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Abstract: The chloroplast NAD(P)H dehydrogenase (NDH) complex, as one of
the most important photosynthesis protein complexes in thylakoid membrane, is
involved in photosystem I (PSI) cyclic electron transport (CEF). Under abiotic
environmental stress, the photosynthetic apparatus is susceptible to the damage
caused by the strong light illumination. However, the enhancement of NDH-
dependent CEF could facilitate the alleviation of the damage to the photosynthetic
apparatus. The NdhB subunit encoded by chloroplast genome is one of most
important subunits of NDH complex and consists of 510 amino acids. Here,
according to cloning ndhB from Melrose (cultivated soybean), ACC547 (wild
salt-tolerant soybean), S113-6 and S111-9 (hybrid descendant), based on the com-
parison and analysis of the sequences of NdhB subunits, we found that there is a
novel thylakoid transit peptide of NdhB subunit in S111-9. In addition, crosslink
immunoprecipitation, immunogold labeling and co-expression of GFP fusion pro-
tein indicated that the novel thylakoid transit peptide is favorable to the expression
and localization of NdhB subunit in chloroplast. Therefore, we suggest that this
novel thylakoid transit peptide plays the same role as chaperonin and contributes
to facilitating the expression and localization of NdhB subunit.
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1 Introduction

In land plants, the chloroplast NAD(P)H dehydrogenase (NDH) complex is involved in
chlororespiration and drives cyclic electron flow (CEF) around PSI [1,2]. It is structurally and
functionally divergent from the bacterial and mitochondrial complexes [1]. By analogy to Escherichia
coli complex I, at least eleven subunits of chloroplast NDH have been found in Arabidopsis, which are
homologous to the subunits of mitochondrial complex I (NADH dehydrogenase) and eubacterial NDH-1
[3], whereas NdhB and NdhH are considered to be the most important subunits of NDH [4,5].
Nevertheless, at present, there were some debates about the function and localization mechanism of NDH.
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In the history of plant evolution, the photosynthetic apparatus and thylakoid membrane systems has
developed mechanisms to adapt to some environmental stress [6–8]. One of the available pathways for
alleviating the damage to the photosynthetic apparatus and thylakoid membrane systems is to accelerate
cyclic electron flow (CEF) around PSI [7,8]. Plants have two known pathways for CEF: the protein
gradient regulation 5 (PGR5)/PGR-like 1 (PGRL1)-ferredoxin (Fd)-dependent pathway and the NAD(P)H
dehydrogenase (NDH) complex-dependent pathway [6,9–11]. Actually, many results about biological
functions of NDH and subunits have been reported. Munekage et al. [6] reported that cyclic electron flow
around photosystem I is essential for photosynthesis. In addition, the adaptation mechanisms of
photosynthetic thylakoid membrane systems to abiotic stress have also been reported in some studies [7–9].
The enhancement of NDH activity in tobacco facilitates the alleviation of oxidative damage caused by
temperature stress [9]. Increasing NDH-dependent CEF in soybean is related to Na+ sequestration into
vacuoles for the improvement of salt tolerance [11]. These studies demonstrate that cyclic electron transport
mediated by NDH complex could play important roles in protecting photosynthetic apparatus from
oxidative damage caused by temperature and salt stresses [9–11]. Moreover, functional assembly and
localization of NDH subunits in chloroplast is a coordinated mechanism as it has been illustrated that
mutant plants deficient for a single subunit could impair the function and activity of NDH complexes [12–14].

