
Vol.:(0123456789)1 3

Photosynthesis Research (2018) 136:357–369 
https://doi.org/10.1007/s11120-017-0469-5

ORIGINAL ARTICLE

Comparative assessment of chloroplast transcriptional responses 
highlights conserved and unique patterns across Triticeae members 
under salt stress

Saeid Mirzaei1   · Mehdi Mansouri2 · Ghasem Mohammadi‑Nejad3 · Gaurav Sablok4,5

Received: 28 June 2017 / Accepted: 30 November 2017 / Published online: 11 December 2017 
© Springer Science+Business Media B.V., part of Springer Nature 2017

Abstract
Chloroplast functional genomics, in particular understanding the chloroplast transcriptional response is of immense impor-
tance mainly due to its role in oxygenic photosynthesis. As a photosynthetic unit, its efficiency and transcriptional activity 
is directly regulated by reactive oxygen species during abiotic and biotic stress and subsequently affects carbon assimilation, 
and plant biomass. In crops, understanding photosynthesis is crucial for crop domestication by identifying the traits that could 
be exploited for crop improvement. Transcriptionally and translationally active chloroplast plays a key role by regulating the 
PSI and PSII photo-reaction centres, which ubiquitously affects the light harvesting. Using a comparative transcriptomics 
mapping approach, we identified differential regulation of key chloroplast genes during salt stress across Triticeae members 
with potential genes involved in photosynthesis and electron transport system such as CytB6f. Apart from differentially regu-
lated genes involved in PSI and PSII, we found widespread evidence of intron splicing events, specifically uniquely spliced 
petB and petD in Triticum aestivum and high proportion of RNA editing in ndh genes across the Triticeae members during 
salt stress. We also highlight the role and differential regulation of ATP synthase as member of CF0CF1 and also revealed the 
effect of salt stress on the water-splitting complex under salt stress. It is worthwhile to mention that the observed conserved 
down-regulation of psbJ across the Triticeae is limiting the assembly of water-splitting complexes and thus making the BEP 
clade Triticeae members more vulnerable to high light during the salt stress. Comparative understanding of the chloroplast 
transcriptional dynamics and photosynthetic regulation will improve the approaches for improved crop domestication.
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Introduction

Chloroplast as a photosynthetic powerhouse plays an 
important role in ATP harvesting and energy sequestration 
from light (Leister et al. 2017). With the rapidly advanc-
ing sequencing technologies, insights into the structural and 
functional organization of chloroplast and subsequent organ-
ization of photo-reaction centres in thylakoid membranes 
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have been widely demonstrated and recently reviewed 
(Sablok et al. 2016). As compared to nuclear genomes, orga-
nelle genome with mono-, di- and polycistronic transcripts 
plays an important role in regulating the plant biomass as 
a measure of functional response during the abiotic stress 
(Suo et al. 2017). Chloroplast genome represents a typi-
cal quadripartite structure of 150–156 KB in angiosperms 
harbouring around 100–130 genes and repeats organized 
into large single copy (LSC) and short single copy (for a 
review see Sablok et al. 2016). Although the number of 
chloroplast-encoded proteins is relatively small as compared 
to nuclear proteins, enriched organization of functionally 
important genes in chloroplast play wide array of impor-
tant roles such as photosynthetic carriers, maintaining the 
membrane fluidity, energy transport, and for maintaining 
the carbon assimilatory rate to boost biomass productivity 
(Leister et al. 2017). Among the cereal crops, in particular 
those which are contributing to the global economic food 
demand of 2050, understanding the physiological parameters 
that affect the water usage efficiency is of paramount impor-
tance (Araus et al. 2002). Previously, water usage efficiency, 
canopy structure which affects the chlorophyll concentra-
tions and also the light scavenging mechanism have been 
widely demonstrated to a critical parameter for monitoring 
the mild or serve drought conditions (Araus et al. 2002). In 
case of drought and salinity stress conditions, photosynthetic 
apparatus, which not only scavenges the light and provides 
the required energy for state transitions but also optimizes 
the biomass accumulation has been widely studied (Leister 
et al. 2017). Apart from photosynthetic apparatus, there are 
other several subunits present in the thylakoid membrane of 
chloroplast, which play a key role in maintaining the osmotic 
conductance and the required pH for maintaining the sus-
tainable membrane stability (Leister et al. 2017). Previously, 
much of the emphasis has been leveraged on understanding 
the genes involved in photosynthesis which is through the 
use of photosynthetic mutants (Spetea et al. 2014). How-
ever, the rapidly advancing filed of next generation sequenc-
ing, in particular RNA-seq has enabled to investigate the 
transcriptional analysis and highlighted the role of several 
processes such as RNA editing, intron splicing and promot-
ers in maintaining the altered transcriptional landscape in 
chloroplast genomes under abiotic stress (Dinh et al. 2016; 
Sun and Guo 2016).

In addition to transcriptomics-based approaches, proteome-
based investigations have been widely used to unravel the role 
of chloroplast translational differences under abiotic stress 
(Tamburino et al. 2017) highlighting reduction in the CO2 
assimilation rates (Pintó-Marijuan and Munné-Bosch 2014). 
Apparent loss of the CO2 reduction has widely been linked to 
the biomass loss as a consequence of increase in the reactive 
oxygen species (Kwon et al. 2013; Pintó-Marijuan and Munné-
Bosch 2014). In view of the ion transport and partitioning, it 

is apparent that selective accumulation of the Na+ ions has 
been shown to be a major factor regulating the transcription 
of the genes in the leaf and hence based on the ion accumu-
lation of ions, turgor capacity can be seen to be fluctuated 
with Hordeum vulgare showing high propensity to maintain 
the turgor pressure during saline conditions as compared to 
Triticum aestivum (for a review see (Tang et al. 2015)). Previ-
ous reports highlight the increase rate of gluconeogensis as a 
measure to combat the salt stress, which is similar to the previ-
ously observed response in Arabidopsis thaliana (Guo et al. 
2015), where increased concentration of mannose-6-phosphate 
reductase was found to be a measure to combat salt tolerance 
(Sickler et al. 2007).

Taking into account these previously illustrated functional 
changes, it is important to understand the transcriptional and 
translational variations in chloroplast under abiotic stress, par-
ticularly in those species, where the crop domestication has 
been widely affected due to the increasing salt concentration. 
Triticeae family represents an important family, with Aegilops 
and Triticum spp. representing the main food crops used glob-
ally around the world. Recent efforts have been mainly lever-
aged to understand the transcriptional profile of the nuclear 
genes in these species under abiotic stress to develop sustain-
able approaches to enhance the approaches for crop domestica-
tion (Ray et al. 2013). However, the lack in understanding the 
transcriptional landscape of chloroplast transcriptional plastic-
ity across the Triticeae members at a comparative scale has not 
yet been established.

