist in breeding drought-resistant ramie varieties.

Supplementary Materials: The mass spectrometry proteomics data have been deposited to the Proteome Xchange
Consortium [55] via the PRIDE partner repository with the dataset identifier PXD001940 and 10.6019/PXD001940.
Supplementary materials can be found at www.mdpi.com/1422-0067/17/10/1607/s1.
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Abbreviations

iTRAQ isobaric tag for relative and absolute quantification
SCX strong cation exchange
HPLC high pressure liquid chromatography

KEGG Kyoto Encyclopedia of Genes and Genomes
KOBAS KEGG Orthology-Based Annotation System
PEG polyethylene glycol
RWC relative water content
POD peroxidaseactivity
qRT-PCR quantitative realtime PCR
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Abstract: Switchgrass (Panicum virgatum) is a perennial crop producing deep roots and thus
highly tolerant to soil water deficit conditions. However, seedling establishment in the field is
very susceptible to prolonged and periodic drought stress. In this study, a “sandwich” system
simulating a gradual water deletion process was developed. Switchgrass seedlings were subjected
to a 20-day gradual drought treatment process when soil water tension was increased to 0.05 MPa
(moderate drought stress) and leaf physiological properties had expressed significant alteration.
Drought-induced changes in leaf proteomes were identified using the isobaric tags for relative and
absolute quantitation (iTRAQ) labeling method followed by nano-scale liquid chromatography
mass spectrometry (nano-LC-MS/MS) analysis. Additionally, total leaf proteins were processed
using a combinatorial library of peptide ligands to enrich for lower abundance proteins. Both total
proteins and those enriched samples were analyzed to increase the coverage of the quantitative
proteomics analysis. A total of 7006 leaf proteins were identified, and 257 (4% of the leaf proteome)
expressed a significant difference (p < 0.05, fold change <0.6 or >1.7) from the non-treated control
to drought-treated conditions. These proteins are involved in the regulation of transcription
and translation, cell division, cell wall modification, phyto-hormone metabolism and signaling
transduction pathways, and metabolic pathways of carbohydrates, amino acids, and fatty acids.
A scheme of abscisic acid (ABA)-biosynthesis and ABA responsive signal transduction pathway
was reconstructed using these drought-induced significant proteins, showing systemic regulation at
protein level to deploy the respective mechanism. Results from this study, in addition to revealing
molecular responses to drought stress, provide a large number of proteins (candidate genes) that
can be employed to improve switchgrass seedling growth and establishment under soil drought
conditions (Data are available via ProteomeXchange with identifier PXD004675).

Keywords: physiological properties; isobaric tags for relative and absolute quantitation (iTRAQ);
ProteoMiner; functional pathways; abscisic acid (ABA) signaling; “Sandwich” plant growth system

1. Introduction

Switchgrass (Panicum virgatum), has been selected as a model herbaceous bioenergy species in the
USA due to its high biomass yield, strong tolerance to drought and flooding conditions, relatively low
herbicide and fertilizer input requirements, and widespread adaptability to temperate climate [1–3].
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Recently, a shortage of fresh water and increasingly severe drought have become a significant challenge
to crop production [4]. Based on data from the National Weather Service Centers for Environmental
Prediction [5], soil moisture contents in the topsoil layer have declined over the past decade (2005–2015)
in many regions of the USA, especially in central states.

Drought tolerance is one of the most striking physiological properties of switchgrass. Mature
plants have a very deep root system and a highly efficient C4 metabolic pathway [6]. However,
switchgrass plants are slow to establish in the field, often requiring two to three growing seasons
to develop deep root systems. During the early stages of growth when seedlings have a relatively
shallow root distribution (0–15 cm) in the top soil, these plants are very susceptible to both periodic and
long-term drought conditions [7]. A field trial shows that drought significantly affected seedling growth
of switchgrass in the first year. Furthermore, biomass yield declined greatly after three consecutive
years of drought [8]. Thus, developing switchgrass plants with strong drought tolerance during the
early stages of growth is an effective strategy to ensure high biomass yields during subsequent years
in the field.

Plant growth depends on cell division, cell enlargement, and differentiation [9]. Under drought
conditions, cell elongation and division are both suppressed by the reduced photosynthesis driven by
diminished CO2 influx and limitation of carboxylation by abscisic acid (ABA)-dependent stomatal
closure [9–12]. On the other hand, stomatal closing has been viewed as a drought tolerance mechanism
to avoid excess water loss via transpiration. A set of physiological parameters related to drought
tolerance has been identified including leaf relative water content (RWC), electrolyte leakage
(EL), photosynthetic rate (Pn), stomatal conductance (gs), transpiration rate (Tr), intercellular CO2

concentration (Ci), and water use efficiency (WUE) [13]. Thus, whether plants can sustain active
growth or just survive the water-deficient conditions depends on how efficiently they regulate these
complex processes.

Proteins are the primary molecules that carry out various biological functions in cells and in an
entire organism [14]. Alterations in proteome composition provide the basis for a plant to perform
different biological functions, including adapting to changing and/or suboptimal environmental
conditions [15–21]. With the rapid development of proteomic technologies, two-dimensional liquid
chromatography, in combination with multiplexed quantitative techniques such as isobaric tags
for relative and absolute quantitation (iTRAQ), provides the ability to perform relative or absolute
quantification of proteomes [22–26]. Quantitative proteomics using the shot-gun bottom-up approach
has been used to evaluate drought-responsive proteins in important crop species, such as rice,
maize, wheat, cotton, amaranth, alfalfa, sugar beets, and tomatoes [18,20,27–37]. Conclusively, these
proteomics studies have significantly increased our understanding of molecular regulation at the
translational and post-translational levels in plants.

The separation and detection of all proteins contained in any given proteome remains a challenge
because the analysis of low-abundance proteins is difficult in the presence of the highly abundant
proteins. Characterization of the photosynthetically active leaf proteome is a very difficult task as the
ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) proteins would account for approximately
40% of total protein content [38]. An earlier study using immunoaffinity subtraction of Rubisco was
able to increase the resolution of more protein species in leaf protein samples [39]. However, those
antibodies are very expensive, which limits their usage in large quantitative proteomics experiments
(unpublished data, Zhou, Tennessee State University, Nashville, TN, USA, 2016).

The ProteoMiner protein depletion/enrichment technology, which employs a large, highly diverse
bead-based library of combinatorial peptide ligands, has proven to be a powerful tool for uncovering
low-abundance proteins. Using this approach, Fasoli et al. detected 79% more proteins from spinach
leaves than could be detected without the depletion/enrichment process [40]. More importantly, the
ProteoMiner protein enrichment method produces highly stable and reproducible results, which is
extremely important in quantitative proteomics where two or more samples are analyzed in each
treatment condition [41,42].
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This study was carried out with a goal to understand the changes in leaf proteome in switchgrass
under drought stress and to develop the association between the expression of these proteins and the
physiological properties that give rise to drought tolerance. As described above, removal of highly
abundant Rubisco protein is an effective strategy for increasing the overall number of identified
proteins, thus the ProteoMiner depletion/enrichment procedure was performed to reduce the scale
of dynamic range in protein abundance. By enabling the identification of low-abundance proteins
and increasing the number of proteins quantified, this study provides an in-depth understanding of
systemic changes in the drought-induced proteomes in switchgrass seedlings.

2. Results

2.1. Drought-Induced Physiological Properties of Switchgrass

Sixteen days after the initiation of water withholding, young leaves on drought-treated plants
started to show signs of wilting as the soil water tension of treated groups reached 0.05 MPa. Twenty
days after water withholding, soil water tension increased to 0.08 ˘ 0.02 MPa (Table 1). At this time,
the relative growth of drought-treated plants was reduced significantly (a 20% decrease), as well as
the stomatal conductance and transpiration rate (p < 0.01), compared to the untreated control plants.
The water use efficiency, which is defined as the ratio of the photosynthetic rate to the transpiration
rate [43], showed an 7.1% increase in the drought-treated group, which was significantly higher than
the untreated control plants (p < 0.01). Changes in these physiological properties showed that leaves
and plants as a whole experienced a progressive drought-stress during the 20 days of withholding
water. At this time-point (20 days after withholding water), the drought treatments were terminated
and tissues were harvested for further analysis (Figure 1).

Figure 1. Flow chart of the drought treatments and quantitative proteomics procedure. Plants were
grown in a “sandwich” system (A); During the 20th day of the water withholding period, physiological
data were recorded on both drought-treated (B); and well-watered control plants (C). Leaf protein
samples were extracted followed by the ProteoMiner enrichment. Quantitative proteomics analysis
was performed using the crude leaf protein extracts and the ProteoMiner-enriched samples. Functional
pathways were developed using information on the drought-induced changes in the leaf proteomes,
and the association between protein expression and physiological properties was developed focusing
on drought stress tolerance.
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Table 1. Effects of drought treatments on physiological properties of switchgrass.

Treatment Control Drought

Soil Water Tension (MPa) 0.00 ˘ 0.00 A,† 0.08 ˘ 0.02 B,†

Leaf Relative Water Content 77.35 ˘ 0.01 A 71.08 ˘ 0.02 B

Plant Height
(cm)

0 Day drought treatment 18.31 ˘ 6.18 A 19.08 ˘ 4.97 A

20 days drought treatment 43.26 ˘ 9.11 A 39.75 ˘ 8.49 B

Relative plant height 24.96 ˘ 6.21 A 20.67 ˘ 6.22 B

Photosynthesis

Leaf photosynthetic rate (μmol CO2/m2/s) 22.96 ˘ 3.22 A 21.69 ˘ 7.17 A

Stomatal conductance (mol H2O/m2/s) 0.138 ˘ 0.03 A 0.125 ˘ 0.05 B

Transpiration rate (mmol H2O/m´2/s) 6.88 ˘ 1.11 A 6.09 ˘ 2.15 B

Water use efficiency (μmol CO2/mmol H2O) 3.35 ˘ 0.20 A 3.59 ˘ 0.25 B

Data for all the measurements except plant height were collected after 20 days of the water withholding
treatments. Data are presented as means ˘ standard deviations (SD) of four independent replicates. Within
columns, means followed by the same letter are not significantly different (p < 0.01). Leaf relative water content
(Wr) was calculated using the following equation: Wr “ pWf ´ Wdq{Wf , where fresh weight (Wf ) was taken
immediately after harvest, and dry weight was measured after drying tissues at 70 ˝C for three days until a
constant dry weight (Wd). Plant height was measured from the bottom of the tiller (start point) to the top of the
latest node (end point). † Means within columns followed by the same letter are not different at the 1% level.

2.2. Effects of the ProteoMiner Enrichment Process on the Identification of Leaf Proteome

The ProteoMiner enrichment method is used to increase the relative concentration of
low-abundance proteins by depleting those high-abundance proteins in a protein sample, and thus
to increase the depth of coverage of the leaf proteomes to be identified in a proteomics analysis.
In plant leaf proteomes, more than 40% of the total leaf protein content consists of Rubisco [38].
One-dimensional gel electrophoresis showed that in the ProteoMiner-treated (PMT) samples, the
band intensity of high abundance proteins (i.e., Rubisco protein) was reduced, whereas the intensity
of several weaker protein bands was increased, compared to the counterparts of the Crude Leaf
Extracts (CLE) protein samples (Figure S1). Analysis of the peptide numbers for the proteins detected
in the PMT sample indicates that 1101 proteins were identified by a greater number of peptides
after ProteoMiner enrichment—for instance, the number of peptides in an adenylate kinase protein
(Pavir.Fa02159.1) was increased from 29 in CLE to 189 in PMT samples. On the other hand, 1876
proteins were identified by fewer peptides. For example, the number of peptides in Rubisco subunits
including Pavir.Cb01593.1, Pavir.Cb01387.1, and Pavir.J32704.1 was decreased (Figure S2, Table S1-1,2).
These results demonstrate that ProteoMiner did deplete the concentration of the highly abundant
proteins while simultaneously enriching low-abundance proteins.

2.3. Identification of Quantified Proteins

In this study, 7006 proteins were identified in the switchgrass leaf proteome with the assistance
of the ProteoMiner enrichment method (Table 2, Tables S1-1–3 and S2). A total of 5493 proteins were
identified in the CLE samples and 4839 unique proteins were identified in the PMT samples. Between
the CLE and PMT samples, 3326 proteins overlapped. The use of a ProteoMiner enrichment step
resulted in the identification of 1513 proteins that were not found in the CLE samples. It appears that
the ProteoMiner enrichment is complementary to the analysis of the crude leaf protein extracts, and a
combination of both approaches was shown to quantify more proteins than either individually.
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Table 2. The number of proteins identified in the proteomes identified using the crude leaf protein
extracts and ProteoMiner-enriched samples.

Protein Classification CLE a PMT b
The Number of
Proteins from
CLE and PMT

Proteins identified
with one or more
peptides

The total number of proteins 5493 4839

7006The number of proteins overlapped in
CLE and PMT 3326

The number of proteins identified in CLE 2167 -

The number of protein identified in PMT - 1513

Quantified proteins
with two or more
peptides

The total number of proteins 4746 4134

5680The number of proteins overlapped in
CLE and PMT 3200

The number of protein in CLE 1546 -

The number of proteins in PMT - 934

Differentially
expressed proteins
(FDR < 0.01, fold
change < 0.06 or > 1.7)

The total number of proteins 205 107

257The number of proteins in CLE and PMT 55

The number of proteins in CLE 150 -

The number of proteins in PMT - 52
a The number of proteins identified in the crude leaf protein extracts; b The number of proteins identified in the
ProteoMiner enriched samples; CLE: Crude Leaf Extracts; PMT: ProteoMiner-treated; FDR: false discovery rate.

Among the total identified proteomes, 81.1% of them (5680/7006) contained at least two unique
peptides (Table 2). Quantitative analysis revealed that 257 proteins, which was approximately 4% of
the total quantified proteomes (257/7006), passed the threshold value of ˘2σ (standard deviation),
p < 0.05 (t-test and false discovery rate (FDR) corrections), and fold change <0.6 or >1.7. These proteins
were considered significantly changed under the drought treatment conditions. Among the 257
drought-induced significant proteins, 55 proteins showed consistent changes in both the CLE and PMT
protein samples, 150 proteins were found only in CLE samples, and 52 proteins were only identified in
PMT samples (Tables S1-5 and S3). In addition, the false negative rate (β) was calculated as 0.02 by
summing the probabilities that each of the proteins judged to be unchanged was in fact differentially
expressed. This suggests that the power of the experiment was very high (p = 1 ´ β = 0.98).

MapMan is a bioinformatics tool for developing the associations between gene (protein) expression
and cellular processes, but this offline program only performs analysis of genomes contained in the
MapMan Store. As the annotated switchgrass genome database is not listed, the program will not
recognize the protein accession identity and therefore cannot map the protein expression data to
biological functions. Instead, in this study, the Arabidopsis thaliana accessions annotated for those
drought-induced switchgrass proteins were used when developing the functional pathways (Figure S3).
Results showed that each functional group contained upregulated and downregulated proteins. A large
number of the significantly changed proteins are associated with RNA transcription/processing,
protein synthesis, and protein degradation pathways (Table 3).
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Table 3. The number of proteins identified in the crude leaf protein extracts and ProteoMiner-treated samples.

Classification CLE a PMT b CLE and PMT c

Molecular
Function

Abiotic/biotic stress 72 25 116
Cell division/cell cycle 11 7 42
Cell organization 26 11 47
Cell vesicle transport 21 6 31
Development 41 16 46
DNA repair 4 2 7
DNA synthesis 20 15 28
Functional enzyme 62 64 180
Metal binding 4 1 11
Phyto-hormone metabolism 21 11 36
Protein and amino acids activation 15 13 35
Protein degradation 88 39 172
Protein post-translation 27 12 41
Protein synthesis 61 54 209
Protein targeting 21 22 81
Redox balance 31 18 98
RNA transcription/processing 113 74 212
Signaling regulation 82 39 98
Transport 24 35 65

Cellular
Metabolism

Amino acid metabolism 39 38 91
C1-metabolism 4 5 16
Cell wall synthesis/modification 13 13 20
Fermentation 3 3 6
Glycolysis 9 12 41
Glyoxylate cycle 1 0 10
Lipid metabolism 22 30 51
Major CHO metabolism 11 10 35
Minor CHO metabolism 7 0 26
Mitochondrial electron transport/ATP
synthesis 9 9 57

N-metabolism 2 2 7
Nucleotide metabolism 24 14 53
Oxidative pentose phosphate (OPP) pathway 7 3 12
Photosystem. Calvin cycle 4 6 36
Photosystem. Light reaction 15 10 82
Photorespiration 3 1 14
S-assimilation 2 2 5
Secondary metabolism 18 29 67
TCA cycle 8 10 52
Tetrapyrrole synthesis 13 9 20

Others and not assigned proteins 588 264 944

Total 1546 934 3200
a The number of proteins identified in the crude leaf protein extracts (CLE); b The number of proteins identified
in the ProteoMiner-treated samples (PMT); c The number of proteins combining the proteomes identified in
CLE and PMT.

2.4. Proteins in Regulation of Transcription and Translation

For proteins involved in gene transcription, several members of the G2-like, myeloblastosis
(MYB) and bZIP transcription factors (TFs) were identified. A MYB-related transcription factor TRY
(Triptychon) (Pavir.Eb02165.1) and a G2-like transcription factor APL (altered phloem development)
(Pavir.Fa01260.1) were significantly reduced under drought stress. The former TF did not pass the
threshold as a significant protein in CLE, and the latter TF was identified only in the PMT samples.
The GBF (G-box binding factor) (Pavir.Ea03718.1), a member of the bZIP TFs family involved in ABA
and stress signaling [44], was significantly increased (>2-fold) (Table S1-4), and it was identified in
both CLE and PMT samples.
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Proteins involved in protein synthesis and degradation were altered. The chloroplast-targeted
FtsH protease (Pavir.J13145.1) was up-regulated at a higher than four-fold level. Moreover, the relative
abundance of a senescence-specific Cys-protease protein (SAG) (Pavir.J08126.1) markedly declined
in response to drought stress. Regarding to changes in protein synthesis, drought stress induced a
plastid-specific 50S ribosomal protein (PSRP) (Pavir.Ea00033.1), which is an important member of the
translation machinery in chloroplasts. However, the drought-induced significant change was found
only in PMT samples, not in CLE samples (Table S1-4).

2.5. Cell Division and Cell Wall Modification

Two proteins involved in the cell cycle and cell division were identified. Pavir.Gb00127.1, a
regulator of chromosome condensation (RCC), was significantly decreased, whereas prohibitin
(PHB) (Pavir.Aa01476.1) was significantly increased (Table S1-4). UDP-glucose 4-epimerase (UGE)
(Pavir.J14539.1), with a proven function in cell wall carbohydrate metabolism [45], was upregulated
more than six-fold. A cell-wall-modifying xyloglucan endotransglycosylase/hydrolase (XET)
(Pavir.Fa01211.1) [46] was increased 3.39-fold. These two cell-wall-related proteins were not identified
in PMT (Table S1-4).

2.6. Phyto-Hormone Metabolism and Signaling Transduction Pathways

Four proteins involved in the metabolism of auxin and ethylene were all induced by drought
stress (Pavir.Ga00273.1, Pavir.J01120.1, Pavir.J01160.1, and Pavir.Ia03739.1). Of the significantly
changed proteins in the ABA-metabolic pathway, the upregulated proteins were classified as GRAM
domain-containing proteins (Pavir.Ca02189.1 and Pavir.Cb00761.1), ABA-responsive elements-binding
factor (ABF) (Pavir.J00256.1), and 9-cis-epoxycarotenoid dioxygenases (NCED) (Pavir.Ba03791.1)
(Table S1-4).

Six calcium-binding proteins that interact with the second messenger “Ca2+” to transduce
stress signals into plant cells were identified, five of them markedly upregulated (Pavir.Ea00612.1,
Pavir.Ca00053.1, Pavir.Eb03832.1, Pavir.Ib02894.1, and Pavir.J09383.1). These proteins were identified
in both CLE and PMT, or in CLE but not in PMT. The one reduced (Pavir.Da01126.1) protein was
identified in PMT but not in CLE (Table S1-4).

2.7. Stress-Responsive Proteins

The drought treatments induced 31 abiotic/biotic stress responsive proteins. These stress proteins
include six biotic stress responsive proteins (Pavir.Bb00478.1, Pavir.Fb02059.1, Pavir.Ga02124.1,
Pavir.Ha00419.1, Pavir.J09667.1, and Pavir.J00406.1), five dehydrins (DHNs) (Pavir.Bb03589.1,
Pavir.Ca01575.1, Pavir.Aa00887.1, Pavir.J04551.1, and Pavir.J13075.1), 13 heat shock proteins
(HSP) (Pavir.Ea00289.1, Pavir.J35929.1, Pavir.J33423.1, Pavir.J24160.1, Pavir.Ia03665.1, Pavir.J40704.1,
Pavir.Ib01136.1, Pavir.Ab00778.1, Pavir.J19824.1, Pavir.Fa01476.1, Pavir.Aa00282.1, Pavir.Hb01472.1,
and Pavir.J21349.1), one cold stress-related protein (Pavir.J31919.1), and six other stress responsive
proteins. Of them, the HSP20-like protein (Pavir.J21349.1) increased more than 9.73-fold (Table S1-4).

2.8. Carbohydrate Metabolism

The relative abundance level of proteins in carbohydrate metabolic pathways, such as
gluconeogenesis, starch metabolism, and the biosynthesis of raffinose family oligosaccharides
(RFO), were altered in response to the drought treatments. The induced proteins include malate
synthase (Pavir.Gb01372.1), β amylase protein (Pavir.J18576.1), and two galactinol synthase proteins
(Pavir.J07018.1 and Pavir.J40731.1), but a starch synthase (Pavir.J06822.1) was repressed under the
drought-treated conditions (Table S1-4).

221



Int. J. Mol. Sci. 2016, 17, 1251

2.9. Nitric Acid Metabolism

Under moderate drought stress, three proteins involved in the biosynthesis of free amino acids
were markedly upregulated, Δ1-pyrroline-5-carboxylate synthetase protein (P5CS) (Pavir.J02344.1),
methionine-γ-lyase protein (MGL) (Pavir.Ib03758.1), and L-asparagine amidohydrolase (Pavir.Gb00328.1).
An enzyme-catalyzing β-oxidation of fatty acids, 3-ketoacyl-CoA thiolase-2 (KAT2/PED1/PKT3)
(Pavir.J16366.1) which is involved in ABA signaling, was also significant increased (Table S1-4).

3. Discussion

Among all the drought tolerance mechanisms, an increased ABA content in leaves has been
shown to play a key role in activating signaling pathways that control stomatal closure, thus reducing
transpirational water loss [47,48].

During the 20 days of drought treatment period, the switchgrass leaves showed a gradual decline
in stomatal conductance and transpiration rates, which are indications of a reduced stomatal aperture.
This prediction of stomatal behavior is supported by the upregulation of PHB (Pavir.Aa01476.1), which
regulates the level of nitric oxide accumulation that induces stomatal closure and thus enhances the
adaptive plant responses against drought stress [49,50].

Changes in protein expression support the elevated biosynthesis of ABA and the induction
of ABA-mediated signal transduction pathways during the drought treatment period (Figure 2).
In the ABA biosynthesis pathway, 9-cis-epoxycarotenoid dioxygenase (NCED) catalyzes the step to
convert 9-cis-xanthophylls to xanthoxin, which is the direct precursor of ABA [51]. The regulatory
role of NCED in ABA biosynthesis in leaves under stress conditions has been clearly demonstrated
in many studies, showing that the abundance of NCED proteins is directly correlated with ABA
content [51–55]. The same metabolic changes may have occurred in switchgrass leaves where the
significant increase (4.5-fold) of an NCED protein (Pavir.Ba03791.1) may result in an elevated ABA
content in the drought-treated leaves (Table S1-4).

 

Figure 2. Schematic of the drought-induced signaling pathway based on proteome changes in
switchgrass leaves. The biosynthesis of abscisic acid (ABA) was increased due to the elevated
level of 9-cis-epoxycarotenoid dioxygenases (NCED) protein in drought-treated leaves. The elevated
ABA level concurs with the induction of several ABA-responsive transcription factors, such as
ABF2 (ABA-responsive elements-binding factor 2), GBF4 (G-box binding factor 4), GRAM, and
ABA-responsive proteins including RNS (secreted ribonuclease) and KAT2 (3-ketoacyl-CoA thiolase-2).
The ABA-independent signal transduction pathway appears to also play a role in drought-induced
molecular regulation in switchgrass leaves. Several signal transduction processes may involve a second
messenger (Ca2+).
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In the ABA-dependent signaling pathway, bZIP transcription factors is one of the major families
that have been described to be associated with plant responses to stress conditions [44]. In this study,
two members of bZIP proteins, GBF (G-box binding factor) (Pavir.Ea03718.1) and ABF (ABA-responsive
elements-binding factor) (Pavir.J00256.1), were significantly increased under drought stress. The
overexpression of ABF can alter ABA sensitivity, dehydration tolerance, and the expression levels of
ABA/stress-regulated genes [56]. Furthermore, the GBF and ABF protein, and an ABA-responsive
GRAM domain-containing protein (Pavir.Cb00761.1) were identified as drought-induced proteins in
both CLE and PMT samples, which validates the high confidence of these significant proteins. Taken
together, we have shown for the first time that the ABA-dependent pathway are regulated at protein
level, which in turn may have a significant role in activating the transcription of drought tolerance
genes in switchgrass.

Ribonuclease S1 (RNS1) (Pavir.Fa00890.1) plays a very important part in both wound- and
ABA-responsive signaling pathways, and RNS1 itself is a target for post-transcriptional regulation by
ABA [57]. The upregulated enzyme 3-ketoacyl-CoA thiolase-2 (KAT2/PED1/PKT3) (Pavir.J16366.1)
has an important role in regulating reactive oxygen species (ROS) production in response to ABA [58].
In addition, three proteins annotated to the regulatory components of ABA receptor 3 (Pavir.Ab01039.1,
Pavir.Ca00496.1, and Pavir.Cb01723.1) showed varied changes (0.78–1.48-fold), but none of them
passed the threshold criteria for significantly changed proteins in this study. These results indicate
a very dynamic adjustment system regulating the expression of proteins in ABA biosynthesis and
signaling pathways, which in turn modulates the activation of drought tolerance mechanism in
switchgrass leaves (Figure 2).

Environmental stimuli usually require a second messenger, such as Ca2+, to transduce the
signals into a plant cell. Under stress conditions, calcium-binding proteins (e.g., calmodulin or
calmodulin-related protein) are induced in response to elevated levels of free Ca2+ in cells, and then
they, in turn, activate signal transduction pathways with an impact on the activity of a variety of target
enzymes [59–68]. The dynamic changes in the isoforms of these calcium-binding proteins quantified in
this study represent the complex network of drought stress-induced signal transduction in switchgrass
(Figure 2).