Currently, in Arabidopsis thaliana, a minor subunit Cpn60β4, which forms a heterooligomeric Cpn60
complex with Cpn60α1 and Cpn60β1-β3, is specifically required for the folding of NdhH [15]. It is the
first report that a chaperonin plays a critical role in the folding of subunits of NDH complex. Meanwhile,
some studies suggest that chloroplast stromal proteins, CRR6 and CRR7, are required for assembly of the
NDH complex [16]. CRR41 and CRR42 are involved in the assembly of a stroma-protruding arm of
NDH complex [17]. Further interactive proteomic analyses indicate that CRR7 is likely to be involved in
the final step of the stroma-protruding arm of NDH complex [17]. Although much has been learned about
the assembly of NDH complex, less has been known about how single subunit of NDH utilizes their
signal peptide or chaperonin to sort each subunit to the accurate location in thylakoid membrane. Here, a
novel thylakoid transit peptide was found in the NdhB subunit differing from our cultivar soybean
Melrose, which not only contributes to the localization of NdhB, but also increases the mRNA and
protein relative abundance of NdhB. Moreover, our results further indicate that although the novel NdhB
subunit is shorter in size than that of Melrose, it could be directed to thylakoid membrane with thylakoid
transit peptide. Therefore, the novel thylakoid transit peptide further lead to a strong association with the
expression and localization of NdhB subunit in the somatic hybrid descendant S111-9. It provides new
insights for deepening the understanding of how NdhB plays a significant role during the stresses.

2 Materials and Methods

2.1 Plant Growth Conditions
The soybean Glycine max Melrose (cv. Melrose), wild salt-tolerant Glycine cyrtoloba (series number

ACC547), S111-9 and S113-6, the stable somatic hybrid descendants of the wild salt-tolerant Glycine
cyrtoloba (ACC547) [18] were used in this study. When the first pair of leaves was fully expanded, the
well-grown seedlings were selected and transferred into nutrient solution [19] and cultured at 25/22°C
(12 h light/12 h dark) with ~70% relative humidity in the growth chamber. The well-grown and 25-day-
old plants were used in our experiments.

2.2 RNA Extraction, Cloning of ndhB and qRT-PCR
RNAwas either extracted from the soybean’s leaves (Melrose, ACC547, S111-9 and S113-6) using RNAiso

Plus reagent (TaKaRa, Cat#D9108B, Dalian, China) according to maufacturer’s protocol. RNA samples (2 μg)
were incubated with DNase (TaKaRa) to remove any contaminating genomic DNA and converted to cDNA
using M-MLV RTase cDNA Synthesis Kit following manufacturer’s instructions (TaKaRa, Japan). Then,
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ndhB was amplified from the diluted samples of reverse transcription products by PCR with primers 5’-
TGCAGTTACTAATTCATGATCT-3’ (forward) and 5’-AAGGTAAGAGTTGAACTAAGAA-3’ (reverse).
Products from the PCR reaction were ligated into pMD19-T vector, and then the pMD19-T with ndhB was
used for sequencing. The above reverse transcription products were also used for qRT-PCR with forward
primer 5’-CCACTCCAGTCGTTGCTTTTCT-3’ and reverse primer 5’-GGTAATAGCAATGAGATT
CCCCAA-3’. The qRT-PCR protocol was described in details elsewhere [11] and primer information were
in Table S2.

2.3 Vector Construction for 35S::B1::sGFP and 35S::B3::sGFP Fusion Protein
The sequences of B1 and B3 were amplified from the full-length cDNA of NdhB subunit using the B1/

B3 primers (B1 and B3 represent the NdhB subunit with and without transit peptide respectively) (Table S1),
and then cloned into the binary vector pCAMBIA 1300 containing a CaMV 35S promoter::sGFP cassette to
create B-sGFP fusion proteins vector (Clontech: In-Fusion Advantage PCR Cloning Kit, Cat#639619,
Beijing, China).

2.4 Agrobacterium-Mediated Transient Expression in N. benthamiana Leaves
After constructing the B-sGFP fusion protein vector, pt-rk CD3-999 vector (Chloroplast Localization

Marker), 35S::sGFP, 35S::B1::sGFP and 35S::B3::sGFP were introduced into A. tumefaciens strain
EHA105 by electroporation. And then A. tumefaciens strains EHA105 respectively with pt-rk CD3-999
and 35S::sGFP, 35S::B1::sGFP or 35S::B3::sGFP co-infected the leaves of N. benthamiana plants. After
three days, the fluorescence was visualized under a Nikon microscope equipped with NIS-Elements Basic
Research 3.0 software (http://www.nis-elements.com). The detailed method was described by Qi et al. [20].