In the present research, we present a comparative tran-
scriptional approach to highlight the functional differences 
in the chloroplast transcriptional machinery across the Trit-
iceae members under salt stress. Using the comparative tran-
scriptional approach, we identified differences not only in 
the transcriptional regulation of chloroplast-encoded genes 
but also revealed differences at the level of RNA editing and 
intron–exon splicing. Although the comparative assessment 
revealed conservation patterns across the transcriptional 
response in salt stress, distinct patterns of RNA editing and 
intron splicing differences were observed specifically in T. 
aestivum. The results observed in the present study using a 
comparative approach under salt stress, will allow to access 
the effects of salt stress on the transcriptional plasticity of 
chloroplast genes and will also elucidate the effects of photo-
oxidation in salt stress, which will have global implication 
for crop domestication and for developing sustainable crop-
breeding approaches.
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Materials and methods

Plant growth and salt treatment

Seeds of a salt-tolerant cultivar of T. aestivum cv. Roshan were 
surface sterilized in a solution containing 3% (v/v) sodium 
hypochlorite for 5 min and then were rinsed three times with 
distilled water. Sterilized seeds were subsequently germinated 
on moistened filter paper (Whatman No. 1) in sterile petri 
dishes at a 24/20 °C cycle under a 16-h light/8-h dark photo-
period. Seedlings were transferred to pots (one seedling per 
pot) containing modified Hoagland’s nutrient solution (Munns 
2013), which contains 6.5 mM KNO3, 4 mM Ca(NO3)2·4H2O, 
2 mM MgSO4·7H2O, 0.1 mM NH4H2PO4, 0.045 mM FeCl3, 
0.004 mM H3BO3, 0.0005 mM MnCl2·4H2O, 0.0002 mM 
ZnSO4·7H2O, 0.0002 mM CuSO4·5H2O and 0.0001 mM 
(NH4)6Mo7O24·4H2O, pH 6.5. The hydroponic system was 
based on the method of (Munns and James 2003). Solutions 
were changed every 7 days. Plants in trifoliate stage were 
divided into two groups representing the control and salt-
treated group exposed to gradually increasing NaCl concen-
trations, respectively. In order to reduce the risk of plasmolysis 
due to osmotic shock, we used the “gradual step acclimation” 
method (Sanchez et al. 2008) during salt treatments. Salinity 
was increased from 50 mM at the start by 50 mM increments 
every day until the final level of 200 mM was reached. The 
experiment was performed with three replicates in a com-
pletely randomized design and root and leaf samples were 
subsequently harvested for ion measurements. For sequencing, 
only leaf samples were harvested as Na+-induced effect has 
been pre-dominantly shown previously in leaf and as reviewed 
in (Parida et al. 2002).

Ion measurement

Seven days after starting salt treatments (reaching a concentra-
tion of 200 mM), leaf and root samples were collected, washed 
in distilled water to remove any external salt and oven-dried 
at 60 °C for 48 h. The dried samples were ground into a fine 
powder using a mortar and pestle. Samples (1 g) were ashed at 
600 °C in an electric furnace for 4 h, suspended in 5 mL of 2 N 
HCl, filtered through Whatman No. 1 filter paper and diluted 
with deionised water to a final volume of 50 mL. Concentra-
tions of Na+ and K+ were measured according to standard 
flame photometer (Jenway PFP7, UK) procedure and reported 
as mg g-1 dry weight.

RNA extraction, cDNA library construction 
and sequencing

100 mg of leaf tissues were sampled from each of the three 
biological replicates and were used for extraction of the total 

RNA from the youngest leaves of both treated and control 
plants using the Trizol reagent (Invitrogen). Integrity of 
extracted RNAs was assessed by Bioanalyzer 2100 and 
RNA Nano 6000 Labchip kit (Agilent Technologies, Palo 
Alto, USA). RNA-Seq library preparation and sequencing 
were carried out at Beijing Genomics Institute BGI (Hong 
Kong, China). Briefly, for the RNA-seq libraries, 5 μg total 
RNA was treated with Ribo-Zero™ Magnetic Kit (Plant 
Leaf) (Epicentre) to deplete rRNA. The retrieved RNA is 
fragmented by adding First-Strand Master Mix (Invitrogen). 
First-strand cDNA is generated by First-Strand Master Mix 
and Super Script II reverse transcription (Invitrogen). Ampli-
fied products were purified using Agencourt RNAClean XP 
Beads, AGENCOURT, and then add Second-Strand Master 
Mix and dATP, dGTP, dCTP, dUTP mix were used to syn-
thesize the second-strand cDNA (16 °C for 1 h). Follow-
ing the purified cDNA was combined with end repair mix 
and incubated at 30 °C for 30 min. After purification with 
beads, A-Tailing mix was added and was further incubated at 
37 °C for 30 min. Lastly, adenylated 3′ ends were combined 
and were incubated with index adapter and ligation mix at 
30 °C for 10 min. Following, uracil-N-glycosylase enzyme 
was added into the purified ligation product and was further 
incubated at 37 °C for 10 min. The qualified libraries ampli-
fied on cBot were used to generate the cluster on the flow 
cell (TruSeq PE Cluster Kit V3-cBot-HS, Illumina) and were 
subsequently sequenced using HiSeq 2000 System (TruSeq 
SBS KIT-HS V3, Illumina). Sequencing was carried out in 
triplicates at BGI Shenzhen, China. The sequencing data 
have been deposited in NCBI Sequence Read Archive (SRA, 
http://www.ncbi.nlm.nih.gov/sra) under accession numbers 
SRR5648052 and SRR5647969.

Read mapping, coverage, splicing and editing 
in chloroplasts

FastQC software (http://www.bioinformatics.bbsrc.ac.uk/
projects/fastqc/) was used to assess the quality of raw 
sequence data. The raw reads were trimmed for quality using 
Trimmomatic software (Bolger et al. 2014). After evaluating 
the quality of the reads and removing low-quality reads and 
contaminated sequences, high-quality (Phred Score ≥ 30) 
reads were mapped to the chloroplast genome of T. aestivum 
(AB042240) and 6 closely related species of bread wheat, 
including Triticum urartu (KC912693), Triticum monocu-
cum (KC912690), Aegilops tauschii (JQ754651), Aegilops 
speltoides (JQ740834), Aegilops cylindrica (KF534489), 
Aegilops geniculata (KF534490) using TOPHAT (Kim 
et al. 2013) with parameters (-g 2, --no-novel-juncs). For the 
coverage analysis, ChloroSeq (Castandet et al. 2016) with 
option –a 1 was used to identify the chloroplast transcrip-
tional landscape from both DNA strands. ChloroSeq analysis 
reports a 100 nucleotide window coverage overlapping by 

http://www.ncbi.nlm.nih.gov/sra
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
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50 nt, normalized to the total number of reads. Splicing was 
quantified using ChloroSeq with option –a 2, which meas-
ures the ratio of spliced RNA to total RNA for a given gene 
(Castandet et al. 2016). RNA-editing sites were predicted 
using ChloroSeq option –a 3 and REDO tool (https://source-
forge.net/projects/redo/). To avoid false positives by Chlo-
roSeq, we have kept only positions having efficiency > 5% 
and number of reads higher than 10.