The drought-induced metabolic rearrangement is one of the major components for plants to
acquire tolerance to stress conditions. Soluble sugars can accumulate to function as osmolytes
to maintain cell turgor and have the ability to protect membranes and proteins from stress
damage [69–71]. In the drought-treated switchgrass leaves, the induced proteins include malate
synthase (Pavir.Gb01372.1), which is a key enzyme in the glyoxylate cycle for the regeneration of
glucose from organic acids (Table S1-4). Maruyama et al. detected an increased level of malate synthase
transcripts in rice plants subjected to drought stress, and their data implied that regulation of the
glyoxylate cycle may be involved in glucose accumulation in response to dehydration in rice [69].
In the starch metabolic pathway, two proteins showed a significant alteration under drought treatment
condition: the downregulated starch synthase protein (Pavir.J06822.1), which participates in starch
biosynthesis, and the upregulated β amylase protein (Pavir.J18576.1) involved in the hydrolysis of
starch into sugars (Table S1-4). Starch is the main form of carbohydrate storage in most plants and can
be rapidly mobilized into soluble sugars. Drought and salt stress generally lead to an active conversion
of starch into soluble sugars in leaves [71–73].

Plants experiencing environmental stress like cold, heat, drought, or salinity accumulate raffinose
family oligosaccharides (RFO) in leaves [71,73–79]. These sugars have been implicated in membrane
protection and radical scavenging [80,81]. In this study, two galactinol synthase proteins (Pavir.J07018.1
and Pavir.J40731.1) were induced in drought-treated leaves (Table S1-4), and these enzymes catalyze
formation of galactinol from myo-inositol and UDP-galactose in the biosynthesis of RFO [82].
In summary, the drought-induced proteome changes seem to favor accumulation of soluble sugars,
which might serve a role in protecting against cellular dehydration under drought treatment conditions.
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Additionally, proteins associated with the biosynthesis of free amino acids were markedly
upregulated in drought-treated leaves, which include Δ1-pyrroline-5-carboxylate synthetase protein
(P5CS) (Pavir.J02344.1), the rate-limiting enzyme in proline biosynthesis, and methionine-γ-lyase
protein (MGL) (Pavir.Ib03758.1), which is a precursor in isoleucine (Ile) biosynthesis (Table S1-4).
Accumulation of proline (Pro) and branched-chain amino acids is commonly observed in plants
subjected to osmotic stress [83,84]. Proline can serve as a free radical scavenger to overcome the
oxidative stress by abiotic stress, and the accumulation of this amino acid enhances the ability of
plants to grow in water-restricted or saline environments [85]. The accumulation of free isoleucine was
induced in response to drought stress in A. thaliana [86]. The activation of these biosynthesis pathways
leading to proline and isoleucine accumulation may also serve a critical role in amino acid homeostasis
in drought-treated switchgrass leaves.

In the drought-treated leaves, the downregulated expression of a regulator of chromosome
condensation (RCC; Pavir.Gb00127.1) may have affected the cell division, since it can bind to chromatin
and generate a Ras-related nuclear protein (RAN)-guanosine triphosphate (GTP)/RAN-guanosine
diphosphate (GDP) (Ran-GTP/Ran-GDP) gradient across the nuclear envelope that is required both
to drive nucleocytoplasmic transport and to regulate processes associated with progression of the
cell cycle and mitosis [87,88]. This might be a mechanism underlying the smaller leaf areas on
drought-treated plants. Additionally, the elevated level of xyloglucan endotransglycosylase (XET)
(Pavir.Fa01211.1) may assist in the process of cell wall remodeling with an impact on strengthening the
wall layers and protecting mesophyll cells against physiological dehydration stress [89].

4. Materials and Methods

As described in Figure 1, the experiment is comprised of four major steps: drought treatments,
protein sample preparation, proteomics analysis, and functional pathway classification of the
drought-induced leaf proteomes.

4.1. Construction of a “Sandwich” Drought Treatment System

The “sandwich” treatment system was structured to simulate the process of a gradual decline
in water content in the surface soil during drought under field conditions. It is comprised of double
PVC pipes (an outer pipe and an inner pipe), a PVC sewer and drain coupling, and a PVC sewer and
drain cap (Steinhouse Supply Company, Nashville, TN, USA). A fiberglass screen (New York Wire®,
Grand Island, NY, USA) was placed inside the inner pipe, which assisted when pulling out the plants
for checking root length.

The “sandwich” treatment system is divided into three layers: garden soil (25 m), perlite (15 cm),
and garden soil (30 cm). The garden soil and perlite were products of Scotts Miracle-Gro Company
(Marysville, OH, USA). After withholding water, the top layer of soil becomes drier gradually as the
middle perlite layer drains the water quickly and cuts off moisture movement upward, and the moist
bottom soil layer serves to induce root growth downward. The water depletion process in the top
layer would induce gradual drought stress on plants. A 200SS WATERMARK Soil Moisture Sensor
(IRROMETER Company Inc., Riverside, CA, USA) was placed at the bottom of the top soil layer in
each growth tube.

4.2. Preparation of Seedling Plants

Switchgrass “Alamo” seeds were surface disinfected in 50% household bleach followed by three
rinses in deionized water. Seeds were germinated in Magenta boxes partially filled with water and
placed on an incubator shaker (50 rpm) at 25 ˝C for three days. Germinating seeds bearing 1 cm
long radicals were transferred into seed cubes (Smithers-Oasis Company, Kent, OH, USA). These
seedlings were watered every three days until they had grown to the three-leaf stage. At that stage,
they were transplanted into the “sandwich” system and maintained in an open-roofed greenhouse
at ambient temperature. The moisture content of the growing medium was maintained (soil water
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tension <0.01 MPa) until seedling roots reached the perlite layer. Each biological replicate contained
10 tubes each growing two plants, and four biological replicates were set up for drought-treated and
non-treated control groups. A randomized block design was used in this study.

4.3. Drought Treatment and Physiological Measurements

Two weeks after transplanting, the root length was evaluated every three days. Three samples
from each replicate group were selected, randomly, in each inspection. Once the longest roots reached
the perlite layer, drought treatment was initiated by withholding water to these test plants. The control
groups received normal watering at the rate of 4 L of water every three days for each “sandwich”
system. The drought treatment was initiated on 25 April and ended on 15 May 2013.

Leaf photosynthetic rate, stomatal conductance, and transpiration rate were measured using a
LI-COR 6400 Portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, USA). Two fully expanded
young leaves randomly selected from each plant were measured between 10:00 am and 3:00 pm. Light
in the leaf chamber was set at 2000 μmol photons/m2/s. Water use efficiency (WUE) was calculated
by WUE = leaf photosynthetic rate (Pn)/transpiration (Tr) [43]. Soil water tension was recorded daily.
Plant height was collected before (Hb) and after (Ha) the drought treatment and was measured from
the bottom of the tiller (start point) to the bottom of the latest node (end point). Relative plant height
pHr “ Hb ´ Haq was used to compare the difference of plant relative growth rate during the drought
treatment. Fresh weight (Wf ) of leaves were measured at harvest, and they were dried at 70 ˝C for three
days until a constant dry weight (Wd). Relative water content was calculated by Wr “ pWf ´ Wdq{Wf .
Data analysis was performed using PROC GLM procedure of SAS software (Version: 9.3. SAS Inc.,
Cary, NC, USA). The effect of drought treatments was analyzed using a randomized block design
analysis of variance (ANOVA). When a significant effect of drought treatment was detected, least
significant difference (LSD) was used for multiple comparisons.

4.4. Tissue Harvest and Preparation of Protein Samples

Twenty days after water withholding, when the top-layer soil moisture declined to below 0.05 MPa
and stomatal conductance, respiration, and water use efficiency of leaves showed a significant
difference between drought-treated and non-treated control groups, plants were considered to have
activated the drought-induced physiological process. The top three fully expanded leaves were cut
into approximately 2 cm long pieces, wrapped with aluminum foil, frozen in liquid nitrogen, and
stored at ´80 ˝C until protein extraction.

Frozen samples were ground into a fine powder under liquid nitrogen using a Retsch Mixer
Mill MM 400 (Retsch GmbH, Haan, Germany). Protein extraction followed a previously described
protocol [18]. Briefly, leaf tissue powder was washed sequentially in 10% trichloroacetic acid (TCA) in
acetone, 80% methanol in 0.1 M ammonium acetate, and 80% acetone with centrifugation to pellet the
powder after each step. Protein was then extracted in a phenol (pH 8.0) and dense sodium dodecyl
sulfate (SDS) buffer (30% sucrose, 2% SDS, 5% β-mercaptoethanol (v/w) in 0.1 M Tris-HCl, pH 8.0).
After incubation at 4 ˝C for 2 h, the mixture was centrifuged at 16,000ˆ g at 4 ˝C for 20 min. Protein in
the upper phenol phase was precipitated in 0.1 M ammonium acetate in methanol after incubation
overnight at ´20 ˝C. After washes in methanol and then acetone, the air-dried protein pellets were
wetted in a buffer containing 500 mM triethylammonium bicarbonate (TEAB), 2 M urea, 0.1% sodium
dodecyl sulfate (SDS), and a protease inhibitor cocktail for plant cell and tissue extracts (100ˆ dilution
in the extraction buffer) (Part #9599; Sigma, St. Louis, MO, USA).

For enrichment of low-abundance proteins, the individual protein extracts were processed using
a ProteoMiner Protein Enrichment kit (Bio-Rad, Hercules, CA, USA). One milliliter of each protein
sample was added to the ProteoMiner columns. Proteins were bound to beads after shaking in the
columns using a Mini LabRoller overnight at room temperature. Columns were then washed three
times with a wash buffer (150 mM NaCl, 10 mM NaH2PO4, pH 7.4). Then, the columns were incubated
at room temperature for 15 min in rehydrated elution reagent (8 M urea, 2% 3-((3-cholamidopropyl)
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dimethylammonium)-1-propanesulfonate (CHAPS) and 5% acetic acid) before eluting the proteins.
Proteins were concentrated using 5 KDa Corning Spin-X UF centrifugal concentrator (Sigma, St. Louis,
MO, USA).

Protein concentration was determined using a Bradford Assay Kit (Bio-Rad). Protein quality
was examined by separating 15 μg of proteins on 10%–20% precast Criterio TGX polyacrylamide
gels (Bio-Rad).

4.5. Isobaric Tags for Relative and Absolute Quantification (iTRAQ) Labeling and Mass Spectrometry Analysis

For iTRAQ labeling, protein samples containing 100 μg protein each were diluted using a buffer
containing 500 mM TEAB, 0.1% SDS, and the same protease inhibitor as described above at the same
concentration to reduce urea concentration to below 1 M. Then the protein sample was processed
following the instructions of the 8-plex iTRAQ labeling kit [21]. Protein tryptic digestion was conducted
using sequence grade modified trypsin (Promega, Madison, WI, USA) after incubation at 37 ˝C for 16 h.
The control samples were labeled with tags 113, 115, 117, and 118 and the treated samples with 114, 116,
119, and 121. After combining all the labeled samples, unbound tags and SDS were removed through
cation exchange cartridge (AB SCIEX). Salts and other impurities were removed using reverse-phase
(RP) solid-phase extraction procedure involving 1-cm3, 50-mg Sep-Pak C18 cartridges following the
manufacturer’s instructions (Waters; Milford, MA, USA). Peptides were eluted in 500 μL 50% (v/v)
acetonitrile with 0.1% trifluoroacetic acid (TFA). Samples were dried at reduced pressure using a
CentiVac Concentrator (labConco, Kansas City, MO, USA).

The peptide samples were subjected to a first dimension of high-pH Ultra Performance Liquid.
Chromatography (UPLC) separation using an Acquity UPLC System (Waters) coupled with a robotic
fraction collector (Probot; Dionex, Sunnyvale, CA, USA) [21]. One hundred micrograms of the
multiplexed sample were injected and fractionated into 48 fractions in a 96-well plate. The 48 fractions
were concatenated to yield 22 samples as follows: samples 1–4 and 45–48 were combined to yield
two 2nd dimension fractions (samples 1–4 not analyzed in 2nd dimension); then for the remaining
samples (5–44), every 20th fraction was combined. For the low-pH second dimension, low-pH RP
chromatography was employed. Dried samples were reconstituted with 15 μL of 2% acetonitrile with
0.5% formic acid. Nano-LC separations of tryptic peptides were performed as described previously. The
eluent from the analytical column was delivered to the LTQ-Orbitrap Elite (Thermo-Fisher Scientific,
Waltham, MA, USA) via a “Plug and Play” nano ion source (CorSolutions LLC, Ithaca, NY, USA). The
mass spectrometer was externally calibrated across the m/z range from 375–1800 with Ultramark 1621
for the Fourier transform (FT) mass analyzer, and individual runs were internally calibrated with the
background polysiloxane ion at m/z 445.1200025 as a lock mass [24,90,91].

The Orbitrap Elite was operated in the positive ion mode with nanosource voltage set at 1.7 kV
and capillary temperature at 250 ˝C. A parallel data-dependent acquisition (DDA) mode was used
to obtain one MS survey scan with the FT mass analyzer, followed by isolation and fragmentation of
the 15 most abundant, multiply-charged precursor ions with a threshold ion count higher than 50,000
in both the LTQ mass analyzer and the high energy collisionally induced dissociation (HCD)-based
FT mass analyzer at a resolution of 15,000 full width at half maximum (FWHM) and m/z 400. MS
survey scans were acquired with resolution set at 60,000 across the survey scan range (m/z 375–1800).
Dynamic exclusion was utilized with repeat count set to 1 with a 40 s repeat duration; exclusion
list size was set to 500, 20 s exclusion duration, and low and high exclusion mass widths set to 1.5.
Fragmentation parameters were set with isolation width at 1.5 m/z, normalized collision energy
at 37%, and activation Q at 0.25. Activation time for HCD analysis was 0.1 min. All data were
acquired using XCalibur 2.1 (Thermo-Fisher Scientific) [18,24]. Proteins were identified using the MS
data to query the switchgrass annotated database (http://www.phytozome.net/) via Mascot v2.3.02
(Matrix Sciences, Boston, MA, USA). The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [92] partner repository with the dataset identifier
PXD004675 and 10.6019/PXD004675.
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4.6. Protein Identification and Quantification, and Statistics Analysis

For a protein to be included in the quantitative analysis, it was required that at least two unique
peptides have to be identified in all eight biological samples. The intensities of reporter ions of
constituent peptides were log2-transformed. Then, log2 fold values from all constituent peptides were
subjected to t-test (general linear model procedure) followed by false discovery rate (FDR) corrections
to test the statistical significance of the difference in normalized abundance of each protein between the
drought-treated and control sample groups [21]. The log2 transformed abundance ratios were then fit
to a normal distribution (p < 0.01) [93]. Two standard deviations (i.e., a 95% confidence level) of the log2
fold transformed protein abundance ratio (treated/control) were used as the cutoff for significantly
changed proteins. The antilog conversion was used to represent the fold change of proteins. Statistical
analyses were performed using SAS (version 9.3; SAS Institute, Cary, NC, USA) [18].

4.7. Functional Pathway Analysis of Drought-Induced Proteins

In the annotated switchgrass database (Panicum virgatum v1.1, Phytozome v11.0), each accession
is associated with a unigene accession in Arabidopsis thaliana. The switchgrass annotated genome is
not included in the database of the MapMan pathway tools. Therefore, in this study, the A. thaliana
database in MapMan (MapMan, version 3.5.1R2, Max Planck Institute of Molecular Plant Physiology,
Potsdam-Golm, Germanry) was used to develop the functional pathways [94]. Additional literature
and database searches were conducted to develop the association between drought-induced proteins
and drought tolerance, and highlight new discoveries using proteomics analysis.

4.8. Statistical Analysis

All independent experiments were repeated four times. Experimental data were presented as
means and standard deviations (SD). The SAS version 9.0 software (SAS Inc., Cary, NC, USA) was
used to perform the analysis of variance (ANOVA) and least significant difference (LSD) tests for the
physiological data, and t-tests and FDR tests in the analysis of quantitative proteomics data.

5. Conclusions

This study has identified drought-induced changes in leaf proteomes that occurred when
plants have shown significant physiological changes from drought-treated to non-treated control
conditions. The identified proteins are involved in both ABA-dependent and ABA-independent
signaling pathways, and diverting metabolic pathways toward increasing cellular concentrations of
soluble sugars and stress-related amino acids (proline and isoleucine). The accumulation of a diverse
species of stress proteins can be considered as the hallmark for switchgrass plants to acquire drought
tolerance. Information provided in this paper advanced our understanding of molecular mechanisms
underlying drought tolerance in C4 plants.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/
8/1251/s1.
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Abstract: Plant drought tolerance is a complex trait that requires a global view to understand its
underlying mechanism. The proteomic aspects of plant drought response have been extensively
investigated in model plants, crops and wood plants. In this review, we summarize recent proteomic
studies on drought response in leaves to reveal the common and specialized drought-responsive
mechanisms in different plants. Although drought-responsive proteins exhibit various patterns
depending on plant species, genotypes and stress intensity, proteomic analyses show that
dominant changes occurred in sensing and signal transduction, reactive oxygen species scavenging,
osmotic regulation, gene expression, protein synthesis/turnover, cell structure modulation, as well
as carbohydrate and energy metabolism. In combination with physiological and molecular results,
proteomic studies in leaves have helped to discover some potential proteins and/or metabolic
pathways for drought tolerance. These findings provide new clues for understanding the molecular
basis of plant drought tolerance.

Keywords: proteomics; leaves; drought stress; molecular mechanism

1. Introduction

Drought is an inevitable and recurring feature of world climate. Despite our efforts to forecast its
onset and modify its impact, drought remains the single most important factor affecting worldwide
crop growth and productivity [1]. More importantly, although plant drought response has been
extensively studied [2–4], there are still no economically practical technological means to facilitate crop
production under drought [5]. Therefore, there is an urgent need to further understand and enhance
crop tolerance to drought stress.

Drought stress induces a number of changes at the morphological, physiological and biochemical
level in all plant organs [6]. Plants have evolved several strategies to cope with drought stress, including
drought escape via a short life cycle or developmental plasticity, drought avoidance via enhanced
water uptake and reduced water loss, as well as drought tolerance via osmotic adjustment, antioxidant
capacity, and desiccation tolerance [7]. With the development of high-throughput sequencing and
various omic technologies, large amounts of sequence data sets and global changes in gene expressions
have been reported. For example, using genomics and quantitative trait loci (QTL) mapping approaches,
a number of major genes or QTL for drought stress resistance were identified in Arabidopsis [8],
pearl millet (Pennisetum glaucum) [9], Festuca pratensis (Huds.) [10], wheat (Triticum aestivum) [11],
maize (Zea mays) [12], and common bean (Phaseolus vulgaris) [13]. Besides, microarray analysis of
drought response in shoots of two T. aestivum cultivars (i.e., TAM 111 and TAM 112) have revealed that
1657 transcripts were commonly altered in both cultivars, but 474 and 1540 transcripts were unique to
each cultivar, respectively [14]. In addition, genome-wide transcriptional analysis of Populus euphratica
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under four different drought treatments (watering with 70%, 50%, 20%, and 5% of daily evaporation
for seven weeks) have identified 952, 1354, 2138 and 2360 transcripts, respectively. Among them,
some candidate drought-responsive genes have a high potential to be used for crop breeding with
drought tolerance. Those genes are involved in the biosynthesis of plant hormones, various signaling
pathways (e.g., ZEP, PYL, PP2C, SnRK2, ACO, ACS, ETR1, and ETO1), osmoprotective pathways
(e.g., BADH, P5CS, PDH1, TPS1, and LEA), as well as the detoxification of reactive oxygen species
(e.g., APX, SOD, GR, and ALDH7) [15].

However, the mRNA levels usually do not correlate well with the protein abundances and
functions, due to various post-translational modifications. High-throughput proteomics has proved
to be a powerful tool for the comprehensive identification of drought-responsive proteins in
plants [16,17]. In previous investigations, more than 2200 drought-responsive protein species
have been identified in leaves from 25 plant species, including 18 herbs, 3 shrubs and 4 trees
(Table 1, Supplementary Table S1). In the present review, these drought-responsive protein
species are defined as 440 unique proteins on the basis of their protein sequence homology
and functional domain similarity. These proteins are mainly involved in signaling, transcription,
stress and defense, protein synthesis, folding and degradation, photosynthesis and photorespiration,
carbohydrate and energy metabolism, membrane and transport, cell structure and cell cycle, nitrogen
assimilation and amino acid metabolism, as well as fatty acid metabolism (Figure 1). In addition,
we also found some drought-responsive phosphoproteins in four phosphoproteomics studies
(Table 1, Supplementary Table S2). Phosphorylation is one of the most important post-translational
modifications (PTMs) that modulates protein activity, protein–protein interaction and cellular
localization. These drought-responsive phosphoproteins were mainly involved in signaling,
transcription, photosynthesis and carbon metabolism, as well as in protein synthesis and turnover.
The integrative analysis of physiological, molecular, and proteomic characteristics provides new clues
for further understanding plant drought tolerance.

Figure 1. Functional categories of drought-responsive protein species and unique proteins in leaves
revealed by proteomic studies. (A) Protein species include all the protein isoforms generated from
gene variable splicing and post-translational modifications in the original publications; (B) Unique
proteins indicate the protein family whose members have similar protein sequence homology and
functional domains.
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Table 1. Summary of current publications on drought-responsive proteomics in leaves.

Plant
Types

No. Plant Species Drought Treatment Condition
Protein
Species

Unique
Proteins

Reference

Herbs 1 Agrostis stolonifera 35% soil water 81 57 [18]

2 Cynodon dactylon withholding irrigation, 15 days 54 42 [19]

3 Elymus elongatum 75%, 50%, 25% field capacity,
rewater 3, 14 days 11 9 [20]

4 Boea hygrometrica 50% relative humidity (0.5, 8, 48 h);
rehydrated 8, 48 h 8 8 [21]

5 Poa pratensis TE foliar spray, 14 days; withholding
irrigation, 0, 10 and 15 days 58 32 [22]

withholding irrigation, 10 and 15 days 88 36 [23]

6 Sporobolus stapfianus 30% relative water content 108 55 [24]

7 Hordeum spontaneum withhold water to −2.5 MPa soil water
potential, 3 weeks 32 22 [25]

Hordeum vulgare P. indica-inoculation 28 days,
25% field capacity 45 28 [26]

10% field capacity, 5 days 37 23 [27]

stopping water, 7 days 24 23 [28]

8 Oryza sativa 30% relative humidity, 48, 72, 96, 120,
144, 168 and 192 h 94 64 [29]

withholding water, 38, 43 days;
rewater 5, 10 days 17 13 [30]

50% reposition of the water lost daily,
20 days 15 15 [31]

stop irrigation, 35 days 53 31 [32]

no irrigation, 20 days 20 18 [33]

withholding water, 6 days 10 10 [34] *

9 Triticum aestivum without water 5, 14, 24 days;
rewater 25 days 159 113 [35]

1/3 of field capacity, 14 h 13 13 [36]

PEG 6000, 48 h 23 19 [37]

20%–25% soil relative water content,
3 days 29 16 [38]

withholding water, 9 days 30 21 [39]

20% PEG for 48 h 31 29 [40] *

10 Zea mays 12.5% volumetric soil water content,
6 days 220 142 [41]

withholding water, 9 days 29 27 [42]

withholding water for 1, 4–5 days 138 111 [43] *

PEG solution (−0.7 MPa) for 8 h 149 41 [44] *

11 Saccharum officinarum 10% PEG 6000,14 h 4 4 [45]

12 Musa paradisiaca 0.21 M sorbitol, 48 days 24 20 [46]

13 Brassica napus no watering, 3, 7, 10 and 14 days 417 253 [47]

14 Citrullus lanatus no irrigation, 3 days 29 13 [48]

15 Glycine max 10% PEG 6000 or exposed to drought
conditions, 4 days 51 39 [17]

16 Phaseolus vulgaris no irrigation, 17 days 81 40 [49]

17 Medicago sativa water withholding, 7 days 29 20 [50]

18 Gossypium herbaceum 35% relative water content 18 17 [51]

Shrubs 19 Carissa spinarum 25% relative humidity, 48, 120 h, rewater
24 h 23 12 [52]

20 Cistus albidus no irrigation, 107 days; rewater, 26 days 56 35 [53]

21 Hippophae rhamnoides 25% field capacity, 20 days 13 11 [54]

Trees 22 Eucalyptus sp. dry season, 6 months 46 19 [55]

23 Populus spp.
25% field capacity, 18 days then rewater
28 days in glasshouse; no irrigation, 86
days in open field

33 29 [56]
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Table 1. Cont.

Plant
Types

No. Plant Species Drought Treatment Condition
Protein
Species

Unique
Proteins

Reference

Trees 23 Populus spp. withholding water 4 and 7 days 13 5 [57]

withholding water 8, 12 days;
rewater 7 days 52 25 [58]

120 ppb ozone, 13 h; 35% soil water,
7, 14, 21 and 28 days 25 19 [59]

10% soil water content, 45 days 40 33 [60]

24 Quercus robur 15% soil water content 3, 8, 56 and
65 days 41 28 [61]

Quercus ilex no irrigation 14 days; no irrigation
7 days, rewater 7 days 14 11 [62]

not watering, 28 days 18 11 [63]

25 Malus domestica 45%–55% field capacity 81 33 [64]

The references labelled with * are phosphoproteomic studies. The information of these phosphoproteins is listed
in Supplementary Table S2. TE: trinexapac-ethyl; PEG: polyethylene glycol.

2. Drought Sensing and Signaling

2.1. Possible Drought Receptor

Although no specific receptors for drought sensing have been found in plants, a drought-responsive
photoreceptor, phytochrome C1, was identified in Z. mays [41] (Figure 2A). Phytochrome is widely
believed to regulate the transcription of light-responsive genes by modulating the activity of several
transcription factors under both biotic and abiotic stresses [65]. In Arabidopsis, three phytochrome
genes (i.e., PHYA, PHYB, and PHYE) are involved in suppressing drought tolerance [66]. These results
imply a possible function of phytochrome C in mediating osmotic stress.

