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Abstract Plastid-encoded plastid RNA polymerase (PEP) is

essential for chloroplast development and plastid gene

expression in Arabidopsis thaliana. However, PEP is a large

complex, and many proteins in this complex remain to be

identified. We previously reported that Delayed Greening

238 (DG238) interacts with PEP subunit protein FLN1 and

may function as a PEP-associated protein and participate in

early chloroplast development and PEP-dependent plastid

gene expression. DG238 contains Domain of Unknown

Function 143 (DUF143), whose function is currently unknown.

Here, we found that a deficiency of the DUF143 domain in

DG238 affected its localization, which resulted in abnormal

interactions with PEP-associated proteins in the chloroplast.

Furthermore, DG238 lacking the DUF143 domain or DG238

with only this domain failed to function. Interestingly, the

lack of conserved amino acids 193–217 of the DUF143

domain in DG238 also affected its function. In addition to

FLN1, DG238 also interacts with other PEP-associated

proteins, including FSD2, FSD3, MRL7-L, and MRL7, to

regulate plastid gene expression. These results suggest that

the DUF143 domain is necessary for the functioning of the

PEP-associated protein DG238 in chloroplasts.
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Introduction

Chloroplast biogenesis in higher plants is a complex process

whose regulatory mechanism remains largely unknown

(Pogson et al. 2015). Plant chloroplasts have an endosymbiotic

origin: after a long period of evolution, many photosynthetic

cyanobacterium-like organisms became engulfed by various

heterotrophic unicellular eukaryotes, and numerous prokaryotic

genes were transferred into the host nucleus, thereby forming

new organisms, the photosynthetic eukaryotes (Martin et al.

2002). In general, chloroplasts develop from proplastids as

follows: After induction by light, the inner envelope of the

proplastid becomes enfolded to form a vesicle. Subsequently,

the vesicles fuse into a lamellar structure with a well-

developed thylakoid membrane, which develops into grana

stacks, thereby forming a mature chloroplast (Lopez-Juez

2007; Jarvis and Lopez-Juez 2013; Osteryoung and Pyke

2014).

Chloroplasts are semi-autonomous organelles that contain

their own genomes encoding approximately 100 genes.

However, nearly 2,000 proteins are located in the chloroplast.

Most of these proteins are encoded by nuclear genes and are

transported into chloroplasts through their chloroplast

transmembrane signal peptides (Abdallah et al. 2000). These

nucleus-encoded chloroplast proteins often play important

roles in photosynthesis, plastid gene expression, photosynthetic

pigment biosynthesis and metabolite biosynthesis (Luo et al.

2012; Zhou et al. 2012; Luo et al. 2013). Therefore, proper

functioning of the chloroplast requires coordination between

nucleus- and chloroplast-encoded genes.

Chloroplast development, a process vital for plant growth,

is regulated by numerous proteins (Pogson et al. 2015).

Plastid-encoded plastid RNA polymerase (PEP) is a large

complex, containing many protein subunits, such as pTAC6,

pTAC12, TRXz, FLN1, FSD3, and so on, that regulates

plastid gene transcription and chloroplast development in

plants (Pfalz et al. 2006; Myouga et al. 2008; Arsova et al.

2010; Pfalz and Pfannschmidt 2013; Yu et al. 2014). The

PEP complex also includes other associated proteins, many

of which have recently been identified, such as HSP21,

FTRc, PRDA1, and MRL7. All of these associated proteins

are located in the chloroplast nucleoid, can interact with PEP

subunit proteins, and regulate PEP-dependent gene expression
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and chloroplast development in plants (Qiao et al. 2011;

Qiao et al. 2013; Zhong et al. 2013; Wang et al. 2014). A

potential PEP-associated protein, Delayed Greening 238

(DG238), was recently found to participate in the regulation

of PEP-dependent gene expression and early chloroplast

development in Arabidopsis thaliana (Wang et al. 2016).

Iojap, the homologous protein of DG238 in maize, is

involved in regulating chloroplast function, but its roles

remain unclear (Han et al. 1992).

In this study, we found that DG238 can interact with the

PEP-associated proteins FSD2, FSD3, MRL7-L and MRL7,

and it cooperates with FLN1 to regulate plastid gene expression.