Results and discussion

Among several of the ecological stresses, salt stress has been 
shown to be one of the most important factor affecting the 
distribution of the arable land globally and thus affecting the 
agricultural productivity per capita. Increasing evidences of 
salt stress globally is not only affecting the eco-physiological 
distribution and physiological adaptation of annual or peren-
nial crops but has also resulted in the crop loss mainly due 
to the altered phenotypes with less biomass. Salt stress has 
been widely studied either from the transcriptional or post-
transcriptional point of view in model and non-model plants 
including the economically important food and forage crops. 
However, limited reports address the fine scale resolution of 
salt stress at chloroplast level using comparative transcrip-
tional approach across the Triticeae members (Fig. 1). In 
particular, in crop species much of the emphasis has been 
laid on the identification and elucidation of the nuclear genes 
involved in the salt stress, with reports identifying plethora 
of nuclear genes among which cation/anion transporters and 
anti-porters have been well defined (for a review see Tang 
et al. 2015). In the present research, we elucidate the chlo-
roplast-based transcriptional regulation of salt stress using 
a comparative mapping approach.

Effect of salt on accumulation of ions and expression 
profiling

Na+ and K+ contents and K+/Na+ ratio in the upper leaves 
and roots of T. aestivum cv. Roshan treated with or without 
200 mM NaCl are presented in Fig. 3. A significant accu-
mulation of sodium ions as well as a reduction of potassium 
ions in the roots and leaves were observed in response to the 
salt treatment. As a result, the K+/Na+ ratio was significantly 
decreased by the salinity treatment in both roots and leaves. 
It is notable that roots accumulated Na+ at levels about three 
times higher than leaves. However, plasticity responses of 
Na+ accumulation have been widely demonstrated in leaves, 
which might reflect the ion transport (Parida et al. 2002) and 
its consequent effect on the electron balance across the thyla-
koid membrane (for a review see Tang et al. 2015). To ana-
lyse the organelle gene expression in long-term salt stress, 
we constructed and sequenced two cDNA libraries from the 
leaves of both salt-treated and control plants. After removing 
low-quality regions, adapters and all possible contamina-
tions, a ~ 8.06 gigabase (GB) dataset was generated. Overall, 
43,828,442 high-quality, clean reads with a GC of 44% for 
the control sample and 36,829,278 high-quality, clean reads 
with a GC of 44% for the salt-treated sample were obtained.

Photosynthetic efficiency during salt stress 
in Triticeae members

Significant changes in the abiotic-mediated stress expres-
sion have been widely demonstrated at the nuclear and 
organelle gene levels. Compared to nuclear gene expres-
sion level, organelle gene expression levels, in particu-
lar chloroplast gene expression levels mainly represent a 
subset of the genes mainly contributing towards the most 

Fig. 1   Spike and grain morphology of wheat and closely related species of bread wheat used in this study. a Triticum aestivum, b Triticum mono-
coccum, c Triticum urartu, d Aegilops speltoides, e Aegilops tauschii, f Aegilops cylindrica, g Aegilops geniculata 

https://sourceforge.net/projects/redo/
https://sourceforge.net/projects/redo/
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essential process, photosynthesis, which plays a key role 
in maintaining the plant development (Leister et al. 2017) 
through light scavenging and ATP-mediated gene regulation 
(Fig. 2). To identify the comparative landscape of regulated 
genes across Triticeae members, we mapped the control 
and salt stress reads to 7 chloroplast genomes represent-
ing the Triticeae clade namely A. cylindrical (KF534489), 
A. geniculata (KF534490), A. speltoides (JQ740834), A. 
tauschii (JQ754651), T. aestivum (AB042240), T. mono-
coccum (KC912690) and T. urartu (KC912693) using the 
ChloroSeq (Castandet et al. 2016). Chloroplast-embedded 
photosystem have been structurally, functionally and also 
biochemically explored for understanding and functionally 
elucidating the ionic exchange, membrane fluidity across the 
thylakoid membrane and also the synergistic and antago-
nistic effects on photosystem with respect to light harvest-
ing (for a review see Allakhverdiev 2011; Najafpour and 
Allakhverdiev 2015). It has been widely shown that the 
photosynthetic organization in chloroplast has been divided 
into PSI and PSII at the levels of electron transport fluxes 
(Allakhverdiev 2011; Najafpour and Allakhverdiev 2015). 
PSII, a supramolecular pigment–protein complex plays an 
important role in light scavenging followed by water oxida-
tion and plays an important role in maintaining the energy 
dissipation and also controls the reduction in the generation 
of singlet oxygen (Umate et al. 2007). Complex construc-
tion of the photosynthetic machinery and the regulation of 
the evolutionary-conserved genes in PSII has been a sub-
ject of immense importance to study the role of these low 
molecular weight (LMW) polypeptides in response to envi-
ronmental responses. Although the PSII has been shown to 
be evolutionary conserved, the transcriptional and transla-
tional machinery of PSII has been shown to be distinct in 
Synechocystis (Allakhverdiev et al. 2002), where psbA genes 
have been shown to be suppressed, representing a damaged 
photo-oxidative state.

Among the 15 psb genes present in PSII, we observed 
up-regulation of psbA-D, psbM-N, psbT and psbZ, whereas 
the psbE, psbF, psbJ and psbL showed down-regulation 
(Table 1). psbA gene, which encodes the D1 protein has 
been defined as a major target of oxidative damage (Suo 
et al. 2017). However, to cope with salt stress or oxidative 
damage rapid denovo synthesis and degradation is required 
to maintain the PSII activation complex (Loll et al. 2007; 
Suo et al. 2017). Previously, salt stress-induced destabili-
zation of PSI and complete loss of PSII have been shown 
and widely reviewed in Synechocystis (Allakhverdiev and 
Murata 2008; Allakhverdiev et  al. 2000). Interestingly, 
both studies conclude that the loss was irreversible and 
was mainly affected by the increasing concentration of ions 
particularly Na+, which might be regulating the osmotic 
stress and also the membrane permeability, resulting in the 
loss of the cyclic electron flow. However, as compared to 
Synechocystis (Allakhverdiev et al. 2002), contrasting up-
regulation of psbA genes has been observed, which allows 
for the maintenance of pH across membranes thus promoting 
the membrane stability (Saradhi et al. 1992). Up-regulation 
of psbA (D1) along with psbD, which encodes the D2 pro-
teins was seen across all the BEP clade members, which 
indicates towards the rapid assimilation and degradation of 
D1 and D2 proteins as a counter measure to cope salt stress, 
and is in line with previous reports in tomato (Li et al. 2015). 
Up-regulation of the D1 and D2 proteins along with the lipid 
proteins indicates towards the conserved photoactivation of 
the damaged PSII across the BEP clade members.