2.2. G Proteins

G proteins constitute one of the most important cell signaling cascades. Proteomic studies
revealed that two G protein subunits (alpha subunit and beta subunit), several small G proteins
(e.g., Ras-related protein Rab7 and Ras-related nuclear protein Ran), and a Ran-binding protein 1
were increased in drought-treated leaves (Supplementary Table S1, Figure 2A). Their functions in
drought tolerance have been previously reported. The G protein alpha subunit may play a positive
role in regulation of drought stress [67,68], whereas the G protein beta subunit in Arabidopsis may
negatively regulate drought tolerance [69,70]. Besides, Rab proteins are the largest branch of the small
G protein superfamily, which are involved in vesicle trafficking, intracellular signaling events and many
important physiological processes, such as polar growth, plant hormone signal cross-talk, and stress
response [71]. One of the Rab proteins, Rab 7, has been suggested to be involved in drought stress
tolerance. The PgRab7 gene was upregulated by dehydration in P. glaucum [72], while overexpression
of the peanut AhRabG3f exhibited an enhanced tolerance to drought stress in transgenic peanut
(Arachis hypogaea L.) [73]. Additionally, two isoforms of GDP dissociation inhibitor (GDI), involved in
the regulation of Rab family activity, were increased in drought-stressed leaves of Oryza sativa [29].
The expression of the MiRab-GDI gene was induced in Mangifera indica under drought stress
conditions [74], but the exact function of GDI in response to drought stress remains to be
elucidated. In addition, Ran is another member of the small G protein group, which is involved
in nucleo-cytoplasmic transportation of proteins and RNA, the formation of spindle asters, and the
reassembly of the nuclear envelope in mitotic cells [71]. Ran-binding protein 1 is the major effector
of Ran. The significant increase of Ran in Poa pratensis [23] and Ran-binding protein 1 in Z. mays
under drought stress conditions [41] indicated the important role of cell cycle and DNA synthesis in
drought tolerance. However, the drought-decreased Ran/TC4 in Cistus albidus under no irrigation for
107 days [53] implies their function is dependent on the drought intensity.
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Figure 2. Schematic representation of drought responsive proteins involved in signaling, gene expression
regulation, protein synthesis and degradation. The solid line indicates single-step reactions, and the
dashed line indicates multi-step reactions. (A) Signaling; (B) DNA replication and transcription;
(C) RNA processing; (D) Protein synthesis; (E) Protein processing; (F) Protein degradation. 14-3-3: 14-3-3
protein; Nep: aspartic proteinase; ClpP: ATP-dependent Clp protease; ABP: auxin-binding protein;
BiP: endoplasmic reticulum-luminal binding protein; CaB: calcium ion binding protein; CaSR: calcium
sensing receptor; CDPK: calcium-dependent protein kinase; CAM: calmodulin; CNX: calnexin;
CRT: calreticulin; CP: cysteine proteinase; EF: elongation factor; ERF: ethylene-responsive transcription
factor; GDI: GDP dissociation inhibitor; GR-RBP: glycine-rich RNA binding protein; HSP: heat shock
protein; HMG: high mobility group protein; HOP: Hsp70-Hsp90 organizing protein; AP: leucine
aminopeptidase; MatK: maturase K; MEP: metalloendopeptidase; MC: molecular chaperone;
OP: oligopeptidase A-like; PPIase: peptidyl-prolyl cis-trans isomerase; PLD: phospholipase D;
PhyC: phytochrome C; PCNA: proliferating cell nuclear antigen; PIP: proline iminopeptidase, putative;
PDI: protein disulphide isomerase; PP2C: protein phosphatase 2C; RanBP: Ran-binding protein;
RT: retrotransposon protein; RNase: ribonuclease; RNP: ribonucleoprotein; RP: ribosomal protein;
RBP: RNA binding protein; Hlc: RNA helicase; RNAP: RNA polymerase; SCPL: serine carboxypeptidase-like
protein; STK: serine/threonine kinase; PSP: serine/threonine-protein phosphatase; SnRK: sucrose
non-fermenting 1-related protein kinase; TCP: T-complex protein; TRIP1: TGF-β receptor-interacting
protein 1; TF: transcription factor; TR: transcription regulator; TIG: trigger factor-like protein; V-PPase:
vacuolar H+-pyrophosphatase; V-ATPase: vacuolar H+-ATPase; Zmp: zinc metalloprotease.

2.3. Ca2+ Signaling and Protein Kinase

Under drought stress, calcium acts as a second messenger, which is employed to regulate specific
protein kinase activity and downstream gene expression [75]. In proteomic studies, the abundances
of several calcium binding proteins (CaBs), such as calmodulin (CaM), calcium sensing receptor
(CaSR), calreticulin (CRT), and calcium-dependent protein kinase (CDPK), were changed in response
to drought (Figure 2A). Among them, CRT is a unique endoplasmic reticulum (ER) luminal Ca2+

binding chaperone, which plays a role in many cellular processes [76]. The increase of CRT abundance
enhanced the survival of T. aestivum plants under drought condition [77], and the TaCRT-overexpressing
tobacco (Nicotiana benthamiana) plants exhibited enhanced drought resistance [78]. Proteomic studies
revealed a drought-induced CRT1 in Glycine max [17], but a drought-reduced CRT1 in Quercus robur
under prolonged (65 days) drought stress [61]. These results indicate that CRT functions in
drought tolerance in a stress intensity-dependent manner. Besides, CDPKs regulate the downstream
components in calcium-mediated signal transduction. In proteomic studies, the protein abundance
and phosphorylation level of CDPKs were generally decreased in plants under drought. However,
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the abundance of CDPKs increased in the drought-tolerant genotype of Z. mays [41]. It has been
reported that overexpression of the CDPK gene can enhance drought tolerance in transgenic
Arabidopsis [79,80] and O. sativa [81]. These reports imply the important role of CDPKs in plant
stress tolerance. The phosphorylation states of several protein kinases (e.g., serine/threonine-protein
kinase, germinal center kinase (GCK)-like kinase MIK, receptor-like protein kinase HERK 1-like,
phototropin family protein kinase, and salt-inducible protein kinase) were also changed in
response to drought stress, implying their regulation in the drought response signaling pathway.
In addition, the dephosphorylation mediated by protein phosphatases is an important event in
the signal transduction process that regulates various cellular activities [82]. In proteomic studies,
the phosphorylation level of protein phosphatase 2C (PP2C) and phospholipase D (PLD) in Z. mays [41]
were drought-increased (Figure 2A). PP2C is known to be a negative regulator for plant drought
tolerance in the abscisic acid (ABA) signaling pathway, which can inhibit the activity of SnRK,
leading to a decrease of the phosphorylation of its substrates in the signaling cascade [83–85].
Both phosphorylation level [40,44] and abundance of PP2C [41,86] were obviously affected by drought
stress. These data suggest that the PP2C-involved ABA signaling pathway is crucial for drought
response. Additionally, a dual function of PLD in plant drought response was reported, for example,
in drought-sensitive cultivars, the activity and expression of PLD increased more obviously than in
drought-tolerant ones [87,88], whereas overexpression of the PLDα gene can significantly enhance
drought tolerance in transgenic Arabidopsis [89] and Populus tomentosa [90]. In addition, a high level
of PLD promotes stomatal closure at earlier stages, but disrupts membranes in prolonged drought
stress [91]. These data imply that, in drought, PLD functions in a condition-dependent manner.

2.4. 14-3-3 Proteins

In proteomic studies, some members of the 14-3-3 protein family and 14-3-3-like proteins were
increased in drought-treated leaves from many plant species (Figure 2A, Supplementary Table S1).
The 14-3-3 proteins are intracellular dimeric phosphoserine/threonine binding molecules that
participate in a wide range of vital regulatory processes, including signaling, transmembrane receptors,
and transcription activation [92]. 14-3-3 proteins are also known as positive regulators of H+-ATPase
activity to control the electrochemical gradient across the plasma membrane, which contributes
to the initiation of stress responses and other signal transduction pathways [93]. It has been
reported that drought stress can directly alter the abundance of 14-3-3 proteins [94–96]. In addition,
overexpression or silencing of the 14-3-3 protein genes can modulate drought tolerance of transgenic
plants (e.g., Gossypium hirsutum and Arabidopsis) [97,98]. These results imply that 14-3-3 proteins may
have diverse regulatory roles in leaves under drought stress, and the involvement of each 14-3-3
protein in drought-response needs to be further elucidated.

2.5. Ethylene and Auxin Signaling Pathways

It is well known that ABA is a key phytohormone that mediates the adaptive response to drought
stress. Besides, other hormonal signals, such as ethylene, gibberellic acid, and jasmonic acid are
also important cellular regulators in signal transduction pathway under drought conditions [99–101].
Proteomic studies revealed a drought-increased ethylene-responsive transcription factor (ERF) in
Gossypium herbaceum [51] and some members of drought-responsive auxin-binding protein (ABP)
family in Q. robur [61], Z. mays [41], and polar clones [59]. The ERF gene was found to be induced in
G. herbaceum under drought stress [102,103] (Figure 2A). Overexpression of ERFs in various plants,
such as sugarcane SodERF3 overexpression in tobacco, tomato TERF1 in rice, and Brassica rapa BrERF4
in Arabidopsis, can improve plant drought tolerance. However, careful attention should be taken in
the definition of ERF roles in plant drought tolerance. Different ERF members may play different
roles in plants in response to drought stress. For example, BpERF11 was found to negatively
regulate osmotic tolerance in Betula platyphylla [104]. In addition, ABP functions as an auxin receptor,
being involved in many development processes and drought response. However, as far as we know,
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little information is available for ABP members (i.e., ABP2, ABP20, and ABP19a) in response to drought
stress. Additionally, a drought-increased TGF-β-receptor interacting protein 1 (TRIP1) was found
in Sporobolus stapfianus [24]. TRIP-1 was phosphorylated by the brassinosteroid (BR)-insensitive I
(BRI-1) protein, which is a serine/threonine kinase receptor essential for BR perception and signal
transduction. The increase of TRIP-1 in S. stapfianus suggests that the BR signaling pathway would be
triggered in response to water deficit.

3. Drought-Responsive Gene Expression Regulation

Drought-responsive gene expression is crucial in the transcriptional regulatory network [105].
Proteomic studies have found some gene expression-related proteins in the complex regulatory
networks in leaves (Figure 2B). Chromatin structure modification is a prerequisite to sustain the
transcriptional regulation which is involved in cell cycle progression. Significant abundance changes
were observed in two chromatin structure modification-related proteins, which were histones and
high mobility group proteins (HMG). Histones are the major proteins of chromatin, and the dynamic
association of histones and their variants can regulate gene expression [106]. In proteomic studies,
several histones (e.g., H1 and H2B) appeared to cause diverse abundance changes in different
plant species in response to drought stress. For example, H2Bs were decreased in C. albidus [53]
and Brassica napus [47], while histone H1 was decreased in a drought-sensitive Z. mays cultivar,
but increased in a drought-tolerant one [41]. Similarly, the transcript and protein of histone
H1 variant were all induced specifically in the tolerant genotype of G. herbaceum [107]. Besides,
HMG is a highly conserved nuclear DNA-binding protein, which functions in DNA repair and
chromatin modification after DNA damage [108]. A proteomic study revealed that two isoforms
of HMG were drought-increased in drought-tolerant maize cultivar, but decreased in a sensitive
cultivar [41]. Interestingly, the phosphorylation level of HMG was significantly decreased in
a drought-tolerant wheat cultivar, but increased in a drought-sensitive one [40]. Previous studies
have reported that phosphorylation of HMG reduced its binding to DNA, inhibiting replication and
transcription [109]. These data imply that PTM (e.g., phosphorylation) of HMG is crucial for its
function in plant drought tolerance.

In addition, RNA processing was also critical for plants to cope with drought stress. The abundances
of several RNA processing-related proteins were changed in plants under drought stress
(Figure 2C). Among them, five glycine-rich RNA binding proteins (GR-RBPs) were drought-increased,
while three GR-RBPs were drought-decreased. RNA binding proteins (RBPs) can bind to RNA
molecules, which are involved in almost all aspects of post-transcriptional gene regulation. The GR-RBP
genes have been noted to be upregulated in response to water stress [110], which was suspected to
function in the regulation of specific gene expression in response to stress. For example, the expression
of GR-RBP gene in transgenic rice has been shown to have much higher recovery rates and grain yields
when compared with that in wild-type plants under drought conditions [111]. However, the transgenic
Arabidopsis and camellia plants that had an overexpressed GR-RBPa gene from Camelina sativa appeared
to have a reduced drought tolerance [112]. Besides, proteomic studies revealed that the abundance
and phosphorylation level of S-like ribonucleases (RNases) were significantly increased in rice under
drought stress [30,34]. S-like RNases have acquired specialized functions such as stress regulation,
defense against microorganisms, phosphate scavenging, and even nitrogen storage [113]. It has
been reported that S-like RNases participated in the responses to salt, polyethylene glycol (PEG),
and ABA [113]. All these have attracted great attention as researchers have attempted to further
confirm their post-transcriptional regulation in response to drought stress. Additionally, an intron
splicing related protein, and maturase K (MatK) appeared to show a drought decrease in poplar [60],
and multiple organelle RNA editing factor 9, involved in RNA editing in mitochondria and plastids,
was increased firstly, and then decreased in B. napus with the extension of drought stress [47]. Both of
them are RNA processing-related proteins. Their changes indicated that the transcription regulation is
diverse and complicates the study of plants’ ability to cope with drought stress.
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4. Drought-Responsive Protein Synthesis and Turnover

Protein synthesis and turnover is one of the fundamental metabolic processes for plants to
cope with drought stress. Proteomic investigations revealed that 16% of the drought-responsive
proteins in leaves are attributed to protein synthesis and turnover functions (Figure 1). Several proteins
are involved in protein biosynthesis, such as ribosomal protein (RP), elongation factor (EF),
translation initiation factor (TIF), tRNA synthase (TRS), and ribosome recycling factor (RRF) (Figure 2D).
Most of them exhibited an increase under drought stress, which would be beneficial for protein
synthesis in response to specific drought conditions. Besides, the proteins functioning in protein
folding and processing showed diverse changes among different plant species and cultivars (Figure 2E).
For example, peptidyl-prolyl cis-trans isomerases (PPIases) were significantly increased in G. max [17],
T. aestivum [35], O. sativa [29], and Q. robur [61], but decreased in a drought-sensitive cultivar of
Phaseolus vulgaris [49]. Protein disulfide isomerases (PDIs) were increased in barley and B. napus,
but decreased in Agrostis stolonifera, Q. robur, and poplar. Additionally, ER-luminal binding protein
(BiP), trigger factor-like protein (TIG), most heat shock proteins (HSPs), and other molecular chaperones
(i.e., calnexin, endoplasmin) were increased, but T-complex protein and HSP70-HSP90 organizing
protein were decreased in drought-treated leaves (Supplementary Table S1). These proteins function
to maintain normal protein folding, repairing, and renaturation of the stress-damaged proteins.
Among them, HSPs function in protein folding for drought tolerance, which has been widely
discussed [114–116]. HSP genes have been transferred into Arabidopsis and yeast to improve their
drought tolerance [117,118]. These data suggest that maintaining correct protein folding is important
for leaves to cope with drought stress [35].

Besides, protein degradation is important to remove abnormal or damaged proteins and to
control the levels of certain regulatory proteins during drought stress. Proteomic studies also
revealed that some protein degradation-related proteins increased in response to drought stress,
including proteasomes, proteases, and peptidases (Figure 2F). Previous studies have reported
that some components in the protein degradation pathway, such as ubiquitin/26S proteasomes,
small ubiquitin-like modifier (E3 SUMO) ligase, and proteases/peptidases were involved in plant
drought tolerance [119–123]. For the ubiquitin/26S proteasome system, 7 out of 11 20S proteasomes
(the core regulatory particle of 26S proteasome) were increased in leaves of P. vulgaris [49],
Hordeum vulgare [26], B. napus [47], and Medicago sativa [50], respectively. Importantly, the phosphorylation
level of E3 ubiquitin ligase, which is one of the key enzymes involved in ubiquitination,
exhibited significantly increased values in leaves under drought stress [40,44]. Many studies have
shown that E3 ubiquitin ligases were positively related to plant drought tolerance [124–126].
These findings indicate that the enhancement of the ubiquitin/26S proteasome system is important for
plants to cope with drought. In addition, most proteases were drought-increased in plants, such as
ATP-dependent Clp protease in H. vulgare, cysteine proteinase in P. vulgaris, zinc metalloprotease
in B. napus, and aspartic proteinase in Z. mays. Consistently, some peptidases, such as serine
carboxypeptidase in G. herbaceum and oligopeptidase in O. sativa, were increased in drought-stressed
leaves. Among them, aminopeptidases (APs), catalyzing the hydrolysis of amino acids from the
N-terminus of proteins, were generally increased in drought-tolerant plant species, and decreased in
drought-sensitive plant species or cultivars. The essential role of APs in plant drought tolerance has
been well addressed previously [123].

5. Reactive Oxygen Species (ROS) Scavenging Pathways

5.1. Superoxide Dismutase (SOD), Catalase (CAT), and Peroxidase (POD) Pathway

Water deficit interrupts normal cellular metabolism that results in the production of ROS.
Plants have evolved diverse mechanisms to keep ROS homeostasis in cells, including antioxidative
enzymes (e.g., SOD and CAT) and chemical antioxidants (e.g., glutathione and ascorbate) (Figure 3A).
Among them, SOD acts as the first line of defense by converting O2

− into H2O2, and CAT
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converts H2O2 into H2O and O2. They are both involved in plants’ drought tolerance. For example,
the transgenic alfalfa expressing MnSOD gene from Nicotiana plumbaginifolia improved its survival
and vigor after exposure to water deficit [127]. Overexpression of a cytosolic copper-zinc SOD from
the mangrove plant Avicennia in rice can enhance its drought tolerance [128]. In addition, the increase
of CAT activity is positively related to the drought degree [129], although the functional analysis of
CAT gene on drought tolerance in transgenic plants is still scarce. The diverse abundances of SODs
indicated that their functional state is dependent on subcellular location (e.g., plastid, peroxisome,
or cytosol), drought conditions, and the plant’s drought adaptation ability. For example, the cytosolic
Cu-Zn SODs were increased in two O. sativa cultivars (i.e., drought avoidance CT9993 and drought
tolerance IR62266), while the chloroplast Cu-Zn SODs were increased in CT9993, but decreased in
IR62266 [30]. Additionally, in a drought-sensitive cultivar of Malus domestica, the abundance of Cu-Zn
SOD was decreased, but the FeSOD was increased [64].

 

Figure 3. Schematic representation of drought responsive proteins involved in reactive oxygen species
(ROS) scavenging, cell structure and cycle. The solid line indicates single-step reactions, and the
dashed line indicates multi-step reactions. (A) ROS scavenging; (B) Cytoskeleton; (C) Cell cycle; (D) Cell
wall modulation. ADF: actin depolymerizing factor; ALDH: aldehyde dehydrogenase; AsA: ascorbate;
APX: ascorbate peroxidase; Exol: glucan exohydrolase; COMT: caffeic acid 3-O-methyltransferase;
CCOMT: caffeoyl-CoA O-methyl-transferase; CAT: catalase; CDC: cell division cycle protein; DHAR:
dehydroascorbate reductase; DHA: dehydroascorbate; GME: GDP-D-mannose-3′,5′-epimerase; GCL:
glutamate-cysteine ligase; Grx: glutaredoxin; GPX: glutathione peroxidase; GR: glutathione reductase;
GST: glutathione S-transferase; GSSG: glutathione disulfide; GSH: glutathione; GRP: glycine-rich
protein; GLO: glyoxalase; LG: (R)-S-lactoylglutathione; MSR: methionine sulfoxide reductase;
MG: methylglyoxal; MDHAR: monodehydroascorbate reductase; MDHA: monodehydroascorbate;
ftsZ1: plastid division protein ftsZ1 precursor; PAE: pectin acetylesterase; PAL: phenylalanine ammonia-lyase;
PG: pectin depolymerase; PGIP: polygalacturonase inhibitor; PHGPX: phospholipid hydroperoxide
glutathione peroxidase; POD: peroxidase; Prx: peroxiredoxin; RGP: reversibly glycosylated polypeptide;
SOD: superoxide dismutase; Trx: thioredoxin; TCTP: translationally-controlled tumor protein homolog;
XI: xylanase inhibitor; XTH: xyloglucan endotransglycosylase.

POD catalyzes the reduction of H2O2 using various electron donors such as phenolic compounds,
lignin precursors, auxin, and secondary metabolites. The drought-induced activities of POD were
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observed in leaves from Arabidopsis [130], Ramonda serbica [131], and M. sativa [132]. In proteomic
studies, the abundances of PODs were increased in leaves of Quercus ilex [62] and a drought-tolerant
O. sativa cultivar [32]. Moreover, the expression of POD genes was also increased in Tamarix hispida
under drought stress [133]. These results indicate that PODs are critical for ROS scavenging in
drought-stressed plants.

5.2. Ascorbate-Glutathione (AsA-GSH) Pathway

The AsA-GSH pathway is another key antioxidant pathway in response to drought [134,135].
During this process, the ascorbate peroxidase (APX) reduces H2O2 to H2O using ascorbate (AsA)
as an electron donor, then the oxidized AsA is restored by monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR) [136] (Figure 3A).
Proteomic studies revealed that most proteins in this pathway were increased under drought stress
conditions. For example, the APXs localized in thylakoids and mitochondria were drought-increased in
many herbaceous plants (e.g., Cynodon dactylon [19], G. max [17], T. aestivum [35,37,38], O. sativa [43,44,46],
H. vulgare [37], and B. napus [47]). The function of APX under drought stress has been well
addressed [129]. APX1-deficient mutant (apx1) of A. thaliana was significantly sensitive to drought
stress [137]. Transgenic tobacco plants overexpressing cytosolic APX alleviated the damage from
water stress. In addition, rice Osapx2 mutants had lower APX activity and were sensitive to drought,
whereas overexpression of Osapx2 in rice enhanced its stress tolerance [138].

Another AsA-GSH pathway-related enzyme, GR, catalyzes the reduction of glutathione disulfide
(GSSG) to the sulfhydryl form GSH. Consistently with the drought-increased abundance of GR,
the drought-induced GR genes were also found in cowpea and P. vulgaris under drought stress [139,140].
Overexpression of B. rapa BrGR in E. coli showed an increase of GR activity and tolerance to
H2O2 [141]. Thus, the positive function of GR in plant drought tolerance can be presumed [142].
Besides, two enzymes that can maintain ascorbate in its reduced state, dehydroascorbate reductase
(DHAR) and monodehydroascorbate reductase (MDHAR), were found to be increased in some plants
(i.e., C. dactylon and O. sativa) under drought stress. The expression of DHAR is generally associated
with plant drought tolerance [143,144]. Overexpression of DHAR has been shown to increase drought
tolerance or biomass in transgenic potato [145], rice [146], and tobacco [147]. These imply that DHAR
can be a very promising target to improve plant drought stress tolerance.

In addition, proteomic studies revealed that some proteins were involved in glutathione-mediated
ROS scavenging: glyoxalase (GLO), phospholipid hydroperoxide glutathione peroxidase (PHGPX),
glutamate-cysteine ligase (GCL), glutaredoxin (Grx), and monothiol Grx. GLO catalyzes the
detoxification of methylglyoxyl, which is involved in the indirect scavenging of ROS. Among them,
the abundances of GLOs were not always increased in plants under drought stress. Their response
to drought was dependent on the plant genotype and duration of drought. Besides, GCL is the
first enzyme in the GSH biosynthetic pathway which was increased in drought-stressed B. napus [47].
Similar profiles were also observed in monothiol Grx in B. napus [47], Z. mays [41], as well as PHGPX
in Citrullus lanatus [48]. All these suggest that the GSH-mediated antioxidative defense pathway is
increased in leaves as a drought adaptation mechanism.

5.3. Peroxiredoxin/Thioredoxin (Prx/Trx) and Glutathione Peroxidase/Glutathione S-Transferase
(GPX/GST) Pathway

The Prx/Trx pathway plays a central role in detoxification of H2O2. In this process, Prx catalyzes
the reduction of H2O2, and then uses Trx to restore its catalytic activity (Figure 3A). The abundances
of Prx and Trx were increased in response to drought, indicating the enhanced detoxification in
drought-stressed leaves. Besides, a Trx-linked enzyme, methionine sulfoxide reductase (MSR), was also
increased in some plants [57]. MSR is involved in the enzymatic conversion of methionine sulfoxide to
methionine, which is involved in the protection of cells and tissues from H2O2-induced stress [148].
It has been reported that various oxidative stresses, including drought stress, can enhance the
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expression of numerous Msr genes [149]. This implies that MSR plays an important role in response to
drought stress.

Besides, the GPX/GST pathway is enhanced in some plants under water deficit conditions.
GPX catalyzes the reduction of H2O2 using Trx [150], and GST catalyzes conjugation reactions between
GSH and a number of xenobiotics, playing a crucial role in the degradation of toxic substances.
Previous studies have reported that overexpression of the GST gene enhanced drought tolerance in
tobacco [151,152] and Arabidopsis [153]. Similarly, overexpression of P. glaucum GPX in rice resulted in
an increased tolerance to drought stress [154]. In proteomic studies, the GPXs were drought-increased
in Boea hygrometrica [21], E. elongatum [20], and B. napus [47], while drought-increased GSTs were
widely found in the plant species discussed in this review. The increases of GPX and GST reinforced
the functional evidence for their potential detoxification role in drought tolerance.

6. Pathogenesis Related Proteins

In proteomics results, several pathogenesis-related proteins were increased in response to
drought stress, such as chitinase, disease resistance protein (DRP), polyphenol oxidase (PPO),
oryzacystain, pathogen defense-related protein 10 (PR10), and disease resistance gene analog PIC15.
Chitinase functions in the determent of herbivory and pathogen attack by acting on insect exoskeletons
and fungal cell walls [155]. Five basic chitinase species and an acidic chitinase were increased in two tree
species, i.e., Eucalyptus sp. [55] and Musa paradisiaca [42], respectively. The induced transcript of basic
chitinase was also observed in Eucalyptus sp. [55]. Besides, PPO catalyzes the oxygen-dependent
oxidation of phenols to quinones during plant defense against pests and pathogens. It was reported
that the abundances and activities of PPOs were also increased in leaves of B. hygrometrica under
desiccation [21], indicating its substantial role in the adaptation to severe water deficit. Moreover,
an oryzacystain was increased in drought-stressed O. sativa leaves. Oryzacystain is a cysteine proteinase
inhibitor in the phytocystatin family of proteinase inhibitors, which plays an important role in
plant defense against pathogen attacks and oxidative stress [156]. The tobacco overexpressing the
oryzacystain gene displayed an increase of drought tolerance by improving total SOD and guaiacol
POD activities [157]. In addition, the drought-induced PR10 and disease resistance gene analog PIC15
were also found in leaves (Supplementary Table S1). It was found that overexpression of PR10 can
improve drought tolerance in tobacco [158]. The response of these pathogenesis-related proteins to
drought suggests that there is a cross-talk between biotic and abiotic stresses.

7. Osmotic Regulation

Osmotic regulation is crucial for plant drought resistance. Several important osmotic
homeostasis-related proteins, such as late embryogenesis abundant (LEA) protein, dehydrin (DHN),
and betaine aldehyde dehydrogenase (BADH), were accumulated in leaves under drought stress.
Among them, LEA proteins are highly hydrophilic proteins which function in plant abiotic
stress as cellular protectants to stabilize cellular components in response to water loss [159].
Similarly, in physiological studies [160], DHNs (also known as group 2 LEA proteins) were widely
drought-accumulated in several plant species, including Z. mays [41], C. dactylon [19], T. aestivum [35],
and B. napus [47]. Higher hydrophilicity and thermostability of DHNs suggest that they can stabilize
the protein structure through detergent- and chaperone-like properties [161]. Besides, the DHN
in Z. mays exhibited a significantly increased phosphorylation level under drought stress [43].
The phosphorylation of LEA2 may facilitate its binding to calcium. LEA2 acts as calcium buffer, and has
calcium-dependent chaperone-like activity, which is similar to that of calreticulin and calnexin [162].
Besides, group 3 LEA proteins were also increased in Z. mays [41] and B. napus [47] under certain
drought conditions. It has been reported that transformation of the LEA gene into a number of plant
species can confer tolerance to drought stress. For example, the transgenic calli overexpressing sweet
potato LEA14 (IbLEA14) enhanced the plant tolerance to drought stress, whereas RNA interference
(RNAi) calli exhibited increased stress sensitivity [163]. All these indicate that LEA can be taken as
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a candidate gene for improving plant drought tolerance. Another osmotic regulation-related enzyme,
BADH, showed drought accumulation in leaves of H. vulgare [27] and Hordeum spontaneum [25].
BADH converts betaine aldehyde to glycine betaine, which mediates osmotic homeostasis,
and has positive effects on plant adaptation to drought stress [164]. RNAi-directed downregulation of
OsBADH1 resulted in a decrease of stress tolerance and an increase of oxidative stress [165], implying its
important role in plant drought tolerance.