Furthermore, DG238 contains a DUF143 domain whose

deficiency affects the localization of DG238 and its

interactions with PEP-associated proteins in the chloroplast,

as well as the functioning of DG238 itself. These results

suggest that the DUF143 domain plays important roles in the

functioning of DG238.

Results

The DUF143 Domain Is Vital for the Localization of DG238

and Its Interaction with PEP-associated Proteins

Bioinformatics analysis showed that DG238 contains a

DUF143 domain (Fig. 1A) (Wang et al. 2016); however, the

function of this domain remains unclear. To explore the

function of the DUF143 domain, we constructed vectors to

express DG238ΔDUF143 (deficiency of the DUF143 domain)

and DG238DUF143 (having only the DUF143 domain) (Fig. 1A).

Since DG238 is localized to the chloroplast nucleoid, we

first investigated whether the DUF143 domain affects the

localization of DG238. When we transformed Arabidopsis

protoplasts with the DG238ΔDUF143-GFP construct, the

fluorescent signals co-localized with chloroplasts in general

rather than being restricted to the nucleoid (Fig. 1B). In

protoplasts transformed with DG238DUF143-GFP, fluorescent

signals similar to those for DG238-GFP were observed (Fig. 1B),

suggesting that the DUF143 domain is essential for the

correct localization of DG238.

We previously reported that DG238 interacts with PEP

subunit protein FLN1; however, the interacting region of

DG238 was unclear (Wang et al. 2016). Since DG238 contains

the DUF143 domain, which affects the localization of DG238,

we explored whether this domain is necessary for the

interaction between DG238 and FLN1. Bimolecular

fluorescence complementation (BiFC) assays showed that

DG238ΔDUF143-GFP interacted with FLN1, with yellow

fluorescent signals dispersed throughout the chloroplast (Fig.

2A). However, we failed to detect obvious signals between

DG238DUF143 and FLN1 (Fig. 2A). These results indicate that

the DUF143 domain is not the interaction region for FLN1,

although the loss of the DUF143 domain led to an abnormal

interaction between DG238 and FLN1 (Fig. 2A). To further

investigate the function of the DUF143 domain, we

transformed dg238-2 mutant lines with the DG238ΔDUF143

and DG238DUF143 sequences fused to a C-terminal 2×Flag

sequence and successfully obtained dg238-2 transgenic lines

35S:DG238
ΔDUF143

-Flag/dg238-2 and 35S:DG238
DUF143

-

Flag/dg238-2, respectively (Fig. 2B and Fig. S1). Neither

35S:DG238ΔDUF143-Flag nor 35S:DG238DUF143-Flag com-

plemented the normal functioning of DG238, as all of the

transformed plants showed low photosynthetic efficiency

similar to that of dg238-2 plants (Fig. 2B).

The Functions of Conserved Amino Acids in the DUF143

Domain

To further investigate the function of the DUF143 domain,

we compared its sequences in various organisms using

ClustalW and found that the DUF143 domain of DG238

(residues 119–220) shares sequence homology with Iojap

Fig. 1. The DUF143 domain affects the chloroplast nucleoid
localization of DG238. (A) Domain structure of DG238.
DG238ΔDUF143, DG238 without the DUF143 domain; DG238DUF143,
DG238 containing only the DUF143 domain. (B) The effect of the
DUF143 domain on the chloroplast nucleoid localization of
DG238, as determined by GFP assays. Vec-GFP, empty vector
control; DG238-GFP, DG238-GFP fusion; DG238ΔDUF143-GFP,
DG238-GFP fusion without the DUF143 domain; DG238DUF143-
GFP, DG238-GFP fusion containing only the DUF143 domain.
Bars = 10 μm.
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from Zea mays (residues 116–213), which is involved in