Furthermore, we observed up-regulation of psbB and 
psbC, which encodes CP43 and CP47 enzymes, respectively, 
and plays a major role in the transfer of excitation energy as 
antenna proteins and have been shown to play major role in 
regulating the PSII photo-chemical efficiency by reducing 
the antenna size during the heat stress (Brestic et al. 2012) 
and salt stress (Singh et al. 2017). Interestingly, psbD was 

Fig. 2   Comparative analysis 
and resolution of the functional 
transcriptional landscape high-
lighting the shared functionally 
responsive genes across the 
wheat progenitors and T. aesti-
vum under the salt stress



362	 Photosynthesis Research (2018) 136:357–369

1 3

Ta
bl

e 
1  

T
he

 F
PK

M
 v

al
ue

 o
f e

xo
ns

 in
 B

EP
 c

la
de

 T
rit

ic
ea

e 
m

em
be

rs
 b

et
w

ee
n 

co
nt

ro
l a

nd
 sa

lin
ity

 st
re

ss
 c

on
di

tio
n

Ta
xa

K
F5

34
48

9
K

F5
34

49
0

JQ
74

08
34

JQ
75

46
51

A
B

04
22

40
K

C
91

26
90

K
C

91
26

93

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed

PS
 I

 p
sa

A
38

80
.7

51
51

.5
39

05
.1

51
82

.8
38

06
.3

50
54

.8
38

63
.4

51
30

.1
38

86
.3

51
90

.6
38

85
.4

51
60

.9
38

79
.5

51
59

.8
 p

sa
B

35
45

.7
46

39
.8

35
99

.5
47

23
.4

34
81

.8
45

70
.3

35
36

.9
46

36
.4

35
60

.9
46

98
.8

35
82

.4
47

08
.5

35
70

.9
46

94
.5

 p
sa

C
15

07
4.

3
16

35
9.

0
15

21
7.

0
16

53
0.

8
14

72
4.

9
16

00
4.

3
15

00
6.

9
16

29
1.

1
15

03
4.

2
16

43
4.

4
15

03
2.

6
16

29
2.

0
15

06
9.

7
16

38
5.

3
 p

sa
I

96
76

.7
10

18
9.

0
97

68
.4

10
29

6.
0

94
37

.5
99

43
.0

96
33

.4
10

14
6.

7
96

35
.8

10
21

0.
2

97
04

.9
10

23
6.

0
96

73
.8

10
20

5.
5

 p
sa

J
73

45
.1

56
26

.7
74

28
.1

56
67

.5
74

44
.6

58
29

.9
73

12
.2

56
03

.4
76

01
.0

59
86

.5
74

11
.1

56
92

.8
73

87
.3

56
75

.8
PS

 II
 p

sb
A

55
48

07
.1

56
70

85
.7

55
67

46
.1

56
96

88
.9

54
10

92
.8

55
33

92
.5

55
26

18
.3

56
50

33
.5

53
99

05
.1

55
14

29
.9

55
05

24
.8

56
21

23
.4

54
87

56
.6

56
04

45
.9

 p
sb

B
10

32
9.

7
11

31
9.

8
10

43
2.

1
11

44
9.

3
93

51
.4

10
29

5.
5

10
28

3.
5

11
27

2.
9

10
35

1.
9

11
44

9.
8

10
36

1.
1

11
37

8.
7

10
33

1.
1

11
34

8.
6

 p
sb

C
85

51
.7

97
49

.3
85

62
.2

98
07

.9
83

40
.5

95
29

.5
85

13
.4

97
08

.8
54

27
.7

62
10

.0
84

56
.5

96
80

.4
84

29
.3

96
51

.6
 p

sb
D

87
12

.6
11

00
0.

6
87

63
.8

11
06

1.
8

85
42

.4
10

82
2.

6
86

44
.2

10
89

9.
6

79
71

.5
10

08
4.

5
87

28
.0

11
04

6.
9

86
99

.9
11

01
3.

9
 p

sb
E

21
66

6.
7

20
03

8.
2

27
88

2.
9

25
83

8.
0

26
98

6.
0

25
05

0.
3

27
49

7.
7

25
46

3.
4

21
91

2.
0

20
13

6.
0

27
70

1.
8

25
68

7.
4

27
61

2.
8

25
61

0.
7

 p
sb

F
37

72
2.

7
34

25
2.

4
38

07
9.

9
34

61
2.

2
37

45
9.

7
34

35
4.

0
37

55
3.

9
34

11
0.

3
17

52
6.

4
15

78
6.

3
37

83
2.

6
34

41
0.

4
37

71
1.

1
34

31
0.

1
 p

sb
H

12
61

4.
4

12
86

5.
0

12
73

3.
8

13
00

0.
1

12
43

2.
7

12
72

7.
3

12
55

7.
9

12
81

2.
1

13
60

5.
2

13
86

9.
6

12
65

1.
1

12
92

4.
8

12
61

0.
5

12
88

6.
2

 p
sb

I
48

00
.4

49
37

.6
52

76
.6

54
67

.9
52

71
.6

54
28

.4
52

46
.6

54
22

.7
54

19
.2

55
91

.9
51

37
.2

53
55

.0
51

10
.0

53
27

.6
 p

sb
J

34
21

0.
2

29
44

6.
1

11
36

4.
4

98
09

.8
33

93
1.

9
29

40
7.

8
34

05
7.

1
29

32
2.

3
31

94
3.

9
27

18
5.

2
34

30
9.

8
29

58
1.

9
34

10
4.

5
29

35
7.

4
 p

sb
K

10
90

6.
1

12
27

4.
7

10
34

1.
4

11
59

0.
6

11
21

8.
0

12
76

9.
4

10
85

8.
9

12
22

7.
4

41
86

.3
45

63
.6

10
95

1.
9

12
34

8.
5

11
20

8.
7

12
82

1.
4

 p
sb

L
35

28
3.

1
32

47
2.

5
35

55
6.

7
32

77
5.

7
34

86
0.

9
32

22
8.

8
35

12
5.

2
32

33
7.

8
18

88
7.

8
16

80
4.

5
35

38
5.

9
32

62
2.

2
35

27
2.

2
32

52
4.