8. Modulation of Cell Structure and Cell Cycle

8.1. Cytoskeleton and Cell Cycle

In leaves, water deficit rapidly decreases cell division rate [166,167]. Proteomic studies revealed
that the abundances and phosphorylation levels of several proteins involved in cell division
(i.e., cell division cycle protein, division protein ftsZ1, and cyclin A2) were decreased under
water deficit [22,28,44,47] (Figure 3C). Because cytokinesis requires new cytoskeleton and cell wall
components, it is predictable that the cell wall and cytoskeleton-related proteins would change in
response to drought. The cytoskeleton (i.e., microtubules and actin filaments) is a highly dynamic
component, which is crucial for cell division, movement, morphogenesis, and signal transduction [168].
In proteomic studies, several cytoskeleton proteins, such as actin, kinesin motor protein, tubulin,
profilin, actin depolymerizing factor, and fibrillin were decreased in response to drought stress
(Figure 3B). The actin genes were also reduced in drought-treated H. vulgare leaves [168]. The decrease
of the cytoskeleton and cell cycle-related proteins implies that cell growth is suppressed during
drought stress.

In response to drought, the translationally-controlled tumor protein homolog (TCTP) was
significantly drought-increased in H. vulgare [26], T. aestivum [37], and B. napus [47], which would
facilitate plant adaptation to drought stress. TCTP is a Ca2+-binding protein with important functions in
some cellular processes (e.g., protection against stress and apoptosis, cell growth, cell cycle progression,
and microtubule organization) [169]. The protein abundance and gene expression of TCTP were
increased in P. indica-colonized plants under drought stress. Additionally, PEG treatment for 48 h also
increased the abundance of TCTP in leaves of T. aestivum [37]. Overexpression of Arabidopsis TCTP
enhanced drought tolerance by rapid ABA-mediated stomata closure [170], while a TCTP knockdown
mutant of Arabidopsis showed severe growth defects [171]. These results imply the importance of TCTP
for plant drought tolerance.

8.2. Cell Wall Modulation

Water loss in plant tissues controls turgor pressure and directly affects the extensibility of the cell
wall. Some drought-responsive enzymes involved in cell wall polysaccharide synthesis/hydrolysis,
lignin biosynthesis, and cell wall loosening in leaves have been identified in proteomic studies
(Figure 3D). Two enzymes involved in cell wall polysaccharide synthesis, reversibly glycosylated
polypeptide and pectinacetylesterase, were drought-increased in M. sativa [50] and B. napus [47],
respectively. Two enzyme inhibitors involved in polysaccharide hydrolysis inhibition, the xylanase
inhibitor and polygalacturonase inhibitor, were decreased in drought-sensitive Z. mays cultivars,
but increased in leaves of a tolerant cultivar [41]. Their changes in response to drought stress
were in contrast to that of glucan exohydrolase, which is an enzyme involved in polysaccharide
hydrolysis. These results indicate that the cell wall synthesis is enhanced in a drought-tolerant maize
cultivar under drought stress, which may be associated with drought adaptation. Besides, three lignin
biosynthesis related proteins, phenylalanine ammonia-lyase (PAL), caffeic acid 3-O-methyltransferase,
and caffeoyl-CoA O-methyl-transferase, were generally increased under drought stress (Figure 3D).
PAL catalyzes the transformation of phenylalanine to cinnamylate in the first step of lignin
biosynthesis [172]. The activity of PAL was also obviously increased in the leaves of Trifolium repens
under the early stages of drought stress (0–14 days), but decreased gradually as the period of stress was
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extended [173]. In addition, two drought-increased cell wall structural proteins (i.e., glycine-rich protein
and fasciclin-like arabinogalactan protein) were found in the leaves of B. napus [47], which would
enhance cell wall synthesis in response to drought stress. Interestingly, a significantly increased
abundance and phosphorylation level of sucrose synthase was found in Z. mays [27,32,41,44],
which would facilitate the synthesis of cell wall components by providing UDP-glucose directly
to the cellulose synthases and/or callose synthases [174]. The drought-increased cell wall synthesis
would enhance the mechanical strength for minimizing water loss and cell dehydration, which is
crucial for plants to resist and recover from drought.

Besides, cell wall loosening is also important for growth adaptation in expanding leaves [166].
Two cell wall loosening/expansion-related enzymes, polygalacturonase/pectin depolymerase (PG) in
O. sativa [29] and xyloglucan endotransglycosylase (XTH) in Z. mays [41], were increased under drought
stress. PG can degrade pectin, while XTH can cleave and reform the bonds between xyloglucan chains
to regulate cell wall rigidity. Previous studies have found drought-induced XTH genes upregulated in
Arabidopsis and rice [175,176], which implies that XTH might serve as a stress marker gene in leaves.
Taken together, the cell wall modulation, which results in either growth arrest in drought-sensitive
cultivars or a continuation of growth with a reduced rate [177], would contribute to drought adaption
by cell size adjustment for cell turgor maintenance [17].

9. Membrane Trafficking

Plant membrane transport system plays a significant role in response to water scarcity. In proteomic
studies, several membrane trafficking proteins localized in mitochondrion, plasma, and vacuole were
changed in response to drought. Two mitochondrial carrier proteins (i.e., dicarboxylate/tricarboxylate
carrier (DTC) and 2-oxoglutarate/malate carrier protein (OMC)) were decreased in T. aestivum [35]
and G. max [17], respectively. DTC and OMC can catalyze the transport of various metabolites
(e.g., dicarboxylates, tricarboxylates, amino acids, and keto acids) across the inner mitochondrial
membrane, and play an important role in several metabolic processes, such as the gluconeogenesis,
nitrogen metabolism, as well as biotic stress [178]. However, three voltage-dependent anion channel
proteins (VDAC) in T. aestivum [35] and two mitochondrial outer membrane porin 1-like proteins
in B. napus [47] were significantly increased under drought stress. The VDAC localized in the
outer membrane of mitochondria can regulate Ca2+ fluxes, ATP/ADP exchange, and metabolites.
The abundance changes of these mitochondrion transport-related proteins under drought stress
indicated that the ion/metabolite exchange between mitochondria and cytosol was modulated in
leaves to cope with the stress. Among them, the function of VDAC has been proved to be involved in
plant drought tolerance [179,180]. The transcriptional level of VDAC was induced in Brassica rapa by
drought stress [179], and the overexpression of the AtVDAC2 gene can confer drought resistance in
Arabidopsis [180].

Remorin is a plant-specific plasma membrane protein that plays important role in plant-microbe
interaction and signal transduction [181]. Some drought-increased remorins were found in Z. mays [41],
O. sativa [44], and tolerant cultivars of T. aestivum [35]. Overexpressing heterologous remorin in
Arabidopsis enhanced the tolerance to dehydration and salinity at the germination and seedling
stages [182]. Besides, aquaporin (AQP), which transports water and other small molecules, is crucial
for plants to combat drought stress. PEG treatment upregulated the expression of a PIP2 subgroup
gene, AQP (TaAQP7), and the overexpression of TaAQP7 increased drought tolerance in tobacco [183].
Similarly, a proteomic study also found an increased abundance of AQP in Z. mays under 12.5% soil
water stress for 6 days [41]. Additionally, drought-induced abundance of lipid transfer protein
(LTP) was observed in leaves of C. albidus [53]. LTP has been proved to be involved in abiotic
stress [184]. In Arabidopsis, the loss-of-function mutant of LTP3 was sensitive to drought stress,
whereas overexpressing plants appeared drought tolerant [185]. Moreover, the OsDIL-overexpressing
transgenic O. sativa plants were more tolerant to drought stress during vegetative and reproductive
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development [186]. All these demonstrated that LTP was involved in plant tolerance to drought stress,
and is probably a candidate gene for genetic improvement of crop yield in adaption to drought stress.

In addition, vacuolar H+-pyrophosphatase (V-PPase), vacuolar-ATPase (V-ATPase), and ABC
transporter ATPase showed dynamic changes in response to drought. V-ATPase and V-PPase are
two tonoplast proton pumps for translocating H+ into the vacuoles to generate a gradient of
H+, which provide a driving force for the accumulation of ions and other solutes in the vacuole.
Their functions in plant abiotic stress tolerance have been widely discussed [187,188]. For example,
an M. domestica vacuolar H+-ATPase (VHA) encoding gene (MdVHA-A) was induced in shoots under
PEG treatment, and overexpression of MdVHA-A in transgenic tobacco seedlings improved drought
tolerance [189]. In Z. mays, the abundances of V-ATPase and V-PPase were increased in a drought
tolerant cultivar, but decreased in an intolerant one [41]. The differential expression patterns of
ATPase and V-PPase further indicate their important functions in plants’ response to osmotic stress.
Taken together, all the changes of membrane trafficking-related proteins in mitochondrion, plasma,
and vacuole highlight that ion transport and membrane trafficking are crucial in leaves in order to
cope with water deficit.

10. Photosynthesis and Photorespiration

It is well known that photosynthetic inhibition is one of the primary detrimental effects of water
stress due to stomatal closure [190,191]. Thus, it is predictable that the universal decrease trends of
photosynthesis-related proteins would be found in drought-stressed leaves (Figure 4A,B). Plants have
developed many strategies to cope with drought stress, one important aspect is the recovery of
photosynthesis. The drought-increased proteins involved in photoreaction and Calvin cycle were
observed in leaves. For example, light-harvesting chlorophyll a/b-binding proteins (LHCB) were
increased in tolerant genotypes of Z. mays [41], and M. domestica [64], but decreased or stable in sensitive
genotypes. The LHCBs have been predicted to be involved in ABA signaling partially by modulating
ROS homeostasis [192], and may be taken as interesting targets for crop breeding [4]. Besides,
the increased abundance of sedoheptulose-1,7-bisphosphatase (SBPase) and carbonic anhydrase (CA)
were found in drought-stressed P. pratensis [23] and M. domestica [64]. SBPase has a key role in
regulating the photosynthetic Calvin cycle. CA catalyzes the reversible hydration of CO2, and has
a relevant role in CO2 exchange by influencing the internal conductance [193].

In addition, the abundances of proteins involved in photorespiration were also decreased
in some plant species, reflecting the drought-inhibited photorespiration process (Figure 4C).
However, significant increases of four key enzymes (e.g., glycolate oxidase, glycine dehydrogenase,
serine glyoxylate aminotransferase, and serine transhydroxymethyl transferase) were found in a high
water-use efficiency M. domestica variety under moderate drought conditions [64]. Additionally,
the protein abundances of aminomethyl transferase (AMT) and glycine dehydrogenase were decreased
in a drought-sensitive cultivar of C. dactylon, but increased or stable in a tolerant cultivar [19].
Similarly, the downregulation of the gene encoding AMT was reported in dehydration-sensitive
H. vulgare, but not in a dehydration-tolerant cultivar [194]. It is well known that photorespiration can
protect photosynthesis from photoinhibition and prevent ROS accumulation in green tissues [195].
The proteomic findings provided further evidences that the regulation of photorespiration was
important for plant drought tolerance [64].
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Figure 4. Schematic model of drought responsive proteins involved in photosynthesis, carbon
metabolism, fatty acid metabolism, and nitrogen and amino acid metabolism. The solid line
indicates single-step reactions, and the dashed line indicates multi-step reactions. (A) Thylakoid
reaction; (B) Calvin cycle; (C) Photorespiration; (D) Starch and sucrose metabolism; (E) Glycolysis;
(F) Tricarboxylic acid (TCA) cycle; (G) Pentose phosphate pathway; (H) Nitrogen and
amino acid metabolism; (I) Fatty acid metabolism. 1,3BPG: 1,3-bisphosphoglycerate; OMC:
2-oxoglutarate/malate carrier protein; MetE: 5-methyltetrahydropteroyltriglutamate-homocysteine
methyltransferase; 6PG: 6-phosphogluconate; G6PDH: 6-phosphogluconate dehydrogenase; 6PGL:
6-phosphoglucono-δ-lactone; AHAS: acetohydroxyacid synthase; AH: aconitate hydratase; ACAD:
acyl-CoA dehydrogenase; SAHase: adenosylhomocysteinase; ALAT: alanine aminotransferase; AGXT:
alanine-glyoxylate aminotransferase; ADH: alcohol dehydrogenase; AldP: aldolase; AMT: aminomethyl
transferase; AMY: amylase; AST: aspartate aminotransferase; ATPase: ATP synthase; AAC:
ATP/ADP translocase; CA: carbonic anhydrase; FNR: chloroplast ferredoxin-NADP+ oxidoreductase;
MSP: chloroplast manganese stabilizing protein; CS: cysteine synthase; Cyt b6f: cytochrome b6f
complex; CCO: cytochrome c oxidase; Dic: dicarboxylate; DTC: dicarboxylate/tricarboxylate
carrier; DLAT: dihydrolipoamide acetyltransferase; DHAP: dihydroxyacetone phosphate; ETCDB:
electron carrier/iron ion binding protein; ENO: enolase; E4P: erythrose-4-phosphate; Fd: ferredoxin;
F6P: fructose 6-phosphate; FBP: fructose-1,6-bisphosphate; FBPA: fructose-bisphosphate aldolase;
G6P: glucose 6-phosphate; G1P: glucose-1-phosphate; GOGAT: glutamate synthase; GGAT:
glutamate-glyoxylate aminotransferase; GS: glutamine synthetase; GAP: glyceraldehyde 3-phosphate;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GA: glyceric acid; GCS: glycine cleavage system;
GDC: glycine decarboxylase; GO: glycolate oxidase; HCY: homocysteine; HPR: hydroxypyruvate
reductase; IDH: isocitrate dehydrogenase; ICL: isocitrate lyase; LHCB: light-harvesting chlorophyll
a/b-binding protein; LDH: lipoamide dehydrogenase; LDC: lysine decarboxylase; MDH: malate
dehydrogenase; MS: methionine synthase; NDUFV: NADH dehydrogenase (ubiquinone) flavoprotein;
NIR: nitrite reductase; OEC: oxygen-evolving complex protein; PEPCK: phosphoenol pyruvate
carboxykinase; PEP: phosphoenolpyruvate; PGluM: phosphoglucomutase; PGA: phosphoglycerate;
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PGK: phosphoglycerate kinase; PGM: phosphoglycerate mutase; PRK: phosphoribulokinase;
PSI: photosystem I reaction center protein; PSII: photosystem II reaction center protein; PC:
plastocyanin; PDH: pyruvate dehydrogenase; DLDH: pyruvate dehydrogenase complex; PK:
pyruvate kinase; R5P: ribose-5-phosphate; RPI: ribose-5-phosphate isomerase; Ru5P: ribulose
5-phosphate; Rubisco: ribulose-1,5-bisphosphate carboxylase/oxygenase; RCA: ribulose-1,5-
bisphosphate carboxylase/oxygenase activase; RuBP: ribulose-1,5-disphosphate; RPE: ribulose-
phosphate 3-epimerase; SAH: S-adenosyl-L-homocysteine; SAM: S-adenosylmethionine; SAMS:
S-adenosylmethionine synthase; S7P: sedoheptulose 7-phosphate; SBPase: sedoheptulose-1,7-
bisphosphatase; SBP: sedoheptulose-1,7-bisphosphate; SGAT: serine glyoxylate aminotransferase;
SHMT: serine transhydroxymethyltransferase; SBE: starch branching enzyme; SS: starch synthase;
SDH: succinate dehydrogenase; SCL: succinyl-CoA ligase; SUS: sucrose synthase; TLP: thylakoid
lumen protein; TALDO: transaldolase; TKT: transketolase; Tric: tricarboxylate; TPI: triosephosphate
isomerase; UDPG: uridine diphosphate glucose; UGPase: UTP-glucose pyrophosphorylase; VDAC:
voltage dependent anion channel; X5P: xylulose 5-phosphate; α-KG: α-ketoglutarate.

11. Carbohydrate and Energy Metabolism

Proteomic studies have revealed that nearly 20% of total drought-responsive proteins were
involved in carbohydrate and energy metabolism (e.g., glycolysis, tricarboxylic acid (TCA) cycle,
electron transport chain, and ATP synthesis) in leaves to cope with drought stress (Figure 4E–G).
For example, phosphoglucomutases (PGluMs) involved in glycolysis/gluconeogenesis were decreased
in leaves of S. stapfianus [24] and O. sativa (stop irrigation for 35 days) [32], but increased in
leaves of C. lanatus [48], O. sativa (under 30% relative humidity treatment for 144, 168 and
192 h) [29], and M. paradisiaca [46] in response to drought. Fructose-bisphosphate aldolase (FBPA),
another glycolysis-related protein, was decreased in many aforementioned plant species, but also
found to be drought-increased in other plant species such as O. sativa [29,32], S. stapfianus [24],
and M. paradisiaca [46]. Besides, FBPA abundance was decreased in drought-sensitive cultivars of
M. domestica [64] and P. pratensis [23], but was increased in tolerant cultivars. Similarly, aconitate hydratases
involved in the TCA cycle were increased in leaves of tolerant cultivars of Z. mays and P. pratensis [23],
whereas they were decreased in sensitive cultivars of Z. mays and P. pratensis [23]. The inhibition
would be a mechanism for accumulating sugars as an osmolyte or energy source for recovery [62],
while the increase of glycolysis and TCA may act as a strategy for providing energy during the
activation of stress defenses, especially when the photosynthesis was inhibited. These apparently
contradictory results could also be related to the different degrees and duration of water shortage,
as well as to the tolerance ability of the plant species [62]. Among these proteins, cytosolic FBPA and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) have a significantly positive correlation with
drought tolerance [196], and overexpressing GAPDH in potato displayed an improvement of drought
tolerance [197]. In addition, the reverse phosphorylation of some carbohydrate metabolism-related
proteins (e.g., phosphoenolpyruvate carboxykinase [44], FBPA [44], and NAD-malate dehydrogenase
(MDH) [34]) (Supplementary Table S2) further demonstrated that the carbon metabolism was
modulated in plants in response to water stress. Although many drought-responsive carbohydrate
metabolism-related proteins were revealed by proteomic studies, only a few of them have been
functionally characterized to evaluate their role in drought stress tolerance.

Consistent with carbohydrate metabolism changes, mitochondrial electron transport chain
and ATP synthesis-related proteins were changed in plants under drought stress. They were
comprised of ATP synthase subunits (e.g., ATPase F0, F1, α, β, γ, δ, and ε subunits) and electron
transport chain-related proteins (NADH dehydrogenase [47,86], quinone oxidoreductase [35,49,62],
and cytochrome c oxidase [18,39,47]). Their changes imply that diverse changes of energy metabolism
take place in leaves in response to water deficit. In some cases, plants may have the ability to enhance
energy production to maintain major physiological activity and inhibit stress damage.
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12. Nitrogen Assimilation and Amino Acid Metabolism

Nitrogen assimilation is affected by abiotic stress in plants. In this process, exogenous absorbed
nitrate is transformed to ammonium by nitrate reductase (NR) and nitrite reductase (NIR), and then
assimilated by glutamine synthetase (GS) and glutamate synthase (GOGAT) into amino acids.
Proteomic studies revealed that several enzymes in nitrogen assimilation were drought-decreased
in leaves (Figure 4H). Long-term (3 weeks) drought stress decreased the abundance of NIR in
H. vulgare [25], but short-term (2–5 days) drought stress increased NIR in O. sativa [29]. Besides,
drought significantly decreased the protein abundances of GS1, GS2, and GOGAT in many plant species
(Supplementary Table S1), and the activities of NR and GS were reduced in Leymus chinensis [198],
T. aestivum [199], and tomato [200] under water deficit. Similarly, the decrease at transcriptional level
of Brassica juncea GS1.1 and other key genes involved in nitrogen assimilation (e.g., BjGDH1, BjGDH2,
and BjASN2) were also well addressed [201]. The reduction of NR, GS, and GOGAT indicates that the
nitrogen assimilation is significantly inhibited by drought stress, which is supposed to be the main
reason for the reduction of crop yield under drought stress.

Following the GS/GOGAT cycle, the amino group was transferred into other amino acids
by aminotransferases (Figure 4H). Two aminotransferases (e.g., aspartate aminotransferase (AST)
and alanine aminotransferase (ALAT)) were altered under drought stress. Among them, AST was
drought-decreased in P. pratensis [23], and ALAT was decreased in P. pratensis [23] and Z. mays [41].
AST catalyzes the amino transfer from glutamate to oxaloacetate to form aspartate, which is part
of ammonium assimilation. ALAT catalyzes the interconversion of L-glutamate and L-alanine.
The abundance decline of these enzymes indicates that the amino acid metabolism and the synthesis
of other metabolites derived from amino acids are inhibited under drought stress.

Interestingly, several key enzymes involved in S-adenosyl-L-methionine (SAM) cycle were
generally increased in leaves in response to drought stress, including drought-increased
5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (MetE), S-adenosyl-L-
homocysteine hydrolase (SAHase), S-adenosylmethionine synthase (SAMS), and methionine synthase
(MS) (Figure 4H). Similarly, MS in Z. mays [41], Sorghum bicolor [202], a drought-tolerant C. dactylon
cultivar, as well as SAMS in Populus [59,86], Q. ilex [63], and T. aestivum [35] were increased under
drought conditions. The metabolites in the SAM cycle were known to play major roles in methylation
of DNA, proteins, and other metabolites, being involved in control of gene expression, cell wall
metabolism, as well as the biosynthesis of polyamine and ethylene for stress tolerance [18,203,204].
In addition, the MS gene was also strongly induced in barley leaves under drought stress [205].
Transgenic Arabidopsis lines overexpressing SAMS from Solanum brevidens enhanced the ability of plant
drought tolerance [206]. This implies that the increases of MS and SAMS could enhance the methionine
and osmoregulant metabolism for plants to cope with drought stress.

13. Fatty Acid Metabolism and Other Metabolisms

Four proteins involved in fatty acid biosynthesis (i.e., acetyl-coenzyme A carboxylase
carboxyl transferase, acyl carrier protein, enoyl-acyl carrier protein reductase, and lipoxygenase 6)
and three involved in fatty acid degradation (i.e., thiolase I, thiolase II, and acyl-CoA
dehydrogenase) were altered under dehydration conditions (Figure 4I). Physiological and molecular
investigations have revealed that the fatty acid/lipid metabolism was changed in response
to drought stress [207–209]. For example, a greater composition of unsaturated fatty acids in
membrane lipids may contribute to superior leaf dehydration tolerance in C. dactylon [209].
In the leaves of Parkinsonia aculeata, the significantly increased contents of chloroplast lipids
(i.e., monogalactosyldiacylglycerol and digalactosyldiacylglycerol) and extra-plastidial lipids
(i.e., phosphatidylcholine and phosphatidylethanolamine) maintained Parkinsonia plants in a state of
rapid recovery of lipid synthesis during rehydration [209]. The changes in fatty acid/lipid composition
may help to maintain membrane integrity and preserve cell compartmentation under water stress [210].
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In addition, two flavonoid biosynthesis related proteins (i.e., chalcone isomerase (CHI) and
dihydroflavonol-4-reductase) involved in secondary metabolism were also changed in response to
drought (Supplementary Table S1). It has been suggested that flavonoids have antioxidant capacity
to protect plants against abiotic stress [211,212], and flavonoid accumulation was induced rapidly by
abiotic stresses [213]. In proteomic studies, CHI, a key enzyme in flavonoid biosynthesis, was decreased
in O. sativa under drought stress [29]. Similarly, the CsCHI gene in leaves of tea (Camellia sinensis) was
also downregulated under drought treatment [214]. Besides, dihydroflavonol-4-reductase, another
key enzyme in the flavonoid biosynthesis pathway, was decreased in a drought sensitive Z. mays
cultivar [41], but increased in a tolerant one. The abundance changes of these enzymes currently
attract great attention from researchers seeking to evaluate their potential protective roles in drought
stress response.

14. Concluding Remarks

By integrative analysis of proteomics results, it has been found that, in total, 2216 protein species
and more than 200 phosphoproteins were drought-responsive in plant leaves. The abundance changes
of these proteins provide new clues towards further understanding the complex cellular and molecular
processes in plant drought tolerance. The quantitative patterns of protein in various plants give rise
to diverse drought-responsive mechanisms, including drought signal transduction, ROS scavenging,
osmotic regulation, specific gene expression regulation, protein synthesis and turnover, cell structure
modulation, as well as carbohydrate and energy metabolism (Figure 5). Exploring these protein
functions will enable a holistic understanding of plant-environment interaction. Moreover, the potential
proteins screened out by proteomics will provide candidate genes/proteins for genetic improvement
in plant drought tolerance. However, some proteins showed dynamic changes depending on plant
species and stress intensity, which makes it difficult to give a clear interpretation of the mechanism in
plant drought response. Importantly, proteomic investigations also revealed that protein PTMs are
crucial for signaling and metabolic mechanisms in plant drought response. The integration of those
findings from physiological, gene expression, and other large-scale “omics” will help us to establish
molecular networks of drought response and tolerance.

 

Figure 5. A summary of signaling and metabolic pathways in leaves in response to drought
stress. Drought stress activates several signaling cascades, regulates gene expression, and promotes
protein biosynthesis and turnover in drought-stressed leaves. Besides, drought stress inhibits
photosynthesis, photorespiration, nitrogen and amino acid metabolism, as well as the cytoskeleton
and cell division. Importantly, plants enhance ROS scavenging, osmotic regulation and cell wall
remodulation. In addition, plants also modulate membrane trafficking, fatty acid metabolism,
carbohydrate and energy metabolism, as well as secondary metabolism to cope with drought stress.
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Abstract: Red dragon fruit or red pitaya (Hylocereus polyrhizus) is the only edible fruit that contains
betalains. The color of betalains ranges from red and violet to yellow in plants. Betalains may
also serve as an important component of health-promoting and disease-preventing functional food.
Currently, the biosynthetic and regulatory pathways for betalain production remain to be fully
deciphered. In this study, isobaric tags for relative and absolute quantitation (iTRAQ)-based
proteomic analyses were used to reveal the molecular mechanism of betalain biosynthesis in
H. polyrhizus fruits at white and red pulp stages, respectively. A total of 1946 proteins were
identified as the differentially expressed between the two samples, and 936 of them were significantly
highly expressed at the red pulp stage of H. polyrhizus. RNA-seq and iTRAQ analyses showed
that some transcripts and proteins were positively correlated; they belonged to “phenylpropanoid
biosynthesis”, “tyrosine metabolism”, “flavonoid biosynthesis”, “ascorbate and aldarate metabolism”,
“betalains biosynthesis” and “anthocyanin biosynthesis”. In betalains biosynthesis pathway, several
proteins/enzymes such as polyphenol oxidase, CYP76AD3 and 4,5-dihydroxy-phenylalanine (DOPA)
dioxygenase extradiol-like protein were identified. The present study provides a new insight into the
molecular mechanism of the betalain biosynthesis at the posttranscriptional level.