regulating chloroplast development (Han et al. 1992); YbeB

from E.coli (residues 1–104), which associates with the large

subunit of the bacterial ribosome (Hauser et al. 2012); C7orf30

from human (residues 93–194), which is required for the

biogenesis of the large subunit of the mitochondrial ribosome

(Rorbach et al. 2012); and ATP25 from Saccharomyces

cerevisiae (residues 104–246), which is required for the

expression and assembly of the Atp9p subunit of mitochondrial

ATPase (Zeng et al. 2008) (Fig. 3A). Furthermore, sequence

analysis showed that conserved amino acids of DUF143 is

D138 (residue 138, aspartic acid), I156 (residue 156, isoleucine),

S161 (residue 161, serine), W193 (residue 193, tryptophan),

D197 (residue 197, aspartic acid), R211 (residue 211,

arginine), L216 (residue 216, leucine), and E217 (residue

217, glutamic acid) (Fig. 3A). To explore the functions of

these conserved amino acids in the DUF143 domain, we

performed an amino acid mutation assay to mutate these

conserved amino acids to alanine (Fig. 3B). Since W193,

D197, R211, L216, and E217 are closely linked in the

DUF143 domain, we constructed a vector to express

DG238Δ193-217 (the DG238 protein lacking amino acids

193–217) (Fig. 3B). Our BiFC analysis showed that neither

the single amino acid mutations described above nor the

lack of amino acids 193–217 affected the interaction

between DG238 and FLN1 (Fig. 3C), further confirming

that the DUF143 domain is not the interaction region for

FLN1. We also transformed the dg238-2 mutant with these

vectors and found that all of the mutant proteins expressed

in the dg238-2 background successfully complemented its

mutant phenotype, except for DG238Δ193-217, which lacked

amino acids 193–217 (Fig. 3D and Fig. S2). These results

suggest that amino acids 193–217 are required for the

functioning of DG238.

The Interactions of DG238 with Other PEP-associated

Proteins

When DG238 was co-expressed with FLN1 in Arabidopsis,

DG238 interacted with the PEP subunit FLN1, suggesting

that DG238 functions as a PEP-associated protein, which

together with FLN1, regulates the early stage of chloroplast

development and PEP-dependent plastid gene expression in

a synergistic manner (Arsova et al. 2010; Wang et al. 2016).

To further investigate the cooperative relationship between

DG238 and FLN1, we performed Virus Induced Gene

Silencing (VIGS) to repress FLN1 expression in both wild-

type (Col-0) and dg238-2 mutant Arabidopsis plants to

obtain VIGS-FLN1 (Col-0) and VIGS-FLN1 (dg238-2) plants,

respectively. Plants not expressing DG238 and FLN1, i.e.,

VIGS-FLN1 (dg238-2), showed retarded growth and more

severe phenotypes in young leaves compared with VIGS-

FLN1 (Col-0) and VIGS-GFP (dg238-2) plants, in which

only one of these genes was not expressed (Fig. 4A). To

explore PEP-dependent gene expression in VIGS-FLN1

(dg238-2), we investigated the expression of PEP-dependent

genes psaA, psbA, psbK, and rbcL, along with psaE as a

representative nucleus-encoded gene (as a control). The

expression of the PEP-dependent genes was reduced in

VIGS-FLN1 (Col-0), VIGS-GFP (dg238-2), and VIGS-FLN1

(dg238-2), especially psaA and rbcL expression in VIGS-

FLN1 (dg238-2), compared with VIGS-FLN1 (Col-0) and

VIGS-GFP (dg238-2) plants (Fig. 4B). These results suggest

that DG238 and FLN1 function cooperatively in regulating

PEP-dependent gene expression.

Fig. 2. Analysis of the role of the DUF143 domain in the interaction
between DG238 and FLN1. (A) BiFC assay of Arabidopsis
protoplasts transformed with different combinations of the constructs
and visualized using confocal microscopy. Bars = 10 μm. (B)
Photographs and chlorophyll fluorescence images of dg238-2 plants
grown for 2 weeks on soil. The chlorophyll fluorescence color
ranges from black (0) to red, yellow, green, blue, and purple (1),
as indicated at the bottom. Bars = 1 cm.
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Through bioinformatics analysis, we also found that not