9
 p

sb
M

16
97

8.
5

18
00

6.
3

17
02

8.
8

18
02

2.
0

16
56

1.
6

17
57

2.
4

16
90

2.
5

17
93

1.
5

17
11

1.
9

18
26

3.
9

16
24

0.
2

17
24

4.
2

16
97

3.
3

18
03

5.
3

 p
sb

N
53

63
.8

72
08

.3
54

14
.6

72
84

.0
52

76
.9

70
87

.4
53

48
.8

71
94

.5
53

93
.9

72
86

.7
53

88
.5

72
57

.8
53

71
.1

72
36

.1
 p

sb
T

65
39

.8
72

28
.2

66
69

.3
73

93
.2

69
77

.3
76

02
.2

65
10

.5
71

99
.0

71
23

.8
78

07
.3

66
25

.9
73

50
.9

66
04

.7
73

29
.0

 p
sb

Z
30

25
.4

39
17

.7
30

57
.2

39
68

.7
30

03
.9

39
20

.2
28

69
.0

36
50

.5
30

67
.0

40
25

.5
29

99
.1

38
45

.5
29

89
.5

38
34

.1
R

N
A

 p
ol

ym
er

as
e

 rp
oA

48
4.

0
53

1.
0

48
9.

1
53

6.
7

47
8.

1
52

8.
3

48
3.

0
53

0.
9

49
2.

2
54

9.
0

48
8.

6
53

7.
4

48
7.

0
53

5.
8

 rp
oB

28
.0

59
.4

28
.3

59
.9

28
.1

60
.0

27
.8

59
.1

28
.7

61
.7

27
.5

58
.7

27
.5

58
.4

 rp
oC

1
70

.3
13

6.
0

71
.5

13
7.

9
69

.1
13

3.
8

70
.0

13
5.

4
70

.6
13

7.
7

71
.1

13
7.

7
70

.6
13

6.
1

 rp
oC

2
55

.9
77

.8
56

.8
78

.9
56

.1
78

.2
55

.7
77

.6
57

.5
80

.6
55

.3
77

.0
55

.2
76

.8
A

TP
as

es
 a

tp
A

65
24

.1
79

26
.9

57
77

.2
71

20
.4

64
32

.4
78

43
.1

64
94

.9
78

94
.0

65
67

.5
80

53
.8

64
90

.4
78

67
.9

65
18

.0
79

26
.2

 a
tp

B
76

09
.5

70
06

.5
76

11
.6

69
77

.0
76

09
.3

70
62

.2
76

33
.7

70
33

.0
85

65
.6

79
70

.6
84

58
.8

77
79

.2
83

68
.9

76
97

.0
 a

tp
E

98
29

.1
92

11
.5

99
47

.0
93

41
.2

98
09

.8
92

66
.8

97
85

.1
91

73
.2

10
01

5.
8

95
15

.9
97

81
.3

91
50

.5
97

49
.9

91
23

.2
 a

tp
F(

e1
)

94
74

.0
92

22
.3

96
21

.8
94

05
.5

92
39

.8
89

99
.6

94
31

.6
91

84
.0

21
34

4.
3

20
45

7.
7

57
88

.5
58

99
.1

95
28

.6
93

22
.8

 a
tp

F(
e2

)
14

26
0.

7
15

09
7.

9
14

39
5.

7
15

25
6.

5
13

90
8.

7
14

73
6.

5
14

19
6.

9
15

03
5.

3
16

99
1.

9
17

71
9.

3
14

27
0.

2
15

08
3.

5
14

16
6.

8
14

95
4.

7
 a

tp
H

17
36

8.
1

16
87

1.
9

17
53

2.
5

17
04

9.
1

16
93

4.
9

16
46

3.
8

17
29

0.
4

16
80

1.
9

17
29

4.
6

16
90

7.
0

17
27

6.
8

16
78

8.
4

17
00

2.
9

16
45

1.
6

 a
tp

I
79

74
.0

99
38

.8
80

81
.7

10
07

4.
6

79
75

.8
99

39
.1

79
38

.3
98

97
.5

81
82

.4
10

23
5.

4
80

29
.2

10
01

6.
0

80
03

.4
99

86
.1



363Photosynthesis Research (2018) 136:357–369	

1 3

Li
st 

of
 t

ax
a 

w
ith

 G
en

B
an

k 
ac

ce
ss

io
n 

nu
m

be
rs

 u
se

d 
in

 t
hi

s 
stu

dy
: 

Ae
gi

lo
ps

 c
yl

in
dr

ic
a 

(K
F5

34
48

9)
, 

Ae
gi

lo
ps

 g
en

ic
ul

at
a 

(K
F5

34
49

0)
, 

Ae
gi

lo
ps

 s
pe

lto
id

es
 (

JQ
74

08
34

), 
Ae

gi
lo

ps
 t

au
sc

hi
i 

(J
Q

75
46

51
), 

Tr
iti

cu
m

 a
es

tiv
um

 (A
B

04
22

40
), 

Tr
iti

cu
m

 m
on

oc
uc

um
 (K

C
91

26
90

) a
nd

 T
ri

tic
um

 u
ra

rt
u 

(K
C

91
26

93
)

Ta
bl

e 
1  

(c
on

tin
ue

d)

Ta
xa

K
F5

34
48

9
K

F5
34

49
0

JQ
74

08
34

JQ
75

46
51

A
B

04
22

40
K

C
91

26
90

K
C

91
26

93

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed
C

on
tro

l
Sa

lt-
tre

at
ed

C
on

tro
l

Sa
lt-

tre
at

ed

C
yt

oc
hr

om
e 

b6
/f 

co
m

pl
ex

 p
et

A
54

11
.3

52
24

.8
54

76
.3

52
97

.5
54

10
.5

52
75

.2
53

79
.7

51
92

.8
45

28
.9

44
81

.1
54

52
.9

52
83

.2
54

29
.6

52
60

.4
 p

et
B(

e1
)

10
22

1.
5

11
00

8.
9

10
31

8.
3

11
12

4.
5

10
10

1.
8

10
93

4.
3

10
18

6.
1

10
97

9.
0

21
22

22
.8

22
59

19
.2

10
15

0.
8

10
91

4.
8

10
11

8.
2

10
88

2.
3

 p
et

B(
e2

)
12

27
7.

4
13

32
4.

9
 p

et
D

(e
1)

10
33

5.
9

11
19

9.
1

10
43

3.
8

11
31

6.
8

10
44

8.
3

11
49

3.
5

10
36

3.
3

11
24

8.
7

16
48

37
.8

19
33

63
.4

10
36

6.
0

11
25

1.
0

10
33

2.
7

11
21

7.
4

 p
et

D
(e

2)
13

27
8.

4
14

74
2.