Keywords: Hylocereus polyrhizus; isobaric tags for relative and absolute quantitation (iTRAQ);
transcriptome; betalain biosynthesis

1. Introduction

Betalains are red and yellow pigments in plants of Caryophyllales only. It is interesting that
betalains and anthocyanins are naturally mutually exclusive in an individual plant. Betalain pigments
have potential benefits in promoting health and preventing diseases of human being by serving as
potent antioxidant and possessing anti-inflammatory and chemo-preventive activities in vitro and
in vivo [1–6]. Betalains also contribute to the early-phase insulin response [7] and play a role in

Int. J. Mol. Sci. 2016, 17, 1606 262 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2016, 17, 1606

dye-sensitized solar cells (DSSCs) [8–10]. The biosynthesis of betalains has become one of the hot
research topics due to its high nutritional properties and bioactivities.

Betalain biosynthesis is influenced by various factors such as light, temperature, nutrition, plant
growth regulators and enzymatic activities. Light is important for betalain biosynthesis in Amaranthus,
Caudatus, Portulaca and Suaeda [11–16]. In the presence of light, cytokinin, ethylene and methyl
jasmonate (MeJA) can enhance betacyanin accumulation in species of Amaranthus, Beta vulgaris,
Portulaca, Suaeda and Mesembryanthemum [14,17–22]. Betalains can also be accumulated in adverse
circumstances such as salinity and drought stress [23–25], which are attributed to defense against biotic
and abiotic stresses [26].

The key enzymes involved in the betalain biosynthetic pathways have been known. There are
five pathways derived from tyrosine and four pathways derived from tyramine [27,28]. Except
for enzymatic reactions, the conjugation reactions of pigment formation are assumed to occur
spontaneously [28–30]. Enzymes involved in betalain biosynthesis in higher plants are usually
divided into three classes, namely tyrosinase (TYR), 4,5-dihydroxy-phenylalanine (DOPA)-dioxygenase
(DOD), and glucosyltransferases (GTs). TYR plays a key role in hydroxylation and oxidation to form
L-DOPA, cyclo-DOPA, tyr-betaxanthin and dopaxanthin that are the pivotal precursors of betalain
biosynthesis [12,29,31–33]. TYR sequences have been obtained from Phytolacca americana [34], Spinacia
oleracea [35] and Suaeda salsa [36]. The first PPO promoter was identified in B. vulgaris subsp. cicla [37].
DOD is a key enzyme catalyzing the cleavage of L-DOPA needed for the formation of betalamic acid.
Compared to other enzymes, DOD has been fully studied in betalain-producing plant species such
as Amaranthus hypochondriacus [38], Portulaca grandiflora [39,40], Suaeda salsa [41,42], B. vulgaris [43],
Opuntia ficus-indica [44], Parakeelya mirabilis [45], Mirabilis jalapa and Bougainvillea glabra [46]. CYP76AD,
a novel cytochrome P450 enzyme, catalyzes oxidation of L-DOPA for the formation of cyclo-DOPA in
B. vulgaris [47], A. hypochondriacus [38] and M. jalapa [48]. In addition, CYP76AD and DOD have also
been considered as key genes involved in betalain biosynthesis based on phylogenetic analysis [49,50].
GTs are the key enzyme in betalain biosynthetic pathway to make the pigments stable and diversified.
GT sequences have been obtained from B. vulgaris [51], O. ficus-indica [44], P. americana [52] and
A. hypochondriacus [38], and there have been no further major advances in GTs since they were identified
as B5GT (betanidin-5-O-GT occurred on betanidin 5-O location), B6GT (betanidin-6-O-GT occurred
on betanidin 6-O location) and CDOPA5GT (cyclo-DOPA 5-O-GT occurred on cyclo-DOPA) [53–55].
Recently, the first regulatory gene (a R2R3 MYB) associated with regulation of the betalain biosynthetic
pathway was identified in this step [56,57].

Dragon fruit or pitaya is one of the tropical fruits belonging to Hylocereus in the Cactaceae
family. Pitaya is cultivated in a wide ecological range due to its tolerance to such environmental
cues as drought, heat and poor soil [58,59]. Pitaya is characterized by its excellent nutritional,
commercial and medical value [60,61]. It has become one of the newly cultivated fruits in Thailand,
Philippines, Vietnam, Malaysia and China. Red pulp pitaya (H. polyrhizus) is the only fruit that
contains betalains [62–64]. Great progress has been made in betalain purification, identification and
biosynthesis-related compound analyses [65–67]. However, the key enzymes or genes involved in the
betalain biosynthesis pathways in pitaya remain elusive. Recently, we obtained nine putative betalain
biosynthesis-related genes by analyzing the transcriptomic data of H. polyrhizus [68]. Here we used
isobaric tags for relative and absolute quantitation (iTRAQ) to identify key proteins/enzymes that are
differentially expressed in pitaya fruit at white vs. red pulp stages in H. polyrhizus, with a focus on
those proteins potentially involved in the betalain biosynthesis in pulp coloration of this fruit.

2. Results and Discussion

2.1. Overview of the Proteomics Analysis of the Pitaya Fruit Development

iTRAQ is a recently developed technique in quantitative proteomics that very accurately measures
large-fold changes in protein expression within broad, dynamic ranges of protein abundance [69].
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Here we used this technique to perform comparative proteomic analyses of the key enzymes involved
in betalain biosynthetic pathways in pitaya. For the proteomic analysis, two proteomic libraries were
constructed using the pitaya (H. polyrhizus) fruits at two developmental stages (white and red pulps).
Total proteins and changes in the protein profile upon coloring process were explored using the iTRAQ
technique. A total of 89,583 peptides were identified that belong to 33,548 peptide species. In total,
6725 proteins were identified and quantified under the condition of 1% false-discovery rate (FDR)
and only those unique peptides were used for quantitative comparison. A threshold of ≥1.5 for
fold changes (FC) was set to filter the comparative data sets, resulting in the identification of 1946
proteins as the differentially expressed between the two samples. Among the differentially expressed
proteins, 936 were significantly up-expressed in the fruits at the red pulp stage compared with those
at the white stage. iTRAQ has the advantages of high coverage, accuracy and sensitivity, and our
proteomic analyses of H. polyrhizus fruits using the iTRAQ technique could provide useful information
for understanding the pitaya fruit development in general and the betalain biosynthesis pathway in
particular as discussed below (Tables 1 and 2).

Table 1. Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of the genes/proteins
with a positive correlation (p-value < 0.05, FC (pro) > 1.5, FC (RNA) > 2) between the levels of transcripts
and proteins.

KEGG Pathway No. All a No. Up b No. Down c

Starch and sucrose metabolism 6 3 3
Phenylpropanoid biosynthesis 5 5 0

Lipid biosynthesis proteins 5 3 2
Fatty acid metabolism 5 5 0

Cysteine methionine metabolism 5 4 1
Amino sugar and nucleotide sugar metabolism 5 1 4

Ascorbate and aldarate metabolism 4 4 0
Tyrosine metabolism 4 2 2

Cyanoamino metabolism 3 0 3
Chloroalkane and chloroalkene degradation 3 3 0

Glycerolipid metabolism 3 3 0
Valine leucine isoleucine biosynthesis 3 0 3

Isoquinoline alkaloid biosynthesis 2 0 2
Flavonoid biosynthesis 2 1 1

Naphthalene degradation 2 2 0
a, the total number of differentially expressed on genes and proteins; b, the number of significantly up-regulated
expression in the pitaya fruit at the red pulp stage; c, the number of significantly down-regulated expression in
the pitaya fruit at the red pulp stage. No., number; FC, fold changes.

Table 2. Proteins enriched in several KEGG pathways with a positive correlation (p-value < 0.05,
FC (pro) > 1.5, FC (RNA) > 2) between the levels of transcripts and proteins.

Accession No. Annotation Ratio (32rd day vs. 21st day)

Starch and sucrose metabolism
comp28763_c0_seq2_8 K00688 starch phosphorylase (EC:2.4.1.1) 2.218
comp31213_c0_seq1_12 K05350 β-glucosidase (EC:3.2.1.21) 0.444
comp34816_c0_seq1_6 K00695 sucrose synthase (EC:2.4.1.13) 2.163
comp34279_c0_seq1_6 K05350 β-glucosidase (EC:3.2.1.21) 0.435
comp35284_c0_seq1_11 K01051 pectinesterase (EC:3.1.1.11) 2.531
comp37752_c0_seq1_2 K00695 sucrose synthase (EC:2.4.1.13) 0.261
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Table 2. Cont.

Accession No. Annotation Ratio (32rd day vs. 21st day)

Phenylpropanoid biosynthesis
comp21956_c1_seq1_1 K12355 coniferyl-aldehyde dehydrogenase (EC:1.2.1.68) 0.437
comp21956_c2_seq1_2 K12355 coniferyl-aldehyde dehydrogenase (EC:1.2.1.68) 0.465
comp31213_c0_seq1_12 K05350 β-glucosidase (EC:3.2.1.21) 0.444
comp32862_c0_seq1_3 K09754 p-coumarate 3-hydroxylase (EC:1.14.13.-) 0.651
comp34279_c0_seq1_6 K05350 β-glucosidase (EC:3.2.1.21) 0.435

Ascorbate and aldarate metabolism
comp21409_c0_seq1_2 K00434 L-ascorbate peroxidase (EC:1.11.1.11) 1.961
comp27881_c0_seq1_8 K00128aldehyde dehydrogenase (NAD+) (EC:1.2.1.3) 2.211
comp28683_c0_seq1_3 K00434 L-ascorbate peroxidase (EC:1.11.1.11) 1.618

comp31481_c0_seq1_3 K08232 monodehydroascorbate reductase (NADH)
(EC:1.6.5.4) 1.696

Tyrosine metabolism
comp23153_c0_seq1_3 K00001 alcohol dehydrogenase (EC:1.1.1.1) 3.612
comp25940_c0_seq3_7 K00813 aspartate aminotransferase (EC:2.6.1.1) 0.589
comp26435_c0_seq1_2 K01592 tyrosine decarboxylase (EC:4.1.1.25) 0.637
comp27557_c0_seq1_3 K00001 alcohol dehydrogenase (EC:1.1.1.1) 7.142

Flavonoid biosynthesis
comp29018_c0_seq1_2 K01859 chalcone isomerase (EC:5.5.1.6) 2.205
comp32862_c0_seq1_3 K09754 p-coumarate 3-hydroxylase (EC:1.14.13.-) 0.651

Anthocyanin biosynthesis
comp29018_c0_seq1_2 K01859 chalcone isomerase (EC:5.5.1.6) 2.205
comp24963_c0_seq1_6 K00660 chalcone synthase (EC:2.3.1.74) 1.556

Betalains biosynthesis
comp16058_c0_seq1_4 CYP76AD3 (Mirabilis jalapa) 2.373
comp37692_c0_seq1_7 4,5-DOPA dioxygenase extradiol 3.035
comp37375_c0_seq2_4 Polyphenol oxidase 0.279
comp37375_c0_seq1_4 polyphenol oxidase 0.262
comp25579_c0_seq2_3 multicopper oxidase, putative 0.419
comp26435_c0_seq1_2 Aromatic-L-amino-acid decarboxylase 0.637

2.2. Functional Classification of Differentially Expressed Proteins during Pitaya Fruit Coloring

The proteomes representing the protein profiles of the pitaya fruits at the white or red pulp stages
were comparatively analyzed based on the assigned functions of the proteins in the public protein
databases. Five hundred and seven (507) differentially accumulated proteins (p-value < 0.05, fold
change (FC) > 1.5) in the red pulp fruits were annotated and classified into “biological process (BP)”,
“molecular function (MF)”, and “cellular component (CC)” categories as well as their sub-categories.
Based on the numbers of unique proteins identified in each of the functional categories, the two largest
categories for each functional group were as follows: “translation” and “carbohydrate metabolic
processes” for BP; “structural constituent of ribosome” and “DNA binding” for MF; and “ribosome”
and “intracellular” for CC (Figure 1). Some of these proteins could be mapped to the following
pathways: “phenylpropanoid biosynthesis”, “phenylalanine metabolism”, “tyrosine metabolism” and
“flavonoid biosynthesis” (Figure 1). These pathways might have impacts on the formation of betalain.
Two hundred eighteen (218) proteins were assigned to 23 kyoto encyclopedia of genes and genomes
(KEGG) pathways. The most frequently detected or abundant proteins, representing 37.6% of all
the protein identified, belonged to the pathway of “ribosome” (Figure 2). Further work is needed to
establish the metabolic profiles in red pitaya at a series of developmental stages.
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Figure 1. Gene Ontology (GO) classification of differentially accumulated proteins during pitaya fruit
ripening. GO:0006412//translation, GO:0005975//carbohydrate metabolic process, GO:0006508//
proteolysis, GO:0006979//response to oxidative stress, GO:0015991//ATP hydrolysis coupled proton
transport, GO:0006950//response to stress, GO:0006334//nucleosome assembly, GO:0006139//
nucleobase-containing compound metabolic process, GO:0006165//nucleoside diphosphate
phosphorylation, GO:0006183//GTP, biosynthetic process, GO:0006228//UTP biosynthetic process,
GO:0006241//CTP biosynthetic process, GO:0006869//lipid transport, GO:0000272//polysaccharide
catabolic process, GO:0006694//steroid biosynthetic process, GO:0003735//structural constituent
of ribosome, GO:0003677//DNA binding, GO:0004553//hydrolase activity, hydrolyzing O-glycosyl
compounds, GO:0020037//heme binding, GO:0008168//methyltransferase activity, GO:0004252//
serine-type endopeptidase activity, GO:0004190//aspartic-type endopeptidase activity, GO:0009055//
electron carrier activity, GO:0005507//copper ion binding, GO:0004601//peroxidase activity,
GO:0004185//serine-type carboxypeptidase activity, GO:0008234//cysteine-type peptidase activity,
GO:0003993//acid phosphatase activity, GO:0015078//hydrogen ion transmembrane transporter
activity, GO:0008289//lipid binding, GO:0004550//nucleoside diphosphate kinase activity,
GO:0016165//linoleate 13S-lipoxygenase activity, GO:0016702//oxidoreductase activity, acting
on single donors with incorporation of molecular oxygen, incorporation of two atoms of
oxygen, GO:0016161//beta-amylase activity, GO:0016760//cellulose synthase (UDP-forming) activity,
GO:0019205//nucleobase-containing compound kinase activity, GO:0016776//phosphotransferase
activity, phosphate group as acceptor, GO:0033897//ribonuclease T2 activity, GO:0005840//ribosome,
GO:0005622//intracellular, GO:0000786//nucleosome, GO:0005618//cell wall, GO:0015934//large
ribosomal subunit, GO:0033179//proton-transporting V-type ATPase, V0 domain.

2.3. Integrated Analyses of Transcriptomic and Proteomic Datasets on the Pitaya Ripening

In our previous study, the high efficient RNA sequencing (RNA-Seq) technology was used to
identify key genes related to betalain biosynthesis during pulp coloration of H. polyrhizus. A total
of about 12 Gb raw RNA-Seq data were generated and de novo assembled into 122,677 transcripts,
of which 122,668 were annotated [68]. Differentially expressed transcripts and proteins between
the two stages were identified by comparing the RNA-seq and iTRAQ datasets. Although most
of the differentially expressed were consistent at both the transcript and protein levels (see below),
discrepancy was detected between the transcript and protein data, and such genes/proteins fell
into the following two groups. The first group is those differentially expressed at the transcript
level but not at the protein level (p-value < 0.05, FC (pro) < 1.3, FC (RNA) > 2). They functionally
belonged to “oxidation-reduction process” (BP); “oxidoreductase activity, acting on paired donors,
with incorporation or reduction of molecular oxygen” (MF); and “protein complex” (CC) (Table S1).
These differentially expressed were further analyzed using the KEGG database, and fell into
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12 pathways, with five differentially-accumulated proteins associated with the “arginine metabolism”
(Table S2). The second group is those differentially expressed at the protein level but not at the
transcript level (p-value < 0.05, FC (pro) > 1.5, FC (RNA) < 2). However, no protein matching with
corresponding transcript were detected. Analyzing the Gene Ontology (GO) categories and KEGG
pathways of the differentially expressed with a negative correlation between the transcript and protein
levels allowed us to map 22 differentially expressed genes/proteins (Tables S3 and S4). The fact that the
abundance of transcripts differed from that of respective proteins strongly suggested that there were
posttranscriptional regulation involved in the metabolisms and other cellular processes associated
with the pitaya ripening. In fact, similar findings have previously been found in many other biological
processes such as in human [70], yeast [71] and plants [72]. Such findings became possible only when
the transcriptomic and proteomic datasets were integrated.

Figure 2. Kyoto encyclopedia of genes and genomes(KEGG) pathways-enriched differentially
accumulated proteins during pitaya fruit ripening. ko03011 Ribosome, ko04142 Lysosome, ko04145
Phagosome, ko00071 Fatty acid metabolism, ko00940 Phenylpropanoid biosynthesis, ko00240
Pyrimidine metabolism, ko01004 Lipid biosynthesis proteins, ko05323 Rheumatoid arthritis, ko00350
Tyrosine metabolism, ko05110 Vibrio cholerae infection, ko05120 Epithelial cell signaling in Helicobacter
pylori infection, ko00360 Phenylalanine metabolism, ko04966 Collecting duct acid secretion, ko00460
Cyanoamino acid metabolism, ko00625 Chloroalkane and chloroalkene degradation, ko00980
Metabolism of xenobiotics by cytochrome P450, ko00982 Drug metabolism—cytochrome P450, ko00626
Naphthalene degradation, ko00830 Retinol metabolism, ko04920 Adipocytokine signaling pathway,
ko00592 alpha-Linolenic acid metabolism, ko00941 Flavonoid biosynthesis, ko00603 Glycosphingolipid
biosynthesis - globo series, ko00199 Cytochrome P450, ko00950 Isoquinoline alkaloid biosynthesis,
ko05416 Viral myocarditis, ko04210 Apoptosis, ko04974 Protein digestion and absorption.

Despite the discrepancy discussed above, most of the genes/proteins had a positive correlation
(p-value < 0.05, FC (pro) > 1.5, FC (RNA) > 2), i.e., differentially expressed at both transcript and
protein levels. These genes/proteins were mapped to such categories as “oxidation-reduction process”
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(BP), “oxidoreductase activity” (MF) and “membrane” (CC) (Figure 3). There were totally 15 pathways
were obtained, including “starch and sucrose metabolism”, “phenylpropanoid biosynthesis”, “lipid
biosynthesis proteins”, “ascorbate and aldarate metabolism”, “tyrosine metabolism” and “flavonoid
biosynthesis” (Table 1).

Figure 3. Gene Ontology (GO) classification of the genes/proteins whose transcript and protein levels
were positively correlated (p-value < 0.05, FC (pro) > 1.5, FC (RNA) > 2) during the pitaya fruit
ripening. GO:0055114//oxidation-reduction process, GO:0008152//metabolic process, GO:0005975//
carbohydrate metabolic process, GO:0006508//proteolysis, GO:0006629//lipid metabolic process,
GO:0006979//response to oxidative stress, GO:0042545//cell wall modification, GO:0006633//fatty
acid biosynthetic process, GO:0000272//polysaccharide catabolic process, GO:0006869//lipid
transport, GO:0016491//oxidoreductase activity, GO:0020037//heme binding, GO:0005506//iron
ion binding, GO:0004553//hydrolase activity, hydrolyzing O-glycosyl compounds, GO:0016705//
oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular
oxygen, GO:0005507//copper ion binding, GO:0004190//aspartic-type endopeptidase activity,
GO:0005215//transporter activity, GO:0004601//peroxidase activity, GO:0016706//oxidoreductase
activity, acting on paired donors, with incorporation or reduction of molecular oxygen,
2-oxoglutarate as one donor, and incorporation of one atom each of oxygen into both donors,
GO:0009055//electron carrier activity, GO:0016844//strictosidine synthase activity, GO:0004185//
serine-type carboxypeptidase activity, GO:0030599//pectinesterase activity, GO:0016788//hydrolase
activity, acting on ester bonds, GO:0016165//linoleate 13S-lipoxygenase activity, GO:0016702//
oxidoreductase activity, acting on single donors with incorporation of molecular oxygen,
incorporation of two atoms of oxygen, GO:0016161//beta-amylase activity, GO:0008289//lipid
binding, GO:0022857//transmembrane transporter activity, GO:0045735//nutrient reservoir activity,
GO:0030145//manganese ion binding, GO:0004097//catechol oxidase activity, GO:0016857//racemase
and epimerase activity, acting on carbohydrates and derivatives, GO:0016020//membrane,
GO:0005618//cell wall.

Among the positively correlated genes/proteins, three were up-regulated in “starch and sucrose
metabolism”. It was reported that soluble solids concentration (SSC) was closely related to the
synthesis of betacyanin [73]. Five up-regulated genes/proteins at both the transcriptional and
posttranscriptional levels were in “phenylpropanoid biosynthesis”. Two up-regulated and two
down-regulated genes/proteins belonged to the “tyrosine metabolism” pathway. Betalains were
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derived from tyrosine [28], and the “phenylpropanoid biosynthesis” had been considered to be the
upstream pathway of the tyrosine pathway. Two transcripts and proteins involved in “flavonoid
biosynthesis” were significantly up-regulated and down-regulated, respectively. Four up-regulated
transcripts and proteins were enriched in “ascorbate and aldarate metabolism” (Table 2), which played
a role in the biosynthesis of betalains [28] (Table 2). These proteins may be associated with the betalain
biosynthesis in H. polyrhizus.

Naturally, betalains and anthocyanin could not co-exist simultaneously in one plant. However,
they can exist together by genetic engineering strategy [30,31]. Chalcone isomerase (CHI) and chalcone
synthase (CHS) were the upstream enzymes of the anthocyanin biosynthesis pathway. In this study, one
protein annotated as CHI and another as CHS were identified. CHI and CHS had higher expressed levels
in the pitaya fruit at the red stage than at the white stage. This result was consistent with the conjecture
that betalain-producing plants could not produce anthocyanins due to lower levels of dihydroflavonol
reductase (DFR), anthocyanidin synthase (ANS) and leuco anthocyanidin reductase (LAR) [74]. More
interestingly, five proteins, namely comp37375_c0_seq2_4 and comp37375_c0_seq1_4 (polyphenol
oxidase), comp37692_c0_ seq1_7 (4, 5-DOPA dioxygenase extradiol-like), comp16058_c0_seq1_4
(CYP76AD3), and comp26435_c0_seq1_2 (Aromatic-L-amino-acid decarboxylase), were identified
as some of the key enzymes in the betalain biosynthesis pathway (Table 2). Not surprisingly, the
transcriptional levels of these proteins were increasing with the progression of the betalain formation
in the pitaya fruit as revealed in our previous study [68].

These results suggested that these pathways could be involved in the biosynthesis of pigments,
and it was possible that polyphenol oxidase, CYP76AD3 and 4,5-DOPA dioxygenase extradiol-like
protein were responsible for betalain biosynthesis in the pitaya fruit. These results were consistent
with our previous findings from transcriptomic analysis that these enzymes might be involved in
betalain biosynthesis in H. polyrhizus [68].

3. Materials and Methods

3.1. Plant Material

“7-1” (H. polyrhizus), a superior selection with red flesh color and excellent quality, were used as
materials. Plants were cultivated in Dalingshan Forest Park (East longitude: 113◦42′22”–113◦48′12”,
Northern latitudes: 22◦50′00”–22◦53′32”), Dongguan City, Guangdong Province, China. Two libraries
from white and red pulp stages were constructed for iTRAQ analyses on the 21st and 32nd days after
artificial pollination in July and August 2014 (Figure S1). Every library consisted of equal amounts of
protein from three fruit at each fruit developmental stage.

3.2. Samples Preparation, Protein Extraction and Detection

Upon harvested, the samples described above were immediately frozen in liquid nitrogen and
stored at −80 ◦C prior to protein extraction. Trichloroacetic acid (TCA)-acetone method was used for
protein extraction. Briefly, pulps without seeds were ground to fine powder in liquid nitrogen. Cold
TCA-acetone (ratio of material to liquid is 1:4) was added to the cold 15 mL tube and vortexed for
30 s. Total proteins were precipitated overnight at −20 ◦C. Precipitation was collected by spinning
12,000 rpm for 15 min at 4 ◦C and subsequently washed with cold acetone and 90% acetone, respectively.
The precipitation was freeze-dried by vacuum and dissolved in lysis buffer [8 M ureophil, 0.5% SDS
(sodium dodecyl sulfate), PMSF (phenylmethanesulfonyl fluoride), PI (protease inhibitor), 40 mM
TEAB (Triethylamine borane)]. Proteins in the supernatant was pelleted by centrifuging 12,000 rpm
for 15 min and extracted with 8 M ureophil extraction buffer (including 0.1% SDS, PI, PMSF).
The concentration and quality of the protein were assayed by bicinchoninic acid (BCA) method and
SDS-PAGE gel electrophoresis. At least 400 μg proteins (>2.0 μg/μL) were used for further experiment.
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3.3. iTRAQ Labeling

Above extracted protein samples were prepared using the iTRAQ® Reagents 8plexMulti-plex kit
(AB Sciex, Boston, MA, USA). Enriched phosphopeptides were labeled with isobaric tags for relative
and absolute quantification reagents (AB Sciex). iTRAQ 113 and 115 were used to label white and
red samples, respectively. The labeled samples were combined equably and graded with RP C18
chromatographic column.

3.4. Strong Cation Exchange Chromatography (SCX)

The mixed and labeled samples were fractionated by SCX fractionation using HPLC (high
performance liquid chromatography). The mobile phases consisted of buffer A (2% acetonitrile and 98%
H2O (pH 10)) and B (90% acetonitrile and 10% H2O (pH 10)). The labeled samples were concentrated by
vacuum and dissolved in 100 μL buffer A (pH 10). After the mixture was centrifuged, the supernatant
was loaded onto a reverse phase (RP) C18 precolumn (LC Packings) (Agilent Technologies, Palo Alto,
CA, USA). Separation was performed using a linear gradient at a flow rate of 1 mL/min. The gradient
of elution is shown in Table S5. The liquid effluent was collected at a speed of 1.5 mL/min. Multiple
components were obtained by merging samples according to the chromatogram map.

3.5. LC-MS/MS Analysis

The liquid chromatography–mass spectrometry (LC-MS)/MS method was developed for the
separation and analysis of samples. The mass spectrometer used for detection was Q Exactive mass
spectrometer (Thermo Scientific, Waltham, MA, USA). The HPLC was NCS3500 system. The mobile
phases consisted of buffer A (99.9% H2O and 0.1% formic acid) and B (99.9% acetonitrile and 0.1%
formic acid). The flow rate was 300 nL/min. The gradient of elution is as shown in Table S6.

Full MS scans range was 350–1600 m/z. The runtime was 75 min and the resolution was
70,000. The precursor ions were selected for the MS/MS scans using higher energy collision-induced
dissociation (HCD) for each precursor ion. Then MS2 (secondary mass spectrum) sequences were
determined. The dynamic exclusion option was implemented with a repeat count of 1 and exclusion
duration of 15 s. The values of automated gain control (AGC) were set to 1 × 106 and 2 × 105 for full
MS and MS2, respectively.