only is DG238 co-expressed with FLN1, but it is also co-

expressed with MRL7-L (Fig. S3), encoding the PEP-associated

protein MRL7-L. In addition, MRL7 is a paralogous protein of

MRL7-L in Arabidopsis, and MRL7 interacts with PEP

subunit protein FSD2 (Qiao et al. 2011; Qiao et al. 2013). In

Arabidopsis, FSD2 interacts with FSD3, which might function

together to regulate PEP-dependent plastid gene expression

Fig. 3. Identification of the functions of conserved amino acids of the DUF143 domain. (A) The amino acid sequence of the DUF143
domain with homologous sequences from various species, including Zea mays (No. NP_001105495), human (NP_612455), E. coli
(NP_752658), and Arabidopsis thaliana (NP_566439.1). Asterisks indicate conserved amino acids. The sequences were aligned with
ClustalW. (B) Diagram of the DUF143 domain of DG238. D138A, I156A, and S161A represent the replacement of amino acids 138, 156,
and 161 of DG238 with alanine, respectively; Δ193-217 represents DG238 without amino acids 193–217. D, Asparticacid; I, Isoleucine;
S, Serine; H, Histidine; A, Alanine. (C) BiFC assay of Arabidopsis protoplasts transformed with different combinations of the constructs and
visualized using confocal microscopy. Bars = 10 μm. (D) Photographs and chlorophyll fluorescence images show genetic material grown
for 2 weeks on soil. Bars = 1 cm.

Fig. 4. The genetic interaction between DG238 and FLN1. (A) Phenotypes of VIGS-FLN1(dg238-2) seedlings. Photographs show VIGS-
GFP(Col-0), VIGS-GFP(dg238-2), VIGS-FLN1(Col-0), and VIGS-FLN1(dg238-2) plants grown for 4 weeks on soil. Bars = 1 cm. (B)
qRT-PCR analysis of psaA, psbA, psbK, and rbcL transcript levels in VIGS-GFP(Col-0), VIGS-GFP(dg238-2), VIGS-FLN1(Col-0), and
VIGS-FLN1(dg238-2) plants. F values were calculated based on the ratio of signal intensities of VIGS-GFP(dg238-2), VIGS-FLN1(Col-0),
and VIGS-FLN1(dg238-2) versus VIGS-GFP(Col-0) plants. The log2F value is given, where 3.32 corresponds to 10-fold upregulation and -
3.32 corresponds to 10-fold downregulation, in VIGS-GFP(dg238-2), VIGS-FLN1(Col-0), and VIGS-FLN1(dg238-2) plants relative to
VIGS-GFP(Col-0) plants. UBQ4 was used as a reference. The data represent means ± SD of three biological replicates. Significant
differences in VIGS-GFP(dg238-2), VIGS-FLN1(Col-0), and VIGS-FLN1(dg238-2) relative to VIGS-GFP(Col-0) plants were calculated
using Student’s t-test and are indicated by * P ≤ 0.05 and ** P ≤ 0.01.
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(Myouga et al. 2008). These findings imply that some

interactions may occur among DG238, MRL7-L, MRL7,

FSD2, and FSD3. Through BiFC assays, we found that

DG238 can interact with MRL7, MRL7-L, FSD2, and FSD3,

whereas we did not observe obvious fluorescent signals

between DG238-YN and PTAC6-YC, PTAC12-YC, TRXz-

YC, or FTRc-YC, which served as negative controls. Co-

immunoprecipitation (Co-IP) analysis confirmed the interaction

of DG238 with MRL7-L, MRL7, FSD2, and FSD3 (Fig. 5A

and Fig. 5B). Notably, like the interaction between DG238

and FLN1, the interaction area of DG238 with MRL7, and

FSD3 is localized solely in the chloroplast nucleoid. However,

the interaction area of DG238 with MRL7-L and FSD2 was

dispersed throughout the chloroplast (Fig. 5A). Likewise,

DUF143 domain also did not interact with MRL7-L, MRL7,

FSD2, and FSD3 (Fig. 5C). Interestingly, the interaction area

of DG238ΔDUF143 with MRL7, and FSD3 was altered to be

dispersed throughout the chloroplast, but the interaction area

of DG238 with MRL7-L and FSD2 was not affected by the

lack of DUF143 domain (Fig. 5C). 

Discussion

Chloroplast development is an essential process for plant

growth that is regulated by many proteins, especially nucleus-

encoded chloroplast proteins (Pfalz and Pfannschmidt 2013).