6
 p

et
G

26
93

7.
4

23
58

5.
1

25
89

6.
8

22
49

7.
6

26
35

8.
9

23
16

3.
0

26
81

6.
8

23
48

7.
2

26
91

2.
6

23
78

5.
5

25
56

1.
9

22
33

8.
1

26
64

0.
0

23
25

8.
9

 p
et

L
51

27
.3

52
01

.4
51

90
.0

52
73

.5
50

18
.7

50
99

.6
51

04
.3

51
79

.8
53

58
.9

55
88

.6
51

60
.9

52
49

.9
51

44
.4

52
34

.2
 p

et
N

44
67

.0
37

25
.9

45
63

.8
38

54
.9

87
52

.9
75

53
.2

44
47

.1
37

10
.5

89
36

.8
77

56
.2

45
34

.2
38

32
.4

45
19

.6
38

21
.0

 rb
cl

11
78

53
.9

88
08

9.
0

11
89

69
.9

89
01

4.
1

12
28

27
.0

92
16

0.
3

11
73

26
.5

87
72

3.
4

12
57

87
.8

95
05

7.
6

11
78

57
.1

88
15

9.
9

11
74

78
.6

87
89

6.
8

N
A

D
H

 d
eh

yd
ro

ge
na

se
 n

dh
A(

e1
)

41
89

43
28

.2
42

29
.1

43
72

.2
37

75
.4

39
78

.5
40

48
.3

41
50

.7
42

37
.3

43
91

.6
41

92
.4

43
34

.3
42

44
43

75
.4

 n
dh

A(
e2

)
28

48
.2

23
24

.9
22

86
.9

18
62

.5
25

86
.1

22
05

28
35

.5
23

15
.2

30
07

.7
25

09
.3

28
76

23
66

.4
29

27
.4

24
02

.5
 n

dh
B1

(e
1)

26
13

.3
27

08
.1

26
32

.7
27

27
.2

28
48

.5
29

36
.8

26
03

.1
26

99
.6

22
59

.1
23

54
.7

26
22

.4
27

23
.4

26
36

27
37

.3
 n

dh
B1

(e
2)

13
62

.2
14

21
.2

13
75

.1
14

36
.1

16
58

.2
17

03
.9

13
57

.6
14

18
35

8.
9

39
5.

5
13

67
.7

14
30

.5
14

54
.6

15
21

.5
 n

dh
B2

(e
1)

35
8

39
4.

2
 n

dh
B2

(e
2)

22
57

.1
23

51
.5

 n
dh

C
17

93
.8

17
78

.0
17

78
.6

17
56

.8
17

57
.6

17
49

.4
17

85
.8

17
70

.6
17

94
.5

17
96

.4
17

99
.0

17
86

.2
17

93
.2

17
80

.9
 n

dh
D

19
43

.3
21

93
.5

19
66

.2
22

24
.7

19
01

.9
21

49
.2

19
33

.7
21

83
.1

19
49

.7
22

21
.6

19
29

.7
21

91
.4

19
23

.7
21

85
.4

 n
dh

E
30

19
.3

35
31

.8
30

94
.1

36
42

.7
29

95
.5

35
27

.1
30

09
.4

35
15

.6
30

58
.4

36
21

.8
30

42
.2

35
64

.6
30

29
.5

35
49

.8
 n

dh
F

69
6.

2
67

7.
7

69
2.

3
67

4.
4

70
4.

2
68

9.
2

69
4.

1
67

6.
0

72
6.

6
71

2.
6

67
9.

1
66

3.
0

72
2.

1
70

4.
6

 n
dh

G
33

95
.9

40
70

.5
35

69
.0

42
81

.9
34

46
.9

41
34

.9
33

59
.2

40
11

.6
35

28
.1

42
62

.3
34

61
.8

41
20

.9
34

26
.3

40
80

.7
 n

dh
H

1
94

5.
9

10
53

.0
45

3.
9

61
3.

2
45

1.
5

57
9.

5
41

1.
3

55
4.

3
43

7.
4

59
7.

3
44

5.
6

59
5.

5
43

0.
3

58
0.

6
 n

dh
H

2
Lo

st
Lo

st
71

9.
9

84
6.

0
7.

2
11

.0
7.

6
10

.0
93

6.
9

10
81

.5
90

2.
6

99
4.

6
6.

8
8.

8
 n

dh
I

18
66

.7
23

04
.6

18
77

.0
23

07
.0

18
46

.1
22

86
.4

15
98

.0
19

53
.1

18
84

.8
23

47
.9

18
81

.7
23

26
.3

18
75

.6
23

19
.3

 n
dh

J
24

67
.0

27
67

.8
24

67
.8

27
73

.6
24

01
.0

26
97

.6
24

50
.4

27
52

.1
24

57
.2

27
74

.3
24

72
.2

27
76

.7
24

66
.2

27
72

.2
 n

dh
K

17
68

.9
21

04
.2

17
85

.6
21

26
.3

17
59

.9
20

99
.6

17
16

.7
20

36
.2

18
10

.4
21

78
.1

17
64

.5
21

00
.7

17
58

.8
20

94
.5



364	 Photosynthesis Research (2018) 136:357–369

1 3

also found to be up-regulated, which has been shown to 
share translational coupling along with P680 complex and 
can be seen as a measure to combat the salt stress. Inter-
estingly, we observed down-regulation of psbJ, which has 
been shown to play critical roles in the assembly of water-
splitting complexes (Hager et al. 2002). Down-regulation of 
psbJ under salt stress hints towards the less stable assembly 
of the water-splitting complexes and thus high sensitivity 
to light during salt stress in BEP clade Triticeae members. 
Previously it has been shown that the assembly of psbJ also 
directly affects the PSI genes (Hager et al. 2002), which 
include psaA-J; however, we observed up-regulation of all 
psaA genes except psaJ (Table 1). We further examined the 
expression levels of rpoA, rpoB, rpoC1 and rpoC2, which 
encodes the subunit of plastid-encoded RNA polymerase 
(PEP) (Lgloi and Kössel 1992) and found all of them to be 
up-regulated (Table 1).

Plastid-encoded polymerase (PEP) in coordination with 
plastid-encoded promoters plays an important role in main-
taining the active transcription of photosynthetic genes 
and has been shown to exist in diverse forms (Swiatecka-
Hagenbruch et al. 2007). We observed up-regulation of 
psbB–psbT–psbH operon, which has a promoter for plas-
tid-encoded RNA polymerase (PEP) (Stoppel and Meurer 
2013) under salt stress suggesting a high interaction between 
the PEP polymerase and the promoter encoded by the 
psbB–psbT–psbH operon. It is worth to mention that psbH 
is a phosphoprotein encoded in cytochrome b6f complex and 
plays an important role in electron transport and has been 
shown to regulate the assembly of PSII (Bennett 1977; Stop-
pel and Meurer 2013).