2.5 Bioinformatics
Amino acid sequences of NdhB subunits from four varieties were aligned by using ClustalW (http://

www.ebi.ac.uk/Tools/msa/clustalw2/), phylogenetic analysis of NdhBs in different species was performed
using the MEGA4 software package, and further analyzed by TargetP, SignalP, ChloroP and TMHMM
(http://www.cbs.dtu.dk/services), all of which are the amino acid sequence-based predictors [21].

2.6 Crosslink Immunoprecipitation and Western Blotting
The preparation of NdhB antibody was described by He et al. [11]. Before the antibody of NdhB was

used for immunolocalization, western blotting was done to test the specificity of antibody.

In order to investigate whether there is a difference in NdhB sizes of two genes, NdhB proteins were
isolated and purified from the leaves of Melrose and S111-9 extracted with Crosslink IP Kit (Product No.
26147, Thermo Scientific, USA) according to the manufacturer instructions. Firstly, NdhB antibody was
immobilized on a protein A/G plus agarose, which formed antibody-crosslinked resin by crosslink
reaction. Secondly, this antibody-crosslinked resin would be used to pull down the NdhB protein in the
leaves of Melrose and S111-9. Finally, the eluted products were analyzed by SDS-PAGE. NdhB protein
was analyzed by immunoblotting modified from the method described previously [10,22]. Total protein
samples (30 μg of each sample) from the leaves of Melrose and S111-9 were separated on 12% SDS gel
electrophoresis and transferred to polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was
incubated with a primary antibody against NdhB (1:2000 dilution). The final detection was performed
using secondary fluorescent anti-rabbit IgG, followed by the SuperSignal West Pico Chemiluminescent
Western blotting (Thermo Scientific, USA) [11].
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2.7 Fixation and Immunolocalization
Subcellular distribution of NdhB was analyzed by electron microscopy using a previously described

method [11,22], and BL containing anti-NdhB (1:300 dilution) was used for incubating the sections. The
photos of immunolocalization were determined on electron micrographs at ×40,000 magnification. It was
analyzed 7-8 individual cells of palisade and spongy layers from different immunolabelled sections of
each variety. No significant labeling for NdhB was present in the vacuole, cell wall or cytosol [22].

2.8 Statistical Analysis
All assays described above were repeated at least three times on three biological replicates. Tukey’s

multiple comparison tests were used to determine the significant difference (P < 0.05) of means with the
SAS 8.0 statistical software package (SAS Institute, Inc., Cary, NC, 2000) [23,24].

3 Results

3.1 Molecular Cloning of ndhB, Alignment and Phylogeny of NdhB Subunits
Cloning and sequencing allowed the verification of discrepancy for ndhB among the varieties. Hence, the

primers were designed from 5’UTR and 3’UTR according to the whole genomic sequences of ndhB and used to
clone ndhB. Then, the ndhB from the varieties was sequenced and aligned respectively (Figs. 1A and 2A). The
results of sequencing indicated that there was a point mutation in the ninth base from ‘G’ to ‘A’ (Fig. 2A)
between Melrose and the other three varieties (lines). The encoded nucleotides sequences TGG (tryptophan)
was replaced by TGA (a stop codon) in wild soybean ACC547 and two somatic hybrid descendants S111-9
and S113-6. According to ORF search, a new start codon (pink) was found between the site of 55th and
57th base pairs (Fig. 2A), which indicates the length of ndhB in the above three lines is 54 base pairs
shorter than that in Melrose. An alignment and phylogeny of NdhB (Fig. 1) indicated that although the
amino acid identity of NdhB among Melrose, S111-9, S113-6 and wild soybean (ACC547) is high, and that
the genetic relationship of shortened 18 amino acid NdhB in two stable somatic hybrid descendants is
exactly similar to ACC547 and lotus japonics. These results indicated that NdhB subunits in S113-6 and
S111-9 was inherited from the wild soybean ACC547. It can explain, at least partly, why the above three
lines bear a similarity in several photosynthetic responses to salinity resistance [11,19,22].