PEP is a large complex containing numerous proteins, many

of which are encoded by the nucleus. This complex is essential

for plastid gene expression and chloroplast development (Yu,

Huang et al. 2014). We previously identified DG238 as a

potential PEP-associated protein that functions together with

FLN1 to regulate plastid gene expression and early chloroplast

development (Wang et al. 2016). In the current study, we

used VIGS to silence FLN1 gene expression in the dg238

mutant and obtained VIGS-FLN1 (dg238-2) plants, in which

DG238 and FLN1 were not expressed. Our results show that

simultaneous lack of expression of FLN1 and DG238 led to

more severe phenotypes in young leaves (Fig. 4A) and lower

transcripts levels of PEP-dependent genes psaA and rbcL

compared with VIGS-FLN1 (Col-0) and VIGS-GFP (dg238-

2) plants, in which one of these genes was silenced or mutated

Fig. 5. The interactions between DG238 and other PEP-associated proteins. (A) BiFC assay of Arabidopsis protoplasts transformed with
different combinations of the constructs and visualized using confocal microscopy. Zip63, a nuclear protein that interacts with itself, was
used as a positive control. Bars = 10 μm. (B) Co-IP assay of DG238-Flag and FSD2-HA, FSD3-HA, MRL7-L-HA, and MRL7-HA co-
expressed in Arabidopsis protoplasts. Total proteins were immunoprecipitated by anti-Flag affinity gel and detected using anti-HA
antibody. (C) BiFC assay of Arabidopsis protoplasts transformed with different combinations of the constructs and visualized using confocal
microscopy. Bars = 10 μm.



J. Plant Biol. (2017) 60:604-611  609

(Fig. 4B). Together, these results point to the functional

redundancy or synergy of DG238 and FLN1 in regulating

PEP-dependent plastid gene expression and chloroplast

development.

Bioinformatic analysis revealed that DG238 contains a

DUF143 domain, the function of which is unknown (Wang

et al. 2016). In Saccharomyces cerevisiae, ATP25, the

homolog of DG238, is involved in the expression and

assembly of the Atp9p. However, the N-terminus (containing

the DUF143 domain) and C-terminus of ATP25 differ from

those of DG238: the C-terminus of ATP25 is sufficient to

maintain the mRNA stability of ATP9 and to recover the

biosynthesis of Atp9p. The N-terminus of ATP25 may

function in the oligomerization of Atp9p, but its detailed

function is still unclear (Zeng et al. 2008). C7orf30, the

homologous protein of DG238 in human, functions in the

biogenesis of the large subunit of the mitochondrial ribosome.

Overexpression of C7orf30H185A (in which residue 185

[histidine] is mutated to alanine) in HEK239T cells affected

the profile of the large subunit of the mitochondrial ribosome

but had no effect on C7orf30D178A (with residue 178 [aspartic

acid] mutated to alanine) cells: both amino acids are located

in the DUF143 domain (Rorbach et al. 2012). The functions

of the DUF143 domain in ATP25 and C7orf30 suggest that

it plays important roles in various species. 

In plants, It is found that DG238 from Arabidopsis

thaliana participates in plastid gene expression and chloroplast

development (Wang et al. 2016), and the homolog of DG238,

Iojap from Zea mays is involved in chloroplast development

(Han et al. 1992). However, the function of DUF143 in plants

is still unknown. In this study, we successfully constructed

DG238ΔDUF143 and DG238DUF143 vectors and found that the

loss of the DUF143 domain affected the nucleoid localization of

DG238 in the chloroplast (Fig. 1B), whereas the localization

of DG238DUF143 matched that of wild-type protein DG238

(Fig. 1B). These results suggest that the DUF143 domain is

essential for the proper localization of DG238 in the

chloroplast of plants. Furthermore, the interaction area of

DG238 with FLN1, MRL7 and FSD3 was also altered by the

lack of DUF143 domain and it was dispersed throughout the

chloroplast rather than being localized solely in the chloroplast

nucleoid, further confirming that the DUF143 domain affects

the localization of DG238 in the chloroplast (Fig. 1B) and

ultimately affects the DG238 and partners interaction area

(Fig. 2A). DG238, like FSD2, is a chloroplast stroma-localized

protein (Myouga et al. 2008; Wang et al. 2016). DUF143

contains conserved amino acids found in various species, but

our results show that the mutation of these amino acids did

not affect the function of DG238, except when amino acids

193–217 were deleted (Fig. 3C and Fig. 3D); however,

additional studies are needed to identify the key conserved

amino acids in this region that affect the functioning of

DG238.