3.6. Proteomic Data Analysis

For peptide data analysis, raw mass data were processed and searched against the
protein databases downloaded from the public databases using Proteome Discoverer software
(Thermo Scientific, Waltham, MA, USA). Searches were performed using the following criteria: the
precursor mass tolerance was set to 20 ppm, and fragment ion mass tolerance was set to 0.02 Da for
HCD in addition to the general settings. The search parameters allowed two missed cleavage for
tyrpsin. The maximum delta Cn was considered as 0.05, while 10 was thre maximum number of
peptides reported. The score threshold for peptide identification was set at 0.01 false-discovery rate
(FDR) in the iTRAQ experiment. The list of proteins obtained from the iTRAQ data was exported
to Supplementary File S1, which contains such protein-specific information as accession numbers,
percent coverage, protein scores, number of peptides matching individual proteins, etc. Proteins with
a fold-change cutoff ≥1.5 between the two stages were identified as differentially expressed.

4. Conclusions

Betalains play a role in appearance quality and nutritional value of red pitaya, and they are also
involved in stress-resistance. Study of the pitaya pulp pigments proteome is important to understand
the correlative pathways contributed to the betalain biosynthesis. In this study, proteomic changes in
H. polyrhizus were first investigated using iTRAQ. In total, 1946 differentially expressed proteins were
identified to characterize the proteome of red pitaya. Based on integrated analyses of transcriptomic
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and proteomic datasets, several transcripts and proteins owning positive correlation were gathered in
“phenylpropanoid biosynthesis”, “tyrosine metabolism”, “flavonoid biosynthesis”, “ascorbate and
aldarate metabolism”, “betalains biosynthesis” and “anthocyanin biosynthesis”. These pathways are
related to the metabolites of betalain biosynthesis. Five proteins, which were annotated to polyphenol
oxidase, CYP76AD3, and 4,5-DOPA dioxygenase extradiol-like, were found to be differentially
expressed in the betalain biosynthesis pathway. The present study provides the first proteomic
analysis of the red pitaya pulps by iTRAQ and could offer new insights into the molecular mechanism
of the betalain biosynthesis at the posttranscriptional level.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/10/1606/s1.
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Abstract: Ploidy affects plant growth vigor and cell size, but the relative effects of pollen fertility and
allergenicity between triploid and diploid have not been systematically examined. Here we performed
comparative analyses of fertility, proteome, and abundances of putative allergenic proteins of pollen
in triploid poplar ‘ZhongHuai1’ (‘ZH1’, triploid) and ‘ZhongHuai2’ (‘ZH2’, diploid) generated
from the same parents. The mature pollen was sterile in triploid poplar ‘ZH1’. By applying
two-dimensional gel electrophoresis (2-DE), a total of 72 differentially expressed protein spots (DEPs)
were detected in triploid poplar pollen. Among them, 24 upregulated and 43 downregulated proteins
were identified in triploid poplar pollen using matrix-assisted laser desorption/ionisation coupled
with time of-flight tandem mass spectrometer analysis (MALDI-TOF/TOF MS/MS). The main
functions of these DEPs were related with “S-adenosylmethionine metabolism”, “actin cytoskeleton
organization”, or “translational elongation”. The infertility of triploid poplar pollen might be related
to its abnormal cytoskeletal system. In addition, the abundances of previously identified 28 putative
allergenic proteins were compared among three poplar varieties (‘ZH1’, ‘ZH2’, and ‘2KEN8‘). Most
putative allergenic proteins were downregulated in triploid poplar pollen. This work provides an
insight into understanding the protein regulation mechanism of pollen infertility and low allergenicity
in triploid poplar, and gives a clue to improving poplar polyploidy breeding and decreasing the
pollen allergenicity.

Keywords: poplar; pollen; diploid; triploid; allergenic protein; proteomics

1. Introduction

Polyploidy is having more than two sets of chromosomes present within a nucleus, which is a
widespread phenomenon in the plant kingdom. Polyploidization frequently occurs in plants, and it
has been regarded as one of the major speciation mechanisms [1]. Polyploidy has considerable effects
on the expression of genes and abundance of proteins [2]. Compared with diploid, polyploidy shows
advantages in many aspects, such as increasing in biomass and fruit yield [3]. Polyploidy also provides
genome buffering, as it is helpful to increase the allelic diversity and then generate novel phenotypic
variation [4]. However, most of the polyploidy appears to decrease pollen fertility and reduced seed
amount. Meirmans et al. found that triploid dandelion did not produce more seeds or heavier seeds,
and it was due to male sterility because of disorder of its nuclear genes [5].
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As an important biomass and feedstock plant species, poplar provides a wide range of industrial
construction woods [6]. Since Nilsson-Ehle found the giant natural European triploid aspen
(Populus tremula) [7], more and more natural or artificial polyploidy poplar species were reported and
applied into breeding. Cai et al. produced tetraploid P. pseudo-simonii from leaf explants of diploid
P. pseudo-simonii by colchicine treatment. The size and density of leaf stomata in tetraploid poplar were
significantly greater than that of diploid [8]. At present, the study of the low fertility of polyploidy
has mainly focused on the morphological observation. The polyploid medicinal plant Pinellia ternata
(Araceae) has low fertility and reduced amount of seeds because of abnormal meiotic division [9],
which is similar to that of Arabidopsis, rice, and wheat [10–12]. However, the molecular characteristics
of pollen in polyploid poplar have not been revealed.

Between April and May, male blossoming of Salicaceae results in amounts of pollen spread into
the air, which seriously affects human health [13]. As the main allergens in pollen, the allergenic
proteins will hydration quickly and to elicit the allergic reaction in a short time. Immune electron
microscopy of dry and rehydrated birch pollen showed that Bet v I, a major allergen in birch pollen,
can migrate into the exine and to the surface of pollen grains after brief hydration [14]. At present, the
study on the pollen allergy is mainly diagnosed through testing the allergic reaction of the patients’
serums. Several studies have indicated that the main allergies varied in different cities. In New York
City, NY, U.S., 371 allergic patients’ serums were tested and the highest rates of allergies were derived
from Quercus spp. (34.3%), Betula spp. (32.9%), and Acer spp. (32.9%), followed by Populus spp. (20.6%)
and Ulmus spp. (24.6%) [15]. Erkara surveyed the pollen grains in the atmosphere of Sivrihisar, Turkey
for two continuous years, and the result showed that the majority of the allergenic pollen grains were
from Pinaceae, Cupressaceae, Fraxinus spp., Cedrus spp., Populus spp., and so on [16]. In Talca, Chile,
the highest number of airborne pollen grains in the atmosphere was from Platanus acerifolia
(203 grains/m3, day), and Populus spp. had a maximum weekly daily average 103 grains/m3 [17].

Proteomics is a powerful tool to understand the dynamic changes of proteins [18]. In this study,
we compared the differences of pollen germination and proteome between two P. deltoides varieties,
‘ZhongHuai1’ (‘ZH1’, triploid) and ‘ZhongHuai2’ (‘ZH2’, diploid), which were generated from the
same parents (P. deltoides ‘55/56’ × P. deltoides ‘Imperial’) [19–21]. In our previous study, a total
of 28 putative allergenic proteins were identified from mature pollen of diploid P. deltoides CL. ‘2KEN8’
using proteome research approach [22]. Here, the protein abundances and gene expression levels
of the 28 putative allergenic proteins were compared among the three varieties (‘ZH1’, ‘ZH2’, and
‘2KEN8’). This study is helpful for understanding the molecular mechanism of differences in pollen
fertility and allergenicity between triploid and diploid poplar.

2. Results

In our previous study, we identified a triploid P. deltoides variety ‘ZH1’ and a diploid variety ‘ZH2’
from the same parents (P. deltoides ‘55/56’ × P. deltoides ‘Imperial’), and the ploidy levels of the hybrids
were determined using flow cytometric analysis [21]. To confirm the ploidy level of the two varieties,
we further analyzed the karyotypes of the two materials. As shown in Figure 1A, the chromosome
numbers of ‘ZH1’ and ‘ZH2’ were 2n = 3x = 57 and 2n = 2x = 38, respectively. The result showed that
‘ZH1’ was triploid and ‘ZH2’ was diploid.

2.1. Pollen Germination in Triploid and Diploid P. deltoides

To compare the pollen fertility of triploid and diploid poplar, the pollen of ‘ZH1’ and ‘ZH2’ was
germinated in vitro (Figure 1B). After 2 h cultivation, the pollen of ‘ZH2’ began to germinate, and
the germination rate was increased as a function of culture time. Over 88% pollen of diploid ‘ZH2’
was germinated when the pollen was cultivated for 48 h, while the pollen of triploid ‘ZH1’ was not
germinated at all, even after 48 h cultivation (Figure 1B,C). The length of pollen tubes in different
culture times of diploid ‘ZH2’ was measured, which increased with the elongation of culture time.
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At the beginning 4 h, most pollen tubes of ‘ZH2’ were distributed, ranging from 0 to 200 μm.
After 48 h cultivation, most pollen tubes of ‘ZH2’ had a length of 500–1000 μm (Figure 1D).

Figure 1. Pollen germination of triploid ‘ZH1’ and diploid ‘ZH2’ P. deltoides. (A) Somatic chromosome
number in triploid poplar ‘ZH1’ and diploid poplar ‘ZH2’; (B) pollen tube growth of ‘ZH1’ and
‘ZH2’ during the germination (2, 4, 8, 12, and 24 h); (C) pollen germination rate of ‘ZH1’ and ‘ZH2’;
(D) pollen tube length distribution of ‘ZH2’ pollen during the germination.

2.2. Two-Dimensional Gel Electrophoresis (2-DE) Analysis and Identification of Differentially
Expressed Proteins

As shown in Figure 2, the pollen proteins of ‘ZH1’ and ‘ZH2’ were separated using 2-DE.
A total of 557 and 598 repeatable protein spots were identified from ‘ZH1’ and ‘ZH2’ mature pollen,
respectively. Among these protein spots, 488 were matched in the two varieties’ mature pollen.
The matched proteins covered the isoelectric point (pI) ranging from 5.0 to 6.5, and their molecular
weight (MW) ranged from 17 to 63 kDa. To compare the differences of mature pollen proteins between
triploid ‘ZH1’ and diploid ‘ZH2’, the intensity of each matched spot from three biological replicates
was analyzed using ImageMaster 2D Platinum software version 6.0 (GE Healthcare, Little Chalfont,
UK), and significantly (p ≤ 0.05) altered spots were identified with the Student’s t-test. A total
of 72 repeatable differentially expressed protein spots (DEPs) were identified; 22 were upregulated
and 50 were downregulated in the mature pollen of triploid poplar ‘ZH1’ (Table 1).
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Figure 2. Two-dimensional gel electrophoresis (2-DE) image analysis of triploid ‘ZH1’ and diploid
‘ZH2’ P. deltoides. The numbers with arrows indicate the differentially expressed protein spots (DEPs)
with p < 0.05.

2.3. Functional Classification of DEPs

Subsequently, 67 of the 72 DEPs were successfully identified using MALDI-TOF/TOF MS/MS
(Table 1). For most of the identified proteins, the experimental MW and pI were basically consistent
with the theoretical values of the identified proteins. These proteins are involved in various metabolic
pathways or processes, such as carbohydrate-metabolism- and energy-metabolism-related proteins
(34.3%), amino-acid-metabolism-related proteins (7.5%), protein-metabolism-related proteins (32.8%),
defense- or stress-related proteins (14.9%), signal transduction proteins (3%), and allergy-related
proteins (3%) (Table 1).

In addition, the 67 proteins were grouped by Gene Ontology (GO) system into biological process
(BP), molecular function (MF), and cellular compartment (CC) classes. In terms of BP, 30% of the DEPs
were involved in the biological process of energy provision and 19% DEPs were involved in the lipid
metabolic process. For MF category, more than half of these proteins belonged to catalytic activity
and transporter activity, accounting for 38.80% and 22.39%, respectively. On the basis of predicted
subcellular location, the proteins were classified into 10 categories in cellular compartments; about
21% were located in endoplasmic reticulum (Figure 3).

In order to further understand functional categories of DEPs, REVIGO reduction analysis
tool was used to summarize GO terms together with their P-values [23]. According to
categories BP, gene clusters represent “S-adenosylmethionine metabolism”, “actin cytoskeleton
organization”, “translational elongation”, “cellular processes”, and “catabolism”. Among them,
“S-adenosylmethionine metabolism” and “actin cytoskeleton organization” were the main significantly
different biological processes between triploid and diploid poplar mature pollen. The MF indicated
seven GO terms related with “cytochrome oxidase activity”, “methionine adenosyltransferase activity”,
“inorganic diphosphatase activity”, “cytoskeletal protein binding”, “phosphopyruvate hydratase
activity”, “magnesium ion binding”, and “translation elongation factor activity”. For categories based
on CC, the identified proteins were mainly related with actin cytoskeleton (Figure 4).
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Figure 3. Functional annotation of identified DEPs based on Gene Ontology (GO) categorization.
Results are summarized for three main GO categories: biological process (BP), molecular function (MF),
and cellular component (CC).

Figure 4. GO treemaps for the DEPs in ‘ZH1’ and ‘ZH2’ pollen. GO terms for proteins identified in
‘ZH1’ and ‘ZH2’ pollen are shown. The box size correlates to the −log10 P-value of the GO term. Boxes
with the same color can be grouped together and correspond to the same upper-hierarchy GO-term.
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2.4. Expression Patterns of Identified DEPs

To explore the potential roles of the DEPs in poplar developmental processes, we investigated
the expression profiles of identified DEPs across various tissues. The majority of these genes showed
tissue-specific expression patterns (Figure 5). Based on the expression patterns, the genes were
classified into four clusters (Cluster 1–4). As shown in Figure 5, only genes in Cluster 3 were highly
expressed in the female and male catkins. Genes in Cluster 1 had relatively low abundance in female
and male catkins, genes in Cluster 2 were highly expressed in seedlings (including S.CL—seedling
continuous light, ES.L—etiolated seedling 6 days transferred to light 3 h, and ES—etiolated seedling),
while genes in Cluster 4 were highly expressed in differentiating xylem.

Figure 5. Expression profiles of genes coding DEPs between ‘ZH1’ and ‘ZH2’ mature pollen across
different tissues. The Affymetric microarray data were obtained from the National Center for
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database under the series
accession number GSE13990. S.CL—Seedling continuous light; ES.L—Etiolated seedling 6 days
transferred to light 3 h; ES—Etiolated seedling; YL—Young leaf; ML—Mature leaf; R—Root;
DX—Differentiating xylem; FC—Female catkin; MC—Male catkin. Background-corrected expression
intensities were log-transformed and visualized as heatmaps. Color scale represents log2 expression
values, green represent low level and red indicates high level of transcript abundance.

2.5. Comparative Analysis of Predicted Allergenic Proteins

In our previous study, we identified 28 candidate allergenic proteins in diploid P. deltoides ‘2KEN8’
mature pollen [22]. Here, we compared the abundance of these 28 candidate allergenic proteins among
the three varieties (‘ZH1’, ‘ZH2’, and ‘2KEN8’) (Figure 6A and Table 2). The expression profiles of
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the predicted allergenic proteins in the two varieties (‘ZH1’ and ‘ZH2’) were similar compared with
‘2KEN8’. For example, 6 and 12 predicted allergenic proteins were up- and downregulated in both
‘ZH1’/’2KEN8’ and ‘ZH2’/’2KEN8’, respectively. Overall, most allergenic proteins in ‘ZH1’ and ‘ZH2’
mature pollen have relatively lower abundance than that in ‘2KEN8’ (Figure 6B,C and Table 2). In the
triploid ‘ZH1’, 14 predicted allergenic proteins were downregulated and 7 were upregulated when
compared with the diploid ‘ZH2’ (Figure 6D). To confirm the expression profiles of the genes coding
the putative allergenic proteins, qRT-PCR analysis was performed on ‘ZH1’ and ‘ZH2’ mature pollen
for six genes (Figure 6E). Protein expression and gene expression of the six protein spots were analyzed;
protein expression and gene expression were almost proportional in relationship.

Figure 6. Predicted allergenic proteins in P. deltoides ‘ZH1’, ‘ZH2’, and ‘2KEN8’ mature pollen.
(A) The protein abundance of previously predicted 28 allergenic proteins [22] in three P. deltoides
cultivars ‘ZH1’, ‘ZH2’, and ‘2KEN8’ mature pollen; Venn diagram of upregulated (B) or downregulated
(C) proteins in ‘ZH1’ and ‘ZH2’ compared with ‘2KEN8’ from (A); (D) differentially expressed proteins
among 28 predicted allergenic proteins between ‘ZH1’ and ‘ZH2’; (E) expression analysis of six selected
allergen related genes in the three cultivars using qRT-PCR.
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Table 2. Differential expression of 28 candidate allergenic proteins.

Spot
Number

Gene ID Annotation
Average Fold Changes

‘ZH1’/‘2KEN8’ ‘ZH2’/‘2KEN8’ ‘ZH1’/‘ZH2’

1 Potri.003G006300 Chloroplast heat shock protein 70-2 −1.48 −1.30 −2.59

2 Potri.001G087500 Heat shock protein 70 (Hsp 70) family
protein −1.88 2.87 −5.57

3 Potri.001G285500 Mitochondrial HSO70 2 1.49 −1.72 3.33
4 Potri.009G079700 Mitochondrial HSO70 2 −1.42 −1.16 −1.31
5 Potri.006G116800 Enolase −4.08 −1.17 −2.17
6 Potri.015G131100 Enolase −2.06 −3.89 −2.91
7 Potri.019G067200 Pectin lyase-like superfamily protein – – –

8 Potri.002G034400 NmrA-like negative transcriptional
regulator family protein 2.19 3.48 −1.29

9 Potri.012G114900 Pectin lyase-like superfamily protein 4.81 6.55 −3.10

10 Potri.010G117900 Aldolase superfamily protein – – –

11 Potri.001G034400
Nascent polypeptide-associated

complex (NAC), α subunit family
protein

−3.56 −1.98 2.88

12 Potri.009G018600
Glutathione S-transferase,

C-terminal-like;Translation elongation
factor EF1B/ribosomal protein S6

2.17 4.57 −2.37

13 Potri.008G056300 Triosephosphate isomerase −3.61 −1.74 3.12
14 Potri.013G092600 Manganese superoxide dismutase 1 1.03 −1.52 0.77

15 Potri.001G392400 Pollen Ole e 1 allergen and extensin
family protein 3.86 4.07 −1.37

16 Potri.011G111300 Pollen Ole e 1 allergen and extensin
family protein 1.37 1.54 −1.62

17 Potri.009G146200 60S acidic ribosomal protein family – – –
18 Potri.006G235200 Profilin 4 -4.10 −3.45 −1.99
19 Potri.018G057600 Profilin 4 – – –
20 Potri.003G047700 Profilin 3 −6.93 −3.48 4.10
21 Potri.001G190800 Profilin 5 −3.14 −1.36 5.59
22 Potri.007G018000 Thioredoxin H-type 1 −2.29 −1.33 −3.19
23 Potri.018G083500 Thioredoxin-dependent peroxidase 1 −1.11 −3.55 3.97

24 Potri.009G147900 HSP20-like chaperones superfamily
protein −4.63 −6.33 −2.79

25 Potri.001G254700 HSP20-like chaperones superfamily
protein – – –

26 Potri.006G093500 HSP20-like chaperones superfamily
protein – – –

27 Potri.001G254700 HSP20-like chaperones superfamily
protein – – –

28 Potri.005G232700 Thioredoxin H-type 1 0.36 0.89 −0.63

3. Discussion

3.1. The Mature Pollen of Triploid Poplar ‘ZH1’ Failed to Germinate

As a widespread biological process, polyploidization has provided much genetic variation for
plant adaptive evolution. It not only provides extra gene copies, strengthening the robustness against
malignant mutations, but also provides abundant genetic materials for neofunctionalization. Therefore,
polyploidy has been considered as an important force in the evolution of plants [24–26]. However,
polyploidy has always been accompanied by low fertility. Soltis et al. reported that the rates of pollen
germination in the 187 triploid grapes ranged from 0% to 5.88%, and about 46% of the 187 triploids
showed no germination [21]. Triploid clones of Hypericum androsaemum had 0%–6% pollen germination
rate, and the seeds of the triploids were fewer than the diploids. In addition, the seeds from the
triploids failed to germinate [27]. In this study, we observed that the mature pollen of triploid poplar
‘ZH1’ failed to germinate, which is similar with the findings in many other triploid species.

The ploidy of plant species will affect the protein abundance in proteomic level. An et al.
analyzed the leaf proteomes of cassava diploid and autotetraploid genotypes; 47 upregulated proteins
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and 5 downregulated proteins were identified in autotetraploid genotype [25]. In our study, the
proteomic analysis showed that significant differences in protein expression patterns between triploid
and diploid poplar pollen. A total of 72 DEPs were identified, 22 were upregulated and 50 were
downregulated in mature pollen of triploid poplar ‘ZH1’. Most of the identified DEPs showed
similar molecular weights and pI values between the experimental and the theoretical results (Table 1).
The individuals with large differences between experimental and theoretical results (e.g., spot 21)
might be caused by the different variants generated by alternative splicing events. Among the DEPs,
most proteins were related with “carbohydrate metabolism and energy metabolism”, “amino acid
metabolism”, “protein metabolism”, and “defense or stress”. However, in regard to proteins related to
the “defense or stress”, there were 9 upregulated and 1 downregulated protein in ‘ZH1’ compared
with ‘ZH2’. In addition, most of the DEPs related to defense or stress belong to Cluster 3 and Cluster 4,
which were highly expressed in the female and male catkins.

In Arabidopsis, ploidy affects various morphological and fitness traits, such as stomata size, flower
size, and seed weight [28]. To further understand the function of DEPs that were associated with the
sterility of triploid, the annotation and enrichment of the GO was conducted. GO-enrichment analysis
revealed that the GO terms related with actin cytoskeleton were significantly enriched in DEPs between
triploid and diploid poplar mature pollen (Figure 4). As an important component of pollen grain,
cytoskeleton controls not only how the pollen tube grows but also how the cytoplasm dynamically
reorganizes during tube elongation [29]. During the fertilization, the pollen tube must be guided to
enter the ovule via the micropyle with the involvement of actin filaments and actin-binding proteins.
Arabidopsis microtubule-associated protein 18 (MAP18) modulates actin filaments to directional cell
growth and cortical microtubule organization [30]. Generally, actin filaments in pollen tubes will
arrange into higher-order longitudinal actin cables to generate the reverse fountain cytoplasmic
streaming pattern. During the process, the actin-depolymerizing factor (ADF7) evolved to promote
turnover of longitudinal actin cables by severing actin filaments [31]. The abnormal cytoskeletal
systems might be related with low pollen viability and abnormal pollen tube elongation in pollen of
triploid poplar ‘ZH1’.

In this study, the ubiquitin proteasome carboxyl terminal hydrolase (spot 24) was upregulated in
pollen of triploid poplar ‘ZH1’. In eukaryotic organisms, the ubiquitin carboxyl terminal hydrolytic
enzymes are involved in short-life proteins turn over and some abnormal protein degradation
pathways, which play important control functions in cell growth, signal transduction, and aspects such
as plant senescence [32–34]. Lin et al. found that ubiquitin carboxyl terminal hydrolase in sterile lines
was highly expressed, and speculated that the ubiquitin–proteasome pathway is closely related to
wheat male sterility [35]. Sequence alignment showed that the protein in spot 39 shares 71.1% similarity
with a 24 kDa protein of FoF1-ATP complex in Pyrus bretschneideri (not shown). FoF1-ATP synthase is
the key enzyme in the oxidative phosphorylation and phosphorylation in vivo [36]. Previous studies
showed that pollen of mitochondrial ATP synthase subunit has an important role in the development
of the male gametophyte. FoF1-ATP synthase function disorders affect mitochondrial energy output,
leading to anther dysplasia [37,38]. In this study, FoF1-ATP synthase showed upregulated in pollen
of triploid poplar ‘ZH1’. It is suggested that the low fertility of ‘ZH1’ may be related to the high
expression level of FoF1-ATP synthase.

3.2. Allergenic Proteins Were Differentially Expressed in Mature Pollen of ‘ZH1’ and ‘ZH2’

Based on our previously identified 28 allergenic proteins in P. deltoides CL. ‘2KEN8’ [22], the
expression patterns of allergenic proteins in ‘ZH1’, ‘ZH2’, and ‘2KEN8’ were compared. The expression
of candidate allergenic proteins in ‘ZH1’ and ‘ZH2’ were lower than that in ‘2KEN8’. To a certain
degree, it could be considered that the potential allergenicity of pollen in triploid poplar ‘ZH1’
and diploid poplar ‘ZH2’ may be lower than ‘2KEN8’. Compared with the diploid poplar ‘ZH2’,
most allergenic proteins showed low expression in pollen of triploid poplar ‘ZH1’. It implies that
not only germination, but also potential allergenicity of the pollen, in triploid poplar ‘ZH1’ were
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lower than diploid poplar ‘ZH2’. Cry j1 and Cry j2 are the major allergens in pollen of Japanese cedar
(Cryptomeria japonica). Kondo et al. observed that the amounts of Cry j1 and Cry j2 proteins in the
pollen of triploid Japanese cedar were less than diploid [39]. It could be deduced that the pollen in
triploid might be less allergenic.

Based on the genome-wide prediction, Chen et al. predicted 145 and 107 pollen allergens from
rice and Arabidopsis, respectively. These allergens are putatively involved in stress responses and
metabolic processes such as cell wall metabolism during pollen development [40]. In the 28 candidate
allergenic proteins from poplar mature pollen, several members belong to heat shock protein or
profilin families. The class I small heat shock proteins (Hsps) were reported as one class of allergens
in soybean [41]. Profilins are pan-allergen proteins present in various edible plant parts and pollen,
such as birch pollen Bet v2, olive pollen Ole e2, grass pollen Phl p12, and soybean allergen Gly
m3 [42,43]. Enolase is a glycolytic enzyme which was identified as a class of highly conserved fungal
allergens, such as Cladosporium herbarum, Alternaria alternata, Curvularia lunata, Penicillium citrinum,
and Aspergillus fumigatus [44–46]. Triosephosphate isomerase was described as allergen in wheat, latex,
and lychee [47,48]. The remaining allergenic proteins are mainly involved in protein synthesis and
degradation, but whether they can cause allergic reactions needs to be further studied. In this study,
the expression of two Ole e1 were downregulated in pollen of triploid poplar ‘ZH1’ compared with
the diploid poplar ‘ZH2’ (Table 2). Ole e1 is a major allergen which was first identified in olive tree
pollen [49]. The proteins encoded by tomato LAT52 gene and maize Zmc13 gene also showed high
similarity to Ole e1 [50,51]. Although Ole e1 plays important role in pollen physiology (e.g., hydration,
pollen tube germination or growth, and other reproductive processes), its biological function is not yet
known [52].

4. Materials and Methods

4.1. Plant Materials and Pollen Collection

Experimental materials in this study were collected from Chinese Academy of Forestry
(Beijing, China). The triploid poplar ‘ZH1’ and diploid poplar ‘ZH2’ were obtained from the same
parents by artificial cross-breeding. The cut flowering branches were cultured in water in greenhouse.
At anthesis, fresh pollen was collected in the morning by shaking the tassel in a plastic bag, while old
pollen and anthers were removed from tassels by vigorously shaking the evening of the day before.