Strikingly, up-regulation of D1, D2 and psbT across all 
BEP clade members clearly demonstrates that the post-trans-
lational repair required for the assembly of photodamaged 
PSII is supported by the up-regulated active transcription of 
psbT (Ohnishi et al. 2007). Previously, activation of repair 
system, which involves the synthesis of the precursor D1 
protein has been shown as a defence system during low tem-
peratures in Synechocystis sp. PCC 6803 (Mohanty et al. 
2007). As compared to model plant Arabidopsis thaliana, 
where salt stress leads to the destruction of PSII and up-
regulation of PSI, which in turn increases the cyclic electron 
flow, a dynamic regulation of PSII was observed across the 
BEP clade members. Similar down-regulation and damage 
to PSII have been previously been seen in Synechocystis sp. 
PCC 6803 under high light (Mohanty et al. 2007). Addi-
tionally, constant up-regulation of PSI genes psaA-I, expect 
psaJ, whose have functional roles are yet to be assigned 
suggesting a high cyclic electron flow in BEP clade members 
during the salt stress.

Previously dynamic up-regulation of PSI and PSII was 
observed in the Thellungiella halophila (Stepien and John-
son 2009), which is a salt-tolerant genotype and supports 

the observations from salt-tolerant phenotype of T. aestivum 
used in the present study.

Expression patterns of ATP subunits, cytochrome 
(Cyt) b6f and NADH genes

ATP synthase as a holo-subunit (CF0CF1) plays an impor-
tant role in generating the required ATP for maintaining the 
proton motive force across the chloroplasts. We observed 
up-regulation of atpA genes across all the Triticeae mem-
bers; however, down-regulation of rest of the atp subunits 
such as atpB and atpE, which are co-transcribed as di-cis-
tronic was observed (Table 1). Interestingly, atpI was found 
to be up-regulated in salt stress, which is responsible for 
H+ translocations and acting as a H+ proton motive force 
across the thylakoid membrane to balance the osmotic pH 
tolerance (Table 1). Across all the Triticeae members, we 
further identified differential patterns of genes controlling 
the cytochrome b6f complex, which plays a key role in elec-
tron transfer and plastoquinone oxidation (Schöttler et al. 
2007). We observed down-regulation of petA, which encodes 
cytochrome b6, whereas as up-regulation of petB, petD, 
which encodes 2 subunits of cytochrome (Cyt) b6f complex 
(Table 1). Cytochrome f complex loss has previously been 
shown in tobacco using petB and petD mutants illustrating 
that the expression of petB and petD is fundamental for the 
assembly of cytochrome b6f complex (Monde et al. 2000). 
However, the observed low expression of petA in Triticeae 
members indicated a relatively less stable assembly of 
dimeric cytochrome b6f. The observation is further supported 
with the down-regulation of petN in all the studied Triticeae 
members, which demonstrates the loss of the photosynthetic 
electrons and destabilization of Cytb6f complex during salt 
stress, which is in line with previously observed loss of 
functional mutants (Schwenkert et al. 2007). The observed 
destabilization is in line with a negligible increase in the 
expression of the petL in salt stress, which is a rate limiting 
gene for the confirmation of Rieske protein, playing a major 
role in Cytb6f complex stability (Schwenkert et al. 2007).

The observed down-regulation of genes involved in the 
Cytb6f complex and down-regulation of ATP synthase sub-
units reveals that overall salt stress resulted in the down-
regulation of the proton motive force required for the ATP 
synthesis. However, the effect of the salt stress on polyploids 
is tolerant as compared to the diploids as revealed by few 
of the genes showing altered regulation pattern. This is 
further supported from the recent observation, which illus-
trates that polyploids are less susceptible to the chloroplast-
mediated salt stress as compared to diploids (Meng et al. 
2016). Triticeae members studied in this research represents 
a significant portion of the plants, which are C3 and play a 
major role in carbon assimilation. RUBISCO large subunit 
(Ribulose-1,5-bisphosphate carboxylase/oxygenase), rbcL 
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plays a major role as carbon assimilatory enzyme. During 
salt stress, down-regulation of rbcL highlights the relatively 
less CO2-mediated carbon allocation as a result of oxidative 
damage, which indirectly down-regulates the crop yield.

Chloroplast NADH-like dehydrogenases play a critical 
role by recycling the electrons from ferredoxin (Fd) to PSI 
through plastoquinone and Cytb6f complex as intermedia-
tors (Peng et al. 2012). During salt stress across the Triticeae 
members, we observed most of the ndh genes up-regulated 
expect ndhC indicating a higher cyclic electron flow during 
the salt stress and thus improving the plant fitness (Table 1). 
Taking into account the studied genotype especially in case 
of T. aestivum, the present observation corroborates with the 
previous observation in soybean, which showed improved 
higher cyclic electron flow and plant fitness in salt-tolerant 
genotype (He et al. 2015). Up-regulation of the ndh genes 
along with the PSI genes during the salt stress strongly indi-
cates the active formation of NDH-PSI supercomplex, which 
is a critical component of chlororespiration and alleviates the 
stromal over-reduction in salt stress (Peng et al. 2011) and 
thus sequestering more Na+ as a result of the available ATP 
through higher cyclic electron flow (He et al. 2015). High 
transcriptional activity of the ndh genes is also supported 
by the high abundance of the Na+/K+ ions during the salt 
stress (Fig. 3), which indicates the interplay of ATP demand 
and ndh-dependent cyclic electron flow. Previously, stromal 
over-reduction in stress due to NDH activity has been estab-
lished in photosynthesis (Munekage et al. 2004). Taking into 
account these considerations, it can be concluded that NDH 
complex genes play an important role in the studied Trit-
iceae members to circumvent the oxidative stress, which is 
in line with the observed NDH response in other perennial 
grasses (Van Den Bekerom et al. 2013).