3.2 Analysis of the Differences in NdhB Subunits Among Melrose, Descendants and Wild Soybean
To further understand the discrepancy of NdhB subunits between Melrose and the other three varieties,

we analyzed NdhB subunits in Melrose, S11-9, S113-6 and ACC547 by TargetP, SignalP, ChloroP and
TMHMM [21]. The results indicated that NdhB in S111-9, S113-6 and ACC547 has a thylakoid transit
peptide with 36 amino acid (Fig. 2B). In addition, the number of transmembrane domains is different, it
is 12 and 14 transmembrane domains in Melrose and other three lines, respectively (Figs. 2C and 2D).
Crosslink immunoprecipitation and SDS-PAGE were used for comparing their sizes between Melrose and
S111-9. The results showed that the size of NdhB subunit in S111-9 was about 54 KD and 2 KD smaller
than that of Melrose (Fig. 3A) and also confirmed the difference at the level of proteins. Taken together,
all of these results suggested that a novel thylakoid transit peptide exists in wild soybean and it could be
passed to the somatic hybrid descendants.

3.3 Comparison of Relative Abundance and Localization for NdhB Subunits
To understand whether or not the structural differences lead to the changes in the relative abundance of NdhB

subunits in chloroplasts, qRT-PCR (Fig. 3B), western blotting (Fig. 3C), and immunogold labeling (Fig. 3D) were
used for determining the relative expression abundance of NdhB in Melrose and S111-9. The relative mRNA
abundance of ndhB increased significantly (P < 0.05) in S111-9 than that in Melrose (Fig. 3B), its relative
protein expression level also obviously increased much more in S111-9 than that in Melrose (Fig. 3C). The
immunogold labeling showed more NdhB subunit particles in S111-9 (Fig. 3D(a,b)) than that in Melrose
(Fig. 3D(c,d)), suggesting that the thylakoid transit peptide favor the NdhB subunit to locate in thylakoid
membrane of chloroplast. It might enhance NDH complex assembly and activity.
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Figure 1: Multi-alignment and phylogenetic analyses of NdhB subunits. ACC547 represents an accession
number of wild soybean grew in Australian seashore. Melrose is a cultivated soybean variety in Australia.
S111-9 and S113-6 are the stable somatic hybrid descendants of the wild salt-tolerant Glycine cyrtoloba
(ACC547) and Melrose. (A) Multi-alignment of NdhB subunits from Melrose, S111-9, ACC547 and
S113-6. The amino acids length of NdhB subunit in Melrose, S111-9, ACC547 and S113-6 is 510, 492,
492 and 492, respectively. Asterisk indicates strictly conserved amino acids. (B) Phylogenetic analysis of
NdhBs in difference species. The tree was constructed by using the neighbor-joining (N-J) method, and
the phylogeny was tested with 1,000 bootstrap samples. Bar represents the p distance of the N-J method
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In addition, we constructed the vectors of GFP fusion protein with B1 and B3 target fragments (B1
represents NdhB with thylakoid transit peptide from S111-9; B3 represents NdhB from Melrose)
(Fig. 4A). Then, pt-rk CD3-999 vector (chloroplast localization marker) and B1::sGFP or B3::sGFP were
co-expressed in the leaves of tobacco. The results indicated that the control vector with GFP is not
expressed in chloroplast (Fig. 4B(a–c)), but B1::sGFP and B3::sGFP could stably co-localize in
chloroplast (yellow colors) with pt-rk CD3-999 (Fig. 4B(d–i)). Therefore, these data demonstrated that
the relative mRNA and protein abundance of NdhB in S111-9 is significantly increased due to the
existence of the thylakoid transit peptide. Furthermore, it also could contribute to the localization of NdhB.