4.2. Determination of the Ploidy Level

Root tips (0.5–1.0 cm) were collected from young plants and pretreated with saturated aqueous
solution of p-dichlorobenzene (Sigma-Aldrich, Steinheim, Germany) for 3 h (room temperature),
then fixed in Carnoy (glacial acetic acid:absolute ethanol 1:3) (Sigma-Aldrich, Steinheim, Germany)
for 1 h. After treatments, the root tips were washed in distilled water, hydrolyzed in 1 mmol/l HCl
(Sigma-Aldrich, Steinheim, Germany) for 45 min at 45 ◦C, stained using phenol-fuchsin solution
(Sigma-Aldrich, Steinheim, Germany) and squashed [53,54]. Karyotype symmetry was classified
according to Stebbins [55].

4.3. Pollen Germination

Pollen was germinated on liquid germination medium (15% sucrose, 100 mg/L H3BO3, 300 mg/L
CaCl2, 200 mg/L MgSO4, 100 mg/L KNO3, pH 6.0) (Sigma-Aldrich, Steinheim, Germany) at 22 ◦C
in the dark. Pollen of ‘ZH1’ and ‘ZH2’ was germinated in the same conditions. Pollen germination
rates and the lengths of pollen tubes were measured microscopically after 2, 4, 8, 12, 24, and 48 h of
incubation. For germination rates, each sample was observed in 15 fields of view. At least 30 pollen
grains were analyzed in each field. Pollen grains were considered to be germinated when the pollen
tube grows longer than the diameter of the pollen grain. For pollen tube growth, 50 pollen tubes were
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measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA) [56] at each time
point. All the experiments were performed in three biological replicates.

4.4. Protein Extraction and 2-DE Gel Electrophoresis

Protein extraction and 2-DE gel electrophoresis were performed as previously described [15].
Briefly, the total protein of pollen was extracted according to trichloroacetic acid (TCA)-acetone
precipitation method, and the protein concentration was determined using the Bradford method [57].
The 2-DE was performed using the IPGphor system and IPG dry strips (18 cm, pH 4–7, nonlinear
gradient) (GE Healthcare, Buckinghamshire, UK). For each sample, 450 μg of protein was uploaded
on a strip which was saturated in rehydration solution. After isoelectric focusing (IEF), strips were
immediately equilibrated for 15 min in a buffer containing 0.1 M Tris-HCl (pH 8.8), 2% (w/v) SDS,
6 M urea, 30% (v/v) glycerol and 0.1 M DTT, and another 15 min in the same buffer containing
0.25 M iodoacetamide without DTT. The second dimension was performed using 12.5% SDS-PAGE
at 20 mA/bloc until the dye front reached the end of the gel in a PROTEAN II xi multi-cell (Bio-Rad,
Richmond, CA, USA). After electrophoresis, the gel was fixed overnight in the stationary solution
(50% (v/v) ethanol with 10% (v/v) orthophosphoric acid). And then transferred the gel to the mixed
dyeing solution in the shock stained for 13 h and washed with water. Each 2-DE was repeated at least
3 times to ensure the reliability of results. The 2-DE images were assembled in a matchset using the
Imagemaster 2D platinum 7.0 software (GE Healthcare, Little Chalfont, UK). After automated spot
detection, the matched spots were verified and adjusted manually.

4.5. MALDI-TOF/TOF MS/MS and Database Search

Images of the stained gels were captured with a scanner (UMAX Powerlook 2100 XL; UMAX,
Taiwan, China). Spot detection, matching, and background subtraction were performed using the
ImageMaster 2D Platinum software (version 6.0; Amersham Biosciences, Uppsala, Sweden), followed
by manual editing. All the spots detected in each gel were matched with the corresponding spots
from the reference gels. To exclude the likely differences introduced by sample loading or gel
staining/destaining, the normalized relative percent volume values (% volume) of the protein spots
from three replicates were used for further statistical analysis. Selected spots were digested with
gold grade trypsin, and then analyzed by a MALDI-TOF/TOF tandem mass spectrometer ABI4800
proteomics analyzer (Applied Biosystems, Framingham, MN, USA). For protein identification, the
acquired MS/MS data were uploaded on the Protein Pilot software (Applied Biosystems, Framingham,
MN, USA) and compared against P. trichocarpa genome (V3.0) database (https://phytozome.jgi.doe.
gov/pz/portal.html). Proteins identified with a Mowse score ≥60 (p < 0.05) were reported. To annotate
the identified proteins, the Gene Ontology (GO) was used to classify the proteins into three main
classes, biological process (BP), molecular function (MF), and cellular component (CC). In addition,
the enriched GO terms were slimmed in REVIGO web server [23].

4.6. RNA Isolation and qRT-PCR

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) with
on-column treatment using RNase-free DNase I (Qiagen, Hilden, Germany) to remove genomic
DNA contamination. First-strand cDNA was synthesized with approximately 1 μg RNA using
the SuperScript III reverse transcription kit (Invitrogen, Carlsbad, CA, USA) and random primers
according to the manufacturer’s instructions. Primers for 28 predicted allergenic genes were according
to Zhang et al. [22]. All the primer sequences used in this study are listed in Table A1. qRT-PCR was
conducted on LightCycler 480 Detection System (Roche, Penzberg, Germany) using SYBR Premix Taq
Kit (TaKaRa, Dalian, China) according to the manufacturer’s procedure. The PtActin gene was used as
reference gene.

288



Int. J. Mol. Sci. 2016, 17, 1475

5. Conclusions

In this study, we analyzed the fertility and proteome of pollen in triploid poplar ‘ZH1’ and diploid
poplar ‘ZH2’. Compared with the ‘ZH2’, the mature pollen in triploid poplar ‘ZH1’ failed to germinate.
Through comparative proteomics, 67 of 72 DEPs were identified using MALDI-TOF/TOF MS/MS.
The main functions of DEPs between triploid and diploid poplar pollen were “S-adenosylmethionine
metabolism”, “actin cytoskeleton organization”, and “translational elongation”. Furthermore, the
abundances of 28 putative allergenic proteins in three varieties (‘ZH1’, ‘ZH2’, and ‘2KEN8’) were
compared. In short, not only fertility but also potential allergenicity of pollen were decreased in
triploid poplar ‘ZH1’. This study is helpful for understanding the molecular mechanism of differences
in pollen fertility and allergenicity between triploid and diploid poplar.

Acknowledgments: This work was supported by Special Fund for Forestry Scientific Research in the Public
Interest (201304103-4) and National High-tech R & D Program of China (2011AA100201) to Jian-Jun Hu.
The funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Author Contributions: Jin Zhang and Jian-Jun Hu conceived and designed the experiments; Xiao-Ling Zhang,
Jin Zhang, Ying-Hua Guo and Wei Fan performed the experiments; Pei Sun and Hui-Xia Jia analyzed the data;
Meng-Zhu Lu and Jian-Jun Hu contributed reagents/materials/analysis tools; Xiao-Ling Zhang and Jin Zhang
wrote the paper.

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

Appendix A

Table A1. The sequences of qRT-PCR primers.

Spot
Number

Gene ID Forward Primer Reverse Primer

3 Potri.001G285500 TTTGGAAAGAGCCCTAGCAA CCTGAGTCTGGTTGTCAGCA
10 Potri.010G117900 TTTTTGTCTGGAGGGCAATC TTTCACCCTCGGCAGAATAC
15 Potri.001G392400 CCAAAATCAGCGAGGGAATA AGAATCAATGCTCCGGAATG
16 Potri.011G111300 TGCTTCTCCTCCGTTCTCAT GTCAATGTGCCATTCTCACG
21 Potri.001G190800 ACATGGTGATCCAGGGAGAG GAGCACCAGCATTACCCTTC
28 Potri.005G232700 TCGAGAAGGGAAAAGGGTCT ATTGCCTCCACATTCCACTC

Reference Actin GTGCTTCTAAGTTCCGAACAGTGC GACTACCAAAGTGTCTGACCACCA
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Abstract: Yellow-green leaf mutants are common in higher plants, and these non-lethal
chlorophyll-deficient mutants are ideal materials for research on photosynthesis and plant
development. A novel xantha mutant of Ginkgo biloba displaying yellow-colour leaves (YL) and
green-colour leaves (GL) was identified in this study. The chlorophyll content of YL was remarkably
lower than that in GL. The chloroplast ultrastructure revealed that YL had less dense thylakoid
lamellae, a looser structure and fewer starch grains than GL. Analysis of the photosynthetic
characteristics revealed that YL had decreased photosynthetic activity with significantly high
nonphotochemical quenching. To explain these phenomena, we analysed the proteomic differences
in leaves and chloroplasts between YL and GL of ginkgo using two-dimensional gel electrophoresis
(2-DE) coupled with MALDI-TOF/TOF MS. In total, 89 differential proteins were successfully
identified, 82 of which were assigned functions in nine metabolic pathways and cellular processes.
Among them, proteins involved in photosynthesis, carbon fixation in photosynthetic organisms,
carbohydrate/energy metabolism, amino acid metabolism, and protein metabolism were greatly
enriched, indicating a good correlation between differentially accumulated proteins and physiological
changes in leaves. The identifications of these differentially accumulated proteins indicates the
presence of a specific different metabolic network in YL and suggests that YL possess slower
chloroplast development, weaker photosynthesis, and a less abundant energy supply than GL.
These studies provide insights into the mechanism of molecular regulation of leaf colour variation in
YL mutants.

Keywords: Ginkgo biloba L.; xantha mutant; comparative proteomics; chloroplast; photosynthesis

1. Introduction

Chlorophyll (Chl) is the most important pigment in plants and is usually embedded in the
thylakoid membranes of chloroplasts [1,2]. Chl is a green pigment, essential for photosynthesis,
that absorbs energy from sunlight in antenna systems and transfers the energy to the reaction centre [3].
The absorbed light energy is then used to synthesize carbohydrates from carbon dioxide and water,
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a fundamental life process in plants. In higher plants, Chl is mainly biosynthesized in plastids,
and its metabolic pathway has been extensively studied using genetic and biochemical methods in
various organisms, particularly Arabidopsis thaliana [4–6]. Mutations in Chl biosynthesis, degradation
or other related pathways lead to Chl-deficient mutants or leaf colour mutants. These mutants are
widespread in nature and yield various mutant leaf colours, such as albino, virescent, chlorina, xanthas,
maculate, stripe and dark green [7–9]. A number of yellow-green leaf colour mutants have been
identified in model plants, including A. thaliana, Oryza sativa, Solanum lycopersicum, Zea mays and
Triticum aestivum [10–14].

Yellow-green leaf colour mutants are induced by multiple genetic and environmental factors,
among which genetic change plays a decisive role. In O. sativa, mutations in the genes that encode
glutamyl-tRNA, Mg-chelatase, heme oxygenase and geranylgeranyl reductase lead to yellow-green
leaves, whereas T-DNA insertional mutagenesis in rice can generate a chlorina phenotype [7,15–18].
Gene mutations involved in chloroplast development can also affect leaf colour. In Arabidopsis,
two leaf-variegated mutants, yellow variegated1 (var1) and var2, are caused by the loss of FtsH5 and
FtsH2 (ATP-dependent zinc metalloprotease), respectively; these proteins are involved in the repair of
photo-damaged proteins in thylakoid membranes [19,20]. The genetic changes in mutants can lead
to changes in leaf phenotype, microstructures, fluorescence and physiological properties. These leaf
colour mutants are thus ideal materials to study photosynthesis, photomorphogenesis, Chl metabolism,
and chloroplast development [13,17,21].

Proteomics analysis deals directly with large-scale changes in proteins, the main components of
physiological metabolic pathways in living cells. Proteins are responsible for most biological processes.
Proteomics is a powerful approach for investigating the complete proteome at specific development
stages or identifying changes in the proteome under different environmental conditions [22].
Proteome analysis, using two-dimensional polyacrylamide gel electrophoresis (2-DE), is one of the
most sensitive and potent methods in proteomics studies [23]. Subcellular proteomic analysis has
been widely studied in plants, including for the characterization of the network of cellular processes
in a particular organelle, such as mitochondria, chloroplasts, nuclei, and plasma membranes [24–26].
Chloroplasts are the site of photosynthesis in plants and the largest metabolically active compartments
in mature leaves. In A. thaliana, proteomics approaches have revealed 73% of unique organelle
stress-responsive proteins belong to chloroplasts, indicating the specific sensitivity of chloroplasts
to environmental stress [27]. Many proteomic studies have focused on chloroplasts or chloroplast
fractions, providing significant insight into chlorophyll metabolism, photosynthesis, or the chloroplast
response to environmental stress [25–28]. A proteomic analysis of the thylakoid membrane of
a Chl b-less rice mutant and wild type by Chen et al. suggested that the reduction of Chl b
affects light-harvesting complex I (LHC-I) assembly more severely than LHC-II [28]. Wang et al.
performed transcriptomic and proteomic analyses of a Chl-deficient tea plant cultivar and suggested
a complementary approach to better understand the mechanisms responsible for the chlorina
phenotype [29]. Zhou et al. identified two colour patterns of flower buds in an ornamental peach and
studied the differential expression of proteins, which provided important insights into the molecular
mechanism of flower petal coloration [30]. Therefore, the analysis of the differential expression of
proteins between mutant and normal tissue, particularly at the subcellular level, may provide new
insights into the regulatory mechanism responsible for the mutant phenotype.

Ginkgo biloba, often called a “living fossil”, is the only remaining species of Ginkgoaceae and
is well-known for its medicinal value and ornamental beauty [31]. Ginkgo is planted throughout
China as a multi-value deciduous tree species of ornamental due to its unique leaf pattern and tree
form. Recently, we discovered a pigment-deficient mutant of G. biloba that exhibited a yellow-green
leaf phenotype on a main branch and was initially identified as a xantha mutant in Jiujiang City,
Jiangxi Province, China (29◦49′ N, 116◦40′ E). The mutant is an ancient tree with an estimated age of
150 years, a height of 18.8 m, and a diameter of 1.6 m at 2 m above ground. The branch is supposed to
be a bud mutation and constitutes one-fourth of the crown of the tree, with the rest of the tree having
green leaves. During the early growth stages, leaves of the xantha mutant are yellow and are remarkably
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different from green leaves until early July. As the mutant leaves mature, the colour gradually turns
yellow-green until October, and finally the leaves turn yellow again. This type of bright and stable leaf
colour phenotype is rare in ginkgo, and this mutation is considered a better ornamental germplasm
resource for cultivation than wild type. At present, little is known regarding the molecular basis of this
leaf mutant.

In this study, we used a proteomic approach to compare the total leaf protein and chloroplast
protein profiles of the yellow-colour leaf (YL) and the green-colour leaf (GL) of G. biloba. Using a 2-DE
proteomic approach and MALDI-TOF/TOF MS analysis, we successfully identified 89 differential
proteins, which were predicted to play potential roles in particular cellular processes in the YL mutant.
To elucidate the relationship between the variation of photosynthesis and specific proteins with
altered expression, we performed photosynthesis characterization and chloroplast ultrastructure
observation, leading to a further understanding of the molecular mechanisms of pigment biosynthesis
and photosynthesis alteration in the YL mutant.

2. Results

2.1. Chlorophyll Concentration, Chloroplast Ultrastructure and Photosynthesis Performance

The leaf morphologies of GL and YL are shown in Figure 1A,B. No difference in phenotype was
observed between YL and GL, except leaf chlorosis in YL. The chlorophyll a and b contents were
markedly higher in GL than in YL, but the chlorophyll a/b ratio was significantly lower in GL than
in YL (p < 0.01). The gas exchange parameters of the leaves of two colours are shown in Figure 1G–J,
and the net photosynthetic rate (Pn), transportation rate (E) and stomatal conductance (gs) were
significantly higher in GL than YL (p < 0.01). There were no significant differences in the internal CO2

concentration (Ci) between the two types of leaves. As shown in Figure 1K–O, the effective quantum
yield of photosystem II electron transport (ΦPSII) and photochemical quenching (qp) were significantly
higher in GL than in YL (p < 0.05). The patterns of the efficiency of excitation energy capture by open
photosystem II reaction centres (Fv′/Fm′) was similar in GL and YL, whereas the maximum quantum
yield of photosystem II (Fv/Fm) and the nonphotochemical quenching (NPQ) were considerably lower
in GL than in YL (p < 0.01).

To identify morphological changes in photosynthetic organelles and leaves of GL and YL,
the chloroplast ultrastructure was examined. As shown in Figure 1C, the chloroplasts of GL exhibited
an elliptical shape, with a typical lamellar grana structure consisting of thylakoid and numerous
starch grains and few osmiophilic granules. By contrast, the chloroplasts in YL leaves were abnormal
in appearance, with a slim spindle shape with no obvious boundary and simple distributed grana
structure, and usually contained no well-defined starch grains and a few small plastoglobules. YL had
a reduced number of thylakoids in grana and contained diffuse internal membranes and a dilated
lamellae system compared to GL (Figure 1D). In addition, the chloroplasts were smaller in size in YL
than in GL.
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Figure 1. Cont.

Figure 1. Photosynthetic parameters and chloroplast ultrastructure of ginkgo yellow-colour leaves
(YL) and green-colour leaves (GL). (A,B) Phenotypes of the GL (left) and YL mutant (right);
(C,D) Chloroplast ultrastructure in GL (C) and YL (D). S, starch grain; T, thylakoid; O, osmiophilic
granule; (E,F) Total chlorophyll content and chlorophyll a/b; (G–J) Gas exchange parameters in Pn (G),
E (H), gs (I), Ci (J); (K–O) Changes in chlorophyll fluorescence parameters, including maximum
quantum efficiency of photosystem II (PSII) (Fv/Fm) (K), efficiency of excitation energy capture by
open PSII centres (Fv′/Fm′) (L), nonphotochemical quenching (NPQ) (M), photochemical quenching
(qp) (N), effective quantum yield of PSII electron transport (ΦPSII) (O). The values are presented as
means ± SD (n = 15). Different letters indicate significant differences at p < 0.05.

2.2. 2-DE Analysis and Identification of Differentially Accumulated Proteins

To analyse and compare the changes in protein profiles, comparative proteomics of ginkgo
leaves and chloroplasts of the two leaves of different colours were performed using 2-DE and
MALDI-TOF/TOF MS. The representative 2-DE maps with immobilized pH gradient (IPG) strips of
pH 4–7 and 3–10 are shown in Figure 2 and Figure S1 respectively. As more proteins are detectable
clearly in the IPG 4–7 gel than in the IPG 3–10 gel, IPG 4–7 gel were used in this study. The 2-DE
profile of the total protein in the leaves demonstrated that more than 1300 protein spots were detected
with good reproducibility in the range of molecular masses of 15–120 kDa and pH 4–7. A total of
28 protein spots in YL exhibited significant changes in abundance of less than 0.66-fold or more
than 1.5-fold (p < 0.05) compared to GL (Figure 2A,B). Similar protein patterns were revealed in the
2-DE profile of total leaf proteins and chloroplast proteins. The 2-DE profile of chloroplast proteins
revealed that more than 1100 protein spots were detected, and a total of 61 protein spots exhibited
significant changes in abundance (Figure 2C,D). After analysis by MALDI-TOF/TOF MS, a total of
89 differentially accumulated protein spots were successfully identified (Table 1). Compared to GL,
42 (47%) of the differential protein spots identified were increased in YL, whereas 47 (53%) were

296



Int. J. Mol. Sci. 2016, 17, 1794

decreased. Sub-cellular localization, predicted by WolfPsort, revealed that the majority of identified
proteins were located in the cytoplasm and chloroplast. More than 46% of the identified total leaf
proteins were predicted to be located in the chloroplasts, implying that chloroplast proteome is virtually
changed in YL. Whereas in the chloroplast, nearly 82% of the identified proteins from chloroplast were
predicted to be typical chloroplast proteins.

 
Figure 2. Representative 2-DE profiles of proteins in G. biloba. The molecular mass (Mr) in kDa and pI
of proteins are indicated on the left and top, respectively. The identified proteins are annotated by a
number and arrow. (A) Total proteins from YL; (B) Total proteins from GL; (C) Chloroplast proteins
from YL; (D) Chloroplast proteins from GL. The arrows indicate increased protein spots in ginkgo.
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2.3. Functional Categorization of Identified Proteins

The functions of the identified proteins were annotated by searching against the NCBI database
and grouped according to functional categories based on analysis of KEGG pathways and the
literature. Among the 89 identified proteins, 82 proteins (92%) had assigned functions or sequences
similar to those of known proteins, and the other seven (8%) were identified as novel with no
assigned function (Figure 3). The 82 proteins with assigned functions in both types of leaves were
classified into nine metabolic pathways and cellular processes, including amino acid metabolism
(11 proteins), biosynthesis of secondary metabolites (4 proteins), carbohydrate/energy metabolism
(12 proteins), carbon fixation in photosynthetic organisms (16 proteins), cellular processes (8 proteins),
lipid metabolism (3 proteins), photosynthesis (8 proteins), protein metabolism (14 proteins), and redox
homeostasis (6 proteins) (Figure 3A). The distribution of increased and decreased proteins in the
different functional groups is shown in Figure 3B.

Figure 3. Function classification of all identified proteins in G. biloba. (A) Functional categorization
of identified proteins; (B) Contributions to molecular functions from increased (blue) and decreased
(red) proteins.

2.4. Protein-Protein Interaction Analysis

To further understand the functional associations of the identified proteins from both types of
leaves, a protein-protein interaction network was generated using the STRING database (Figure 4).
The interacting proteins have important functions in the clusters of amino acid metabolism,
carbohydrate/energy metabolism, photosynthesis, protein metabolism and cell processes. As shown in
Figure 4, the differentially expressed proteins from different clusters connected tightly, revealing direct
or indirect functional links in the network. The chloroplast heat shock protein 70-1 (cpHsc70-1)
plays an important role in protein precursor import into chloroplasts and had the highest number of
interactions (12) in the network. Two proteins involved in carbon fixation in photosynthetic organisms,
glyceraldehyde-3-phosphate dehydrogenase B (GAPB) and phosphoglycerate kinase (AT1G56190),
also had a high number of interactions (10 and 8, respectively). These proteins were connected tightly
to the other enzymes involved in the glycolysis pathway, such as enolase 1 (ENO1) and pyruvate
dehydrogenase E1 β subunit (T2H7.8). Moreover, these proteins with a high number of connections
were present in lower amounts in the YL mutant. The interactions among these proteins may play
important roles in carbohydrate metabolism and photosynthetic performance.
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Figure 4. Protein-protein interaction network of differentially accumulated proteins analysed by
STRING 10.

2.5. Gene Expression Analysis by qRT-PCR

To further verify the changes of proteins between the two colour leaves, we examined the
transcript levels of selected protein-coding genes by qRT-PCR. Seven proteins involved in amino acid
metabolism, cellular processes, photosynthesis, protein metabolism and chlorophyll metabolism were
selected, and the expression levels of their encoded genes were analysed (Figure 5). The results
showed that the expression levels of spermidine synthase (SPDS), heat shock 70 kDa protein
(HSP70) and plastid-specific 30S ribosomal protein 3 (PSRP3) increased significantly in YL, and the
expression levels of ATP synthase CF1 α chain (atpA), ATP-dependent Clp protease ATP-binding
subunit clpA homolog CD4B (CD4B) and elongation factor TuB (EF-TuB) decreased, which is
consistent with the expression patterns of their corresponding proteins. In contrast, the protein
and mRNA expression patterns of glutamate-1-semialdehyde aminotransferase (GSA) differed,
which indicated that some of the identified proteins are regulated at the transcriptional level and
others are regulated post-transcriptionally.

Figure 5. Expression levels of selected protein-encoding genes in G. biloba. SPDS, HSP70, PSRP3,
atpA, GSA, CD4B and EF-Tu are spermidine synthase (spot 5032), heat shock 70 kDa protein
(spot 5033), plastid-specific 30S ribosomal protein 3(spot 0038), ATP synthase CF1 α chain (spot 2134),
glutamate-1-semialdehyde aminotransferase (spot 2239), ATP-dependent Clp protease ATP-binding
subunit clpA homolog CD4B (spot 3940), and elongation factor TuB (spot 2135), respectively. Different
letters indicate significant differences at p < 0.05.
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3. Discussion

Yellow-green leaf colour mutants are common in plants and always exhibit low photosynthetic
capacity and weak growth. Consequently, these mutants are considered valuable materials for
photosynthesis research [13,32,33]. The photosynthesis and a wide range of other metabolisms occur
in the chloroplasts, making them the largest metabolically active compartments in the mature leaf cell.
Leaf colour mutants lead to impaired chloroplast development, and this damage is often considered
a cause of the alteration in photosynthesis [33]. In the present study, we examined a xantha mutant
of G. biloba and its photosynthetic and anatomic characteristics. We also performed a comparative
analysis of the protein expression patterns in both leaves and chloroplasts of YL and GL as a first step
towards understanding the molecular mechanisms.

3.1. Photosynthesis and Anatomical Characteristics

In higher plants, photosynthesis is a complex biological process in which light energy absorption
and transformation occur on the thylakoid membrane of chloroplasts. The chlorophyll-protein
complexes are embedded in a lipid matrix of thylakoid membranes, and its contents in chloroplasts play
a regulatory role in the amount of light energy absorption, which directly determines the photosynthetic
potential and primary production of plant leaves [2,34]. Chl biosynthesis is associated with the
formation of thylakoid membranes and is also coordinated with chloroplast development [35,36].
The anatomical characteristics of chloroplasts have been described in several Chl-deficient mutant
species, such as O. sativa, A. thaliana, Brassica napus, and Triticum turgidum [19,28,33,36,37]. In general,
the chloroplasts of chlorotic mutants are not well developed, with abnormal chloroplast ultrastructures.
The chloroplasts of chlorotic mutants often contain fewer, thinner and irregularly arranged grana
lamellae compared with wild type, and the thylakoids usually swell at different levels. In the YL
mutant, anatomical characterization revealed that this ginkgo mutant had less dense thylakoid lamellae,
irregularly shaped chloroplasts, and few or no starch grains. These features are consistent with
those of three previously studied rice chlorina mutants and indicate an underdeveloped chloroplast
ultrastructure in the YL mutant [17,33]. These structures might lead to decreased Chl contents and
abnormal Chl a/b, resulting in delayed leaf greening.

The structure of chloroplasts determines the photosynthetic capacity of plant leaves.
Abnormal Chl can reduce the filling of light-harvesting complexes, resulting in low photosynthetic
efficiency in Chl-deficient mutants. Most Chl-deficient mutants have lower photosynthetic efficiency
than wild type, with the exception of a very few specific mutants. For example, a xantha rice
mutant named Huangyu B has higher photosynthetic efficiency than its wild-type parent, and the
photosynthetic rate of a pale-green durum wheat mutant is similar to that of wild type [37,38].
In our study, YL had lower Pn, E and gs but not Ci than GL, consistent with most Chl-deficient
mutant plants. The Chl content in YL was approximately one-sixth of that in GL, a much more
pronounced difference than those observed in other species. Leafing out and growth remained normal
in the mutant because it possesses the fundamental chloroplast structure to perform photosynthesis.
The fluorescence kinetics parameter ΦPSII was significantly lower in YL than in GL, indicating its low
photochemical efficiency. The apparent inhibition of the photosynthetic property of the YL mutant
was probably due to the low chlorophyll content and aberrant chloroplast development. Remarkably,
the mutant had significantly higher NPQ than GL. NPQ reflects the nonphotochemical dissipation of
the excess excitation energy, which protects the tissue from the damaging effects of reactive oxygen
species (ROS) [39]. Based on these results, we suggest that PSII is inhibited in YL, resulting in increased
effectiveness of the consumption and dissipation of absorbed light energy compared to GL.