Salt stress‑mediated RNA splicing

Chloroplast-mediated gene regulation has widely been cor-
related with altered photosynthetic rates and membrane 
permeability during abiotic stress (Nouri et al. 2015). How-
ever, recently the role of alternative splicing in chloroplasts, 
which encodes both mono- and di-cistronic transcripts has 
been demonstrated. At nuclear level, the role of introns and 
alternative splicing has been widely demonstrated in land 
plants, with major representation of intron retention as the 
dominant splice events (Reddy et al. 2013). In chloroplast, 
presence of introns, specifically group II introns has been 
widely demonstrated to be a result of self-splicing ribozymes 
(Ostersetzer et al. 2005). We observed high splicing effi-
ciency in atpF, ndhA and ndhB during salt stress across all 
Triticeae members (Fig. 4). Although the petB and petD 
also showed splicing efficiency, the observed change in 
the splicing efficiency was only observed in T. aestivum. 
To confirm, whether the observed splicing efficiency in the 

atpF, ndhA, ndhB was present across all members and petB 
and petD uniquely in T. aestivum, we further checked the 
intron expression levels (FPKM values), which revealed high 
expression and subsequent up-regulation of introns under 
salt stress (Table 2). The observed splicing-based regulation 
in T. aestivum is further supported by the corresponding low 
level of exon-based expression, where the exons were found 
to be down-regulated as compared to other members of the 
studied Triticeae members (Table 1). Higher intron expres-
sion and lower exonic expression during salt stress in T. aes-
tivum highlight the role of group II intron-mediated splic-
ing, which might regulate the assembly of Cytb6f complex 
(Monde et al. 2000). The observed splicing and the consecu-
tive expression in atpF both at the exonic and intronic levels, 
which is a member of the H+ATPase (CF0 subunit of the 
CF0CF1) suggest the role of aberrant transcript production 
in response to salt stress. Taking together these observations, 
it can be presumed that introns play an important role in 
allopolyploids and may require species-specific chloroplast 
RNA splicing 1 (CRS1) interactions for effective splicing. 
Previously, in Zea mays, role and specificity of CRS1 as a 
splicing factor has been shown for group II-mediated intron 
splicing in atpF (Ostersetzer et al. 2005).

Salt stress‑mediated RNA editing

RNA editing is a post-transcriptional phenomenon, which 
involves the conversion of cytosine to uridine and has been 
shown be regulated under the control of pentatricopeptide 
repeat (PPR) proteins (Kotera et al. 2005). Recent investiga-
tions across the organelle genomes of land plants revealed 
this post-transcriptional mechanism to be universally con-
served across the land plants, and mainly relies on the edit-
ing factors CRR28 and RARE1 for post-transcriptional edit-
ing (Hein et al. 2016). Although the editing patterns vary 
across the land plants and even between the early branching 

Fig. 3   Sodium and potassium concentrations (mg/g DW) of the 
youngest leaves and roots of Triticum aestivum in the control and salt-
treated (200 mM NaCl) samples
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plants and flowering plants, chloroplast genes such as ndh 
and accD display conserved pattern of editing across plant 
lineage (Hein et al. 2016). Differential patterns of RNA edit-
ing have been previously observed either at the gene level or 
at the ecotypic level, however, correlation between the RNA 
editing at the species level and at the level of the ecotypes 
has yet to be established. A recent example in perennial 
grass Lolium perenne demonstrated no differential patterns 
of RNA editing in ndh genes during drought stress (Van 
Den Bekerom et al. 2013), however ecotypes specific RNA 
editing was observed. Similarly, Δvac1 mutants (mutation in 
pentatricopeptide gene) showed partial editing of accD and 
ndH genes (Tseng et al. 2010). In contrast, recently Rodri-
gues et al. (2017) showed increased RNA editing of ndh, 
rps14 and rps16 genes in response to salt stress.

To investigate the potential effect of salt stress on RNA 
editing in studied Triticeae members, we identified editing 
sites across all the studied Triticeae members. RNA-editing 
events with over 90% efficiency was observed across ndh, 
psbZ, psbD, psbC, petL, petD and atpF (Table S1). Concur-
rent increase in the editing sites in ndh genes along with the 
up-regulation of ndh genes in salt stress strongly indicate 
that editing plays a crucial role in editing the transcription-
ally active bases for up-regulation during the salt stress. 
It is worth to mention that ndh genes play a critical role 
as NADH-like dehydrogenases and also regulates the PSI 
cyclic electron flow. Previously, salt tolerance and cyclic 
electron flow around PSI have been found to be positively 
correlated in Glycine max (Lu et al. 2008; Rodrigues et al. 
2017). Recently, in soybean, an enhanced editing rate has 
been reported in ndhA and ndhB during the salt stress reveal-
ing the role of editing in maintaining the homeostasis during 

the salt stress (Rodrigues et al. 2017). Moreover, conserva-
tion and editing of ndh genes have been widely observed 
across all land plant lineage including the basal Amborella 
suggesting that these groups of genes show variable patterns 
of RNA editing.

Interestingly, we didn’t observe high frequency editing 
events in ribosomal genes, which is in previously observed 
rps14 and rps16 editing by Rodrigues et al. (2017). Ribo-
somal genes are required for the translation of chloroplast-
encoded peptides and loss of editing in these genes might 
suggest that the ribosomal editing is not affected during salt 
stress in studied Triticeae members. However, we indeed 
observe intronic editing events in rps16 and rpl2, during 
the salt stress and these events might be necessary for the 
splicing of the rps16 and rpl2 as evident from the splicing 
efficiency (Table S1). Previously, RNA editing of group II 
introns has been established as a pre-requisite for increasing 
the self-splicing in Oenothera (Börner et al. 1995). Addi-
tionally, editing in rps16 and rpl2 might be increasing the 
splicing efficiency by increasing the base pair frequency 
required for splicing (Ichinose and Sugita 2016). High rate 
of RNA editing in psb genes, which represents the PSII and 
Cytb6f complex indicates induced RNA editing as a conse-
quence of salt stress and may be required for the effective 
translation of PSII genes to maintain the electron excitation 
levels and to help the assembly of Cytb6f complex to medi-
ate the electron flow between the PSII and PSI. Nonethe-
less, we also observed RNA-editing events in rpoC1 and 
rpoC2, which play an important role in the assembly of the 
plastid-encoded polymerase (PEP). Taking into account the 
high expression of PEP polymerase during the salt stress, it 
can be concluded that the editing in the rpoC1 and rpoC2 

Fig. 4   Splicing efficiency in 
the atpF, ndhA, ndhB, across 
all members and petB and petD 
uniquely in Triticum aestivum 
between control and salinity 
stress condition
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contributes towards the effective translation of PEP polymer-
ase and its interaction with the psbB–T–H-encoded promoter 
so as to circumvent the salt-induced oxidative stress.

Conclusion

In conclusion, we demonstrate the transcriptional land-
scape of chloroplasts across several species of Triticeae 
and highlights the key role of the photosynthetic genes 
including the water-splitting complex. We found up-regu-
lation of genes associated with the plastid-encoded poly-
merase and psbB–psbT–psbH operon and down-regulation 
of petA. We observed conserved patterns of RNA editing 
in ndh genes and also unique patterns of petB and petD 
genes in T. aestivum. On a comparative assessment with 
previous reports of salt stress in diploids, it can be pre-
sumed that polyploids have less substantial effects of salt 
stress on the photodamage of photosynthetic reaction cen-
tres, which might be due to the altered Na+ translocations 
in vacuoles during salt stress in polyploids as compared to 
diploid progenitors. We also concluded that the up-regula-
tion of the genes involved in the PSII as a defence measure 
to combat the negative oxidative damage is caused by salt 
stress.
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