Figure 2: Structure and sequence analysis of the nucleotide and amino acids from Melrose and S111-9. (A)
Analysis of the nucleotide of ndhB was performed from 0 to 60 bp in Melrose and S111-9. In S111-9, there is
a point mutation in the ninth base from ‘G’ to ‘A’. So, the sequences of encoded nucleotide convert from
tryptophan (TGG) to stop codon (TGA). The blue ATG is the start codon in Melrose, and the pink ATG
is the new start codon in S111-9. The point mutation in the descendants (S113-6) and wild type soybean
(ACC547) is in accordance with S111-9. (B) The sequence of thylakoid transit peptide in S111-9 and the
length is 36 amino acids. The thylakoid transit peptide was predicted by SignalP software (http://www.
cbs.dtu.dk/services/SignalP/). (C) and (D) are the results of transmembrane domain analyzed by
TMHMM software (http://www.cbs.dtu.dk/services/TMHMM/). The number of transmembrane domains
in Melrose (C) and S111-9 (D) is 12 and 14 respectively
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4 Discussion

Complete chloroplast genomes sequencing of Glycine max revealed that at least 11 encoded genes are
involved in the assembly of NDH complex in soybean [25]. In addition, it has been reported previously that
NDH functions in protecting photosynthetic apparatus from oxidative damage caused by temperature and salt
stresses [9,11,26]. However, NdhB, as one of the most important subunits of NDH, its subcellular
localization mechanism still remains unclear. At present, protein translocation and localization pathways
in bacteria [27–29] and plants [30–33] have been the focus of many studies and continued to be of great
interest in future research. In bacteria, most secreted proteins carry an N-terminal signal sequence that
directs them to the inner membrane protein translocation machinery to be localized into the membrane, or
internalized into the membrane, translocated to the periplasm or secreted [34,35]. In plants, however, the

Figure 3: Comparisons of sizes, relative abundance of mRNA and protein, and immunolocalization for
NdhB subunits in Melrose and S111-9. (A) Sizes of NdhB subunits were analyzed by SDS-PAGE. NdhB
proteins were isolated and purified from the leaves of Melrose and S111-9 extracted with Crosslink IP
Kit. (B) Relative mRNA expression level of ndhB in Melrose and S111-9. Bars represent the mean ± SD
of three biological replicates. Student t-test was applied to assess difference of means between two
varieties. Different letters indicate a significant difference between varieties (P < 0.05). (C) The content
of NdhB were analyzed using western blotting in the leaves of Melrose and S111-9. The equal loading of
lower pictures is shown by coomassie staining. (D) Immunolocalization of NdhB subunits in S111-9 (a,b)
and Melrose (c,d). All immunogold particles were mainly concentrated in chloroplast, not in the cytosol.
T, Thylakoid; S, Cytosol Stroma. Scale bars = 0.2 μm
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sorting of proteins in the cell is somewhat more complex due to the presence of different organelles, and
different types of membranes [29]. The most proteins have hydrophilic surfaces and therefore do not
readily pass through the hydrophobic core of the lipid bilayer. Some chaperonins or signal peptides are
required to facilitate the translocation and localization of a protein through the lipid bilayer [32]. And
only when finely orchestrated gene regulation and tissue gene expression along with proper subcellular
compartmentalization of plant proteins allow cells to become specialized and differentiated to fulfill their
role in tissue specificity, organ identity, and organism performance [29].