3.2. Proteins Involved in Photosynthesis and Carbon Fixation

Light-dependent reactions are one set of reactions in photosynthesis and are catalysed by four
major protein complexes in the thylakoid membrane: photosystem I (PSI), photosystem II (PSII),
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cytochrome b6f complex, and ATP synthase. These complexes work together to transform light
energy into chemical forms, ATP and NADPH. In the present study, 16 differentially accumulated
proteins involved in carbon fixation in photosynthetic organisms and 8 protein species involved in
photosynthesis were identified in the leaves of two different colours of ginkgo. These proteins function
directly in the electron transport and carbon fixation pathways (Figure 6, Table 1). Several studies
have reported that some photosystem proteins in xantha mutants are deficient or present at low
levels [40,41]. However, we observed that three different protein species, Rieske iron–sulphur protein
precursor (PetC, spot 3024), oxygen-evolving enhancer protein 2 (OEC, spot 1052), and ferredoxin
NADP reductase (FNR, spot 6151 and spot 6152), which originate from the cytochrome b6f complex
PSII and PSI, respectively, were increased in YL (Figure 6). These complexes create and transfer
electrons from H2O to NADP+ and ADP, executing the initial energy conversion reactions. We also
detected one photosystem II stability/assembly factor HCF136 (HCF136, spot 1118) in our study,
which was decreased in YL. HCF136 is an assembly factor of the photosystem II reaction centre
that is localized in the lumen of stroma thylakoids [42]. Three different subunits of ATP synthase
(spot 2134, atpA; spot 3514 and spot 2649, ATP synthase subunit β), however, obviously decreased.
These subunits are essential to ATP synthesis and play a key role in light-reactions of photosynthesis.
These fundamental metabolic alterations might be due to the low level of Chl, a component of the
light-harvesting complexes. The complex changes also indicated that the thylakoids in YL were
obviously affected, consistent with the chloroplast ultrastructure.

Figure 6. Identified proteins involved in photosynthesis in G. biloba. The blue dashed outline on the
wireframe indicates the proteins that are involved in carbon fixation in photosynthetic organisms.

Ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) is the initial carbon fixation enzyme
of photosynthesis and catalyses the first step of the Calvin cycle for carbon assimilation [43]. Rubisco is
the most abundant protein in leaves and constitutes nearly 50% of the soluble leaf protein in C3 plants.
There are multiple forms of this protein in plant leaves, and there is a dynamic balance between
Rubisco and its degraded forms, complicating the determination of the abundance of Rubisco by
2-DE [44]. In this study, four spots were identified as Rubisco large subunits (RLS), two of which
(spot 1024 and spot 2216) were increased and the others (spot 2522 and spot 2047) were decreased.
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Rubisco activase is a catalytic chaperone for Rubisco; it changes the conformation of inactive Rubisco to
the active form using the energy from ATP hydrolysis [45]. In this study, three types of Rubisco activase
(RCA, spot 0223, spot 0021, spot 5144) were markedly increased in YL, indicating that the activation of
Rubisco was increased. We also observed that the other four protein species participating in the Calvin
cycle declined in abundance, including sedoheptulose-1,7-bisphosphatase precursor (SBP, spot 0218),
glyceraldehyde-3-phosphate dehydrogenase B (GAPB, spot 2129), and phosphoglycerate kinase
(PGK, spot 3050). These changes indicate that YL has a low CO2 fixation capacity, which slows
the photosynthetic process.

3.3. Proteins Involved in Cellular Processes

As a principal component of microfilaments of cytoskeletons in eukaryotic cells, actin plays
an important role in cell development, movement, differentiation and cellular components.
Actin filaments associated with the surface of chloroplasts are supposed to function as an anchor for the
chloroplast and to maintain cell structure; therefore, actin can be used as marker of cytoplasmic protein
when examining the purity of isolated chloroplasts [25,46]. The ATP-dependent zinc metalloprotease
FtsH family is a large, well-characterized family of chloroplast proteases that is involved in the
degradation of unassembled proteins and the turnover of photosynthetic protein complexes in
thylakoid membranes [20,47]. FtsH proteins are also suggested to play a direct or indirect role
in chloroplast biogenesis, photosystem II repair, and complex formation [48,49]. The disruption of
either FtsH2 or FtsH5 results in some degree of leaf variegation, and the double mutant of FtsH2 and
FtsH8 exhibits an albino-like phenotype in Arabidopsis, indicating that the subunits are necessary for
the pool of FtsH isomers that are important for chloroplast biogenesis [20,49]. A previous study also
demonstrated that the levels of FtsHs, including FtsH2, FtsH8, and FtsH5, were significantly reduced
in a leaf variegation thf1 mutant compared with wild type but were increased in a virescent ClpR4-3
thf1 mutation [50]. ClpA is an ATP-dependent chaperone of caseinolytic proteases (Clp) that mainly
exists in chloroplasts and is essential for the biogenesis and function of chloroplasts [51]. In this study,
spot 4031, spot 2240 and spot 3055 were identified as FtsH proteases, spot 3940 and spot 3939 were
identified as CD4B, and all were reduced in YL, which might be attributable to the underdeveloped
chloroplasts. Additionally, the decrease in CD4B in the mutant might decrease the formation and
maintenance of functional thylakoid electron transport [52].

ROS are produced by aerobic metabolic processes in chloroplasts, mitochondria, and peroxisomes,
such as respiration and photosynthesis. ROS can cause oxidative damage to the membrane system
but simultaneously also plays many signalling roles in plants in regulating development and
mediating stress responses [53]. The scavenging of ROS in cells is regulated by antioxidants such as
ascorbate peroxidase (APX), superoxide dismutase (SOD), and catalase (CAT). In the present study,
three enzymatic antioxidants, ascorbate peroxidase (APx, spot 1051 and spot 0040), FeSOD (spot 0041)
and copper–zinc superoxide dismutase (Cu/ZnSOD, spot 5015), involved in redox homeostasis were
identified as increased. As members of the defence system against ROS in chloroplasts, APx and
SOD are the key enzymes catalysing the conversion of H2O2 to H2O. FeSOD and Cu/ZnSOD
are a different class of SODs that is identified by their metal co-factor, and both are considered
ROS-scavenging enzymes [54,55]. The YL mutant may be more sensitive to photo-induced damage
and ROS accumulation and therefore had a higher NPQ and an increased abundance of APx and
SOD in chloroplasts to detoxify the ROS damage and maintain cellular homeostasis. However,
two peroxiredoxins (Prx, spot 1028 and spot 4015) decreased in the YL mutant. In YL, most Prx might
be chloroplastic, whereas in GL, most Prx might be cytosolic.

3.4. Proteins Involved in Carbohydrate Metabolism

In addition to the 24 specific proteins discussed in Section 3.2 related to the photosynthetic
pathway in chloroplasts, 12 proteins associated with carbohydrate metabolism were identified in this
study. Four enzymes (spot 5031, spot 2137, spot 7023, spot 1025) were involved in the glycolysis
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pathway, three of which (spot 2137, spot 7023, spot 1025) exhibited a decreased expression pattern in
YL. The pyruvate dehydrogenase multienzyme complex (PDH) plays a key role in carbohydrate
metabolism and catalyses the oxidative decarboxylation of pyruvate to generate acetyl-CoA.
As a subunit of PDH, pyruvate dehydrogenase E1 (PDH E1) catalyses the oxidative decarboxylation
of pyruvate and transfers the hydroxyethyl group to thiamine diphosphate (ThDP) [56,57]. PDH E1
(spot 7023) was less abundant in YL, which might suggest that the mutant maintained a low level
of acetyl-CoA. Myo-inositol-1-phosphate synthase (MIPS, spot 2133) also declined in abundance.
MIPS catalyses the conversion of D-glucose 6-phosphate to 1-L-myo-inositol-1-phosphate (MIP),
providing the immediate precursor to myo-inositol, which is an intermediate carbon skeleton of
cell wall uronic acids and pentoses derived from D-glucose [58]. MIPS has been found to play a key
role in the biosynthesis of inositol and inositol phosphate and to be important in plant development
and environmental stress tolerance [59].

In chloroplasts, starch is the major energy storage compound in the form of granules and is used
as a primary store of excess carbohydrate produced during photosynthesis. We identified four protein
species associated with starch metabolism that differed in abundance, including one protein that
increased, ADP-glucose pyrophosphorylase small subunit (AGPase, spot 4022), and three proteins
that decreased: starch synthase (SS, spot 3051) and granule-bound starch synthase (GBSS, spot 3049
and spot 3841). They play a major role in the regulation of starch synthesis. AGPase catalyses the
conversion of glucose-1-phosphate to ADP-glucose, the substrate for starch synthesis [60]. GBSS is
a type of SS and is a key enzyme in the formation of amylose found in starches [61]. The decreased
abundance of SS and GBSS might suggest that energy is stored at low levels in YL. This conclusion is
supported by the chloroplast ultrastructure: starch grain accumulation was rare in YL compared with
GL, as shown in Figure 1C,D. The decrease in these differentially accumulated proteins might suggest
that carbohydrate metabolism is reduced in YL.

3.5. Proteins Involved in Protein Metabolism

The biosynthesis, metabolism and transport of proteins in chloroplasts are crucial for chloroplast
biogenesis and development [62]. A total of 14 identified proteins in our study are involved in protein
metabolism. Three protein species related to protein biosynthesis, initiation factor eIF5-A (eIF5-A,
spot 2042), translation elongation factor EF-G (EF-G, spot 1119) and EF-TuB (spot 2135), were decreased
in the YL mutant. The protein eIF5-A is thought to play an important role in the translation machinery;
it stimulates methionyl-puromycin synthesis for the formation of the first peptide bond [63]. EF-G and
EF-Tu catalyse the elongation cycle of translation, which functions in the sequential addition of amino
acids to the growing polypeptide chain [64]. A snowy cotyledon 1 mutant of Arabidopsis containing a
point mutation of the EF-G gene exhibits white cotyledons during the early development stage [65].
The protein species eIF5-A, EF-G and EF-Tu work together to perform initiation and elongation of the
newly growing peptide chains. The decreased abundance of these proteins in YL might inhibit protein
biosynthesis in the chloroplasts. Two heat shock protein 60 proteins (Hsp60, spot 2628 and spot 0641)
and six heat shock 70 kDa proteins (Hsp70, spot 6020, spot 5033, spot 3719, spot 0846, spot 2848 and
spot 2045), which belong to the chaperone family and are involved in protein folding and assembly,
were differentially expressed. Hsp60 was originally identified as the Rubisco ligase protein and may
combine the large and small subunits of newly synthesized Rubisco to prevent incorrect aggregation.
Hsp60 is also supposed to assist with the folding and assembly of proteins within chloroplasts [66].
Hsp70 is a type of molecular chaperone that has the essential function of assisting with protein
folding processes, preventing protein aggregation, and targeting unstable proteins for proteolytic
degradation. These chaperones appear to play specific roles according their subcellular location.
For instance, cytosolic Hsp70 assists protein folding and prevents aggregation, and chloroplastic Hsp70
is involved in the import and translocation of a precursor protein [67]. We observed four Hsp70s that
increased significantly and two chloroplast HSP70s that decreased in the YL, which might imply that
protein folding and assembly in were enhanced in YL, whereas translation decreased. Additionally,
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proteasome subunit β (spot 3023) increased in YL, which may indicate enhanced protein proteolysis
in the mutant. Based on these findings, the identified proteins involved in protein metabolism were
largely implicated in the inhibition of protein biosynthesis and the enhancement of protein folding
and assembly in the YL mutant.

3.6. Proteins Involved in Other Metabolic Pathways

Glutamine synthetase (GS) is a key enzyme in the plant primary nitrogen assimilatory process
because it catalyses the conversion of ammonium to form glutamine and other related nitrogenous
compounds, which are important substrates for protein synthesis. GS has different subcellular
localizations, and the major role of chloroplastic GS is thought to be the reassimilation of ammonia
generated in photorespiration [68]. In this study, two chloroplastic GS (spot 2048 and spot 3048)
decreased significantly, implying that N assimilation was inhibited in the chloroplasts of YL. Cysteine
synthase (CSase) catalyses the synthesis of cysteine from O-acetylserine and disulphides. Cysteine
is the only amino acid that contains disulphide bonds (S–S) and protects cellular environments from
oxidative stress. The formation of S–S is a key step in the activation of molecular chaperones activation
and is an essential substance for the correct folding and stability of some proteins [69]. Spermidine
synthase (SPDS) is a key enzyme that participates in polyamine biosynthesis in plants and plays
a pivotal role in plant defence against environmental stresses as a signalling regulator [70]. Here,
we identified two protein species, CSase (spot 0129) and SPDS (spot 5032), that were more abundant in
YL than in GL, which might be related to the increase in molecular chaperone activity and the decrease
in the effect of oxidative stress.

GDP-D-mannose-3′,5′-epimerase (GME) catalyses the conversion of GDP-L-galactose from
GDP-D-mannose, which precedes the critical step of the ascorbate biosynthesis pathway. GME also
plays an important role at the intersection between ascorbate and non-cellulosic cell-wall
polysaccharide biosynthesis in higher plants [71]. Ascorbate is another major antioxidant in plants that
prevents cells from ROS damage generated by cellular processes as well as in vitro stress. Spot 1048
was identified as GME and exhibited higher abundance in the YL mutant. Glutamate-1-semialdehyde
2,1-aminomutase (GSA) is a key enzyme in plant tetrapyrrole biosynthesis that catalyses the synthesis of
δ-aminolevulinic acid, a precursor in chlorophyll and heme biosynthesis [72]. In the present experiment,
GSA (spot 2239) decreased significantly in YL, which might suggest the likely reason for the xanthas
phenotype was the reduction of a precursor in the chlorophyll biosynthesis pathway. By contrast,
there were no significant differences in the mRNA abundance of GSA between these two types of
leaves, which might suggest that this identified protein is regulated at the post-transcriptional level.

In addition, our results indicated that the 2-DE profiles of total leaf proteins and chloroplast
proteins presented similar protein patterns, which was in accordance with that found in Glycine max
and Kandelia candel [73,74]. It is most likely because chloroplasts in leaf cell are numerous and are rich
in soluble proteins, such as Rubisco, Rubisco activase, and ATP synthase, which account for more
than half of the total soluble proteins in mature leaf cells [43,75,76]. The bioinformatic analysis with
WolfPsort revealed that nearly 82% of the identified proteins from chloroplast were predicted to be
typical chloroplast proteins, indicating the high purity of chloroplast isolation. Since proteins were
searched against the viridiplantae database of NCBI, many differential proteins such as Rubisco large
subunit were identified as orthologous complexes in other organisms [77,78]. Our results also revealed
that 82 of the 89 identified proteins appeared to be 60 unique kinds of proteins, suggesting these sets
of proteins might be isoforms due to the post-translational modifications or belong to the same protein
families. These findings provided evidence on how the isoforms or family proteins in chloroplast
modulate the complex metabolic network in YL.
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4. Materials and Methods

4.1. Plant Materials

Similar sized leaves of two ginkgo leaf types (YL and GL) with uniform genetic backgrounds
were collected from the 150-year old mutant tree in April. The sample leaves were stored in the dark at
4 ◦C for 24 h until chloroplast isolation. Leaves for protein and RNA extraction were collected from
one-year-old lateral branches on the sun-exposed side, immediately frozen in liquid nitrogen and
stored in a −70 ◦C freezer until use. Each sample consisted of 20 leaves.

4.2. Pigment Determination and Photosynthetic Characteristics

To investigate the changes in the photosynthetic physiology, we analysed the chlorophyll
content, gas-exchange parameters and chlorophyll fluorescence in the two leaves of different colours.
Chlorophyll was extracted and quantified using a spectrophotometer as previously described by
Tang et al. [79]. Green and yellow leaves (0.2 g fresh weight) were prepared and extracted with a mixed
extraction solution (acetone:alcohol:distilled water = 4.5:4.5:1, volume ratio) until complete bleaching.
The concentrations of chlorophyll were calculated based on the absorbance of the solution at 645 and
663 nm. The chlorophyll content (chlorophyll a and b) was measured with six replicates.

The net photosynthesis rate (Pn), transportation rate (E), stomatal conductance (gs) and internal
CO2 concentration (Ci) were measured with a CIRAS-2 portable open system gas analyser (PP Systems,
Haverhill, MA, USA) at an ambient temperature of approximately 25 ◦C, a CO2 concentration
of 400 μmol·mol−1, relative humidity of 60% and photosynthetic photon flux density (PPFD) of
1500 μmol·m−2·s−1. The chlorophyll fluorescence was measured with a FMS-2 pulse modulated
fluorometer (Hansatech Instruments, King’s Lynn, UK) as described by Xu et al. [80]. To measure the
maximum quantum yield of photosystem II (Fv/Fm), leaves were dark-adapted for at least 30 min.
The effective quantum yield of photosystem II (PSII) electron transport (ΦPSII = (Fm′ − Fs)/Fm′),
the efficiency of excitation energy capture by open PSII centres (Fv′/Fm′), nonphotochemical quenching
(NPQ = (Fm − Fm′)/Fm′), photochemical quenching (qp = (Fm′ − Fs)/(Fm′ − Fo′) were calculated.
The gas exchange parameters and chlorophyll fluorescence were recorded between 09:00 and 11:00 on
sun-exposed leaves of similar sizes on one-year-old lateral branches.

4.3. Transmission Electron Microscopy Analysis

To observe the ultrastructure of chloroplasts, samples of GL and YL were fixed in 2.5%
glutaraldehyde solution in 100 mM phosphate buffer (pH 7.2) for 24 h at 4 ◦C and postfixed with
1% osmium tetroxide (OsO4) in deionized water. The postfixed tissues were rinsed three times with
phosphate buffer, followed by dehydration in a graded ethanol series (30%, 50%, 70%, 80%, 90%,
100%, 100%) of 20 min each. After embedding in an Epoxy resin composed of a mixed solution of
Epon812, the samples were sectioned with a glass knife using an LKB-V ultramicrotome (LKB, Bromma,
Sweden). Ultra-thin sections were deposited on copper grids and stained with uranyl acetate and lead
citrate. TEM experiments were conducted on a JEM-2100 transmission electron microscope (JEOL Ltd.,
Tokyo, Japan).

4.4. Isolation of Chloroplasts

Chloroplasts were isolated according to Diekmann et al. [81], with minor modifications.
Leaves (100 g fresh weight) were homogenized in 600 mL of an ice-cold buffer (1.25 M NaCl, 50 mM
Tris-HCl pH 8.0, 7 mM EDTA, 5% PVP-40, 0.1% BSA, 1 mM DTT) using a commercial blender, and
all subsequent operations were performed at 4 ◦C. Chloroplasts were purified using 30% sucrose
solution (30% sucrose in 50 mM Tris-HCl pH 8.0, 25 mM EDTA) and dissolved in wash buffer (0.35 M
sorbitol, 50 mM Tris-HCl pH 8.0, 25 mM EDTA). The chloroplast solution was layered carefully on
top of pre-chilled sucrose gradients (prepared using 30% and 52% sucrose solution) and centrifuged
at 14,600× g for 70 min (4 ◦C). Intact chloroplasts were collected from the interphase of the 52% to
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30% layers using a wide-bore pipette, diluted with wash buffer, and then directly used in protein
extraction or stored at −80 ◦C. The purified chloroplasts were visualized under a DM5000B fluorescence
microscope (Leica, Wetzlar, Germany).

4.5. Protein Extraction and Quantification

The procedure for extracting proteins from chloroplasts was modified from the improved phenol
(BPP) method [82]. Chloroplast pellets were re-suspended uniformly in ice-cold extraction buffer
containing 100 mM Tris (pH 8.0), 100 mM EDTA, 50 mM borax, 50 mM vitamin C, 1% Triton X-100,
2% β-mercaptoethanol, and 30% sucrose. Two volumes of Tris-saturated phenol (pH 8.0) were added to
the solution, followed by vortexing for 10 min at room temperature. After the sample was centrifuged at
15,000× g for 15 min (4 ◦C), the upper phase was transferred to a new centrifuge tube. The chloroplast
proteins were centrifuged at 15,000× g for 15 min (4 ◦C) and precipitated by adding ammonium
sulphate-saturated methanol. The protein pellets were washed twice with ice-cold acetone and then
lyophilized on an ALPHA 2-4 LD plus freezer dryer (Christ, Osterode, Germany).

Total proteins were extracted from leaves according to the acetone/trichloroacetic acid (TCA)
precipitation method [83]. The leaf sample powder was suspended in acetone buffer containing 10%
TCA and 0.07% β-mercaptoethanol and incubated at −20 ◦C for 2 h. After centrifugation at 15,000× g
for 20 min (4 ◦C), the resultant precipitate was washed three times with ice-cold acetone and then
lyophilized. The obtained protein powder was dissolved in lysis buffer containing 7 M urea, 2 M
thiourea, 4% CHAPS, 1% dithiothreitol (DTT), 0.5% IPG buffer pH 3–10. The protein concentration
was quantified according to the Bradford method [84].

4.6. 2-D Electrophoresis and Gel Imaging Analysis

Two-dimensional electrophoresis was performed using a GE Healthcare 2-DE system
(GE Healthcare, Piscataway, NJ, USA) according to the manufacturer’s instructions, with some
modifications. Approximately 350 μg of protein were loaded onto a 24 cm nonlinear gradient IPG strip
(pH 4–7 and 3–10), and the strips were loaded into an Ettan IPGpho 3 IEF System (GE). The separation
of proteins in the second dimension was performed on an SDS-PAGE gel (12.5% polyacrylamide)
using the Ettan Daltsix apparatus (GE). The signal was visualized by silver staining. Three biological
replicates were prepared for each type of leaf.

The gel images were digitized with an Image scanner III (GE), and analysed with the PDQuest
software package (Version 8.0.1, Bio-Rad, New York, NY, USA). Spots were detected, matched,
and normalized on the basis of the total density of gels with the parameter of percentage volume
according to the manufacturer’s instructions. For each protein spot, the average spot quantity value
and its variance coefficient at each sample were determined. One-way analysis of variance (ANOVA)
was performed at p < 0.05 to assess for absolute protein changes between the two leaves of different
colours. Spots with a mean abundance that changed more than 1.5-fold or less than 0.66-fold in different
leaves were considered differentially accumulated proteins and selected for protein identification.

4.7. Protein Digestion and MALDI-TOF-TOF Analysis

Protein spots were rehydrated in digestion solution with sequencing grade modified trypsin
as described previously [85]. After digestion, the tryptic peptides were extracted, lyophilized
and stored at −80 ◦C. All peptide mass fingerprint data were obtained using an UltrafleXtreme
MALDI TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) with flexAnalysis
software. All spectra of proteins were submitted to database searching using the MASCOT search
program (available online: http://www.matrixscience.com), against NCBI database (Viridiplantae).
The searching parameters were as follows: 100 ppm mass accuracy, trypsin cleavage one missed
cleavage allowed, carbamidomethylation of Cys as fixed modification, oxidation of Met was allowed as
variable modification, and MS/MS fragment tolerance was set to 0.6 Da. The subcellular locations of the
differentially accumulated proteins in this study were predicted using the publicly available program,
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WolfPsort (available online: http://www.genscript.com/tools/wolf-psort/) [86]. Differentially
accumulated proteins were functionally classified based on Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis (available online: http://www.kegg.jp/kegg/pathway.html)
and the literature, and the protein–protein interaction network was evaluated using STRING 10
(STRING is a database of known and predicted protein-protein interactions, which is available online:
http://string-db.org) against the A. thaliana database.

4.8. RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from leaves using the MiniBEST Plant RNA Extraction Kit (Takara,
Otsu, Japan) according to the manufacturer’s instructions. The quality of the RNA was determined by
agarose gel electrophoresis, and the concentration was detected by UV spectrophotometric analysis.
The reverse transcription-polymerase chain reaction was performed using a Transcriptor First Stand
cDNA Synthesis Kit (Roche, Mannheim, Germany). Real-time quantitative PCR (qRT-PCR) was
performed on ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA)
using SYBR Green PCR Master Mix (Roche). The glyceraldehyde-3-phosphate dehydrogenase gene
(GbGAPDH, GenBank Accession no. L26924) was used as the reference gene [87]. The gene-specific
primers for GbGAPDH and selected protein-coding genes were designed based on the transcriptome
sequencing performed previously (Table 2). The qRT-PCR data were calibrated using the 2−ΔΔCt

method for relative quantification between different colours of leaves [88]. Three biological replicates
were prepared for each sample.

Table 2. Primers for qRT-PCR.

Gene Primer Forward Sequence (5′–3′) Primer Reverse Sequence (5′–3′)

GAPDH GGTGCCAAAAAGGTGGTCAT CAACAACGAACATGGGAGCAT
SPDS ACATCTTCCACTTTGCTCTATTCCA CGAGGGTCTTCATAGCCTACTGC
HSP70 ACTCAGAAGGGGCACGAACA AAATCGCCTTCCTATCAACCG
PSRP3 TCATTGCCCACTTCATCCGC CGCTCACTTCCTCTTCTGCTGC
atpA TTATTGGGGACAGGCAGACCG GGAGCGAGATATTGTAATGTAGCG
GSA TGGCATCACTCCAGACCTTACA GCAACCATCTCCATTATCTCCC

CD4B AAGGCAGCCACAAATAGAACGG CAAGACCCTCAGCAATAGCCG
EF-Tu ATTTCCTGGAGACGATGTGCC TCAGTCTGTCTCCGAGGAATGG

4.9. Statistical Analysis

Parametric data are presented as means ± SD. Statistical analyses were performed by one-way
analysis of variance (ANOVA), and mean differences were compared by the lowest standard deviations
(L.S.D.) test using SPSS 17.0.

5. Conclusions

In the present study, the morphological, photosynthetic and proteomic characteristics of YL and
GL variations of ginkgo were analysed. The YL mutant had a relatively low chlorophyll content,
photosynthetic properties and undeveloped chloroplasts, with few or no starch grains. Proteomic
analysis of both leaves and chloroplasts of the two different colours of leaves was performed using
2-DE technology coupled with MALDI-TOF/TOF MS. A total of 89 proteins were successfully
identified, and 82 of these proteins were assigned clear functions belonging to nine metabolic
pathways and processes. Notably, these identified proteins were largely enriched in protein and
carbohydrate metabolism, including photosynthesis, carbon fixation in photosynthetic organisms,
carbohydrate/energy metabolism, amino acid metabolism, and protein metabolism, suggesting the
ginkgo mutant has specific differences in regulating cellular processes. The proteomic comparison of
the two leaves of different colours revealed that the YL mutant had a severe effect on the photosynthetic
machinery, with a reduction of CO2 fixation efficiency and reduced ATP synthesis, and thus caused a
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decrease in primary carbon metabolism. The identification of proteins involved in protein metabolism
indicated that the mutant has an inhibitory effect on protein biosynthesis and enhanced protein
folding and assembly. Furthermore, proteomic analysis identified several antioxidant proteins that are
involved in redox homeostasis and might improve the defensive ability of cells against ROS damage.
The identification of these differentially accumulated proteins reveals the presence of a complex
metabolic network in YL and the possible reason for the variation in leaf colour. Future studies should
examine more leaf developmental stages to elucidate the regulation of pigment biosynthesis or the
changes in the colour pattern and to evaluate the alteration of comprehensive metabolic networks of
this leaf colour mutant.
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