Figure 4: Coexpression of pt-rk CD3-999 vector (chloroplast localization marker) and B1::sGFP or B3::sGFP
in Nicotiana benthamiana. (A) Scheme of GFP fusion protein vector construction. cTP is the chloroplast transit
peptide from At5g48790 and the length is 48 amino acids. B1 and B3 represent the sequence of NdhB subunit
with and without a thylakoid transit peptide respectively. And B1 is shorter 18 amino acids than B3. (B) a–c is
control, coexpression of pt-rk CD3-999 and 35s::sGFP; d–f is coexpression of pt-rk CD3-999 and 35s::B1::
sGFP; g–i is coexpression of pt-rk CD3-999 and 35s::B3::sGFP. Scale bars = 100 μm

106 Phyton, 2021, vol.90, no.1



Because of the salt tolerant somatic hybrid descendants and their wild soybean (Glycine cyrtoloba
ACC547), a cytoplasm donor parent with high NDH-dependent CEF activity demonstrated in our
previous studies [11,19,22], we determined the sequence of NdhB subunits in them. Intriguingly, the
sequencing results indicated that NdhB of the hybrid descendants and their wild soybean are 18 amino
acid shorter than that in Melrose (Figs. 1A and 2A), whereas bioinformatics analysis further implied that
there is a novel thylakoid transit peptide in their NdhB. In addition, their transmembrane domains also
differ from Melrose (Figs. 2B–2D). To confirm the effects of thylakoid transit peptide on the expression
and localization of NdhB, the expression and localization analysis of NdhB are performed. Interestingly,
the crosslink IP and SDS-PAGE results indicated that the size of NdhB in S111-9 is actually 2 KD
smaller than that in Melrose (Fig. 3A), and the relative mRNA and protein abundance of NdhB in S111-9
was significantly increased. These results suggested that the existence of thylakoid transit peptide led to
the difference in the expression level of NdhB between S111-9 and Melrose. Our previous study further
supported that the existence of thylakoid transit peptide in S111-9 may enhance the ability of NdhB
localization, and further contributing to its higher relative mRNA and protein abundance [11]. In most
plants, NdhB might mainly depend on chaperonins to facilitate protein translocation, folding and
localization. Co-localization of NdhB with or without the thylakoid transit peptide showed a fact that
both could locate in chloroplasts, indicating that the novel thylakoid transit peptide might play the same
role as the chaperonins at least.

5 Conclusion

Taken together, the novel thylakoid transit peptide from wild soybean ACC547 contributes to enhancing
the ability of localization of NdhB, and to increasing the relative mRNA and protein abundance of NdhB. It
may play an important physiological role in the resistance of the soybean to salt stress. Future studies on the
physiological function of NdhB with thylakoid transit peptide may unravel the important role of NDH
complex under stress, and will provide a new insight for further understanding the expression and
localization mechanism of thylakoid membrane proteins.
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Supplementary Files

Table S1: Primers Sequences for GFP Fusion Protein Vector Construction

Name Sequences

cTP Forwars(5’-3’)
Reverse(5’-3’)

GAGCTCATGTCACCGTCCTTCTCC
GGATCCCCCTCCAGAAACAGAACA

B1 Forwars(5’-3’)
Reverse(5’-3’)

TGGTGTGAAAGGATCCATGAAAGCCTTTCATTTGCC
CGACTCTAGAGGATCCAAAAAGGGTATCCTGAGCAA

B3 Forwars(5’-3’)
Reverse(5’-3’)

TGGTGTGAAAGGATCCATGATCTGGCATGTACAAAA
CGACTCTAGAGGATCCAAAAAGGGTATCCTGAGCAA

Note: B1 represents the sequence of NdhB subunit with a thylakoid transit peptide and lack 18 amino acids. B3 represents the
sequence of NdhB subunit without a thylakoid transit peptide. cTP is the chloroplast transit peptide from At5g48790 and the
length is 48 amino acids. The underlines are the Restriction Enzyme Digestion Site (GAGCTC SacI and GGATCC BamHI).
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Table S2: Primers for qRT-PCR

Gene Name Sequences (5’-3’)

ndhB Forward
Reverse

CCACTCCAGTCGTTGCTTTTCT
GGTAATAGCAATGAGATTCCCCAA

CYP2 Forward
Reverse

CGGGACCAGTGTGCTTCTTCA
CCCCTCCACTACAAAGGCTCG
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