In this study, we found that, in addition to being co-expressed

with FLN1, DG238 is also co-expressed with MRL7-L

(Fig. S3), which encodes the PEP-associated protein MRL7-L.

In addition, we also found that DG238 can interact with PEP-

associated proteins MRL7, MRL7-L, FSD2, and FSD3 (Fig. 5A

and Fig. 5B). These findings provide further evidence that

DG238 is a PEP-associated protein that, together with other

PEP-associated proteins, participates in PEP-dependent plastid

gene expression (Fig. S5). However, the connections among

these proteins require further study. Furthermore, the lack of the

DUF143 domain in DG238 led to abnormal interactions among

these proteins (Fig. 5C). Interestingly, the interaction of DG238

with FSD2 and MRL7-L was not specific to the chloroplast

nucleoid (Fig. 5A), suggesting that DG238, FSD2, and MRL7-

L may possess additional functions in chloroplast of plants.

Indeed, LOW SULFUR UPREGULATED (LSU) network

hubs integrate abiotic and biotic stress responses via interactions

with the superoxide dismutase FSD2; this interaction area is not

specific to the chloroplast nucleoid (Garcia-Molina et al. 2017).

In maize, the loss of Iojap, the homolog of DG238, results in the

production of defective chloroplast ribosomes (Shumway and

Weier 1967). The diverse functions of FSD2 and Iojap suggest

that DG238 might also play additional roles in Arabidopsis.

Materials and Methods

Plant Materials and Growth Conditions

The Arabidopsis thaliana dg238-2 (SALK_121803) mutant lines in
the Col-0 background were obtained from the Arabidopsis Biological
Resource Center (ABRC). The ecotype Col-0 was used as the wild
type in this study. For soil cultivation, the plants were grown in a
growth chamber with 120 µmol m−2s−1 of light, a 12 h light/12 h dark
cycle, and 60–70% humidity at 22°C. For plants grown on agar
plates, the seeds were surface sterilized using 75% ethanol for 60 s,
followed by 15% bleach for 20 min, and sown on 1/2MS medium
(Phyto Technology Laboratories) supplemented with 1% (w/v) sucrose
and 0.8% (w/v) agar. The seeds were then vernalized in darkness at
4°C for 3 d and transferred to a growth chamber.

GFP and BiFC

The Arabidopsis protoplast were prepared as previously described
(Zhai et al. 2009), and subcellular localization of GFP fusion proteins
and BiFC were performed as previously described (Zhang et al.
2011). 

Plasmid Construction and Plant Transformation

To obtain the transgeneic plants, DG238, DG238 with amino acid
mutations, and DG238 with various amino acid deletions were used
to amplify the corresponding coding sequences fused with the 2×Flag
sequence at the C-terminus. The open reading frame of DG238 was
cloned into pRi35S, excised with HindIII/SalI, and inserted into
pCAMBIA1301 to generate the 35S:DG238-Flag, 35S:DG238ΔDUF143-
Flag, 35S:DG238DUF143-Flag, 35S:DG238D138A-Flag, 35S:DG238I156A-
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Flag, 35S:DG238S161A-Flag, and 35S:DG238Δ193-217-Flag constructs.
The constructs were then transformed into Agrobacterium tumefaciens
strain EHA105 by electroporation. The cells were transformed into
Arabidopsis dg238-2 mutant plants using the floral dip method
(Clough and Bent 1998). Transgenic plants were screened on 1/2MS
agar plates supplemented with hygromycin (50 µg/mL). Obviously
resistant plants were transferred to soil and grown in a growth chamber to
produce seeds. The successful production of complementation lines
were confirmed by western blot analysis.

Protein Extraction and Western Blotting

Total proteins were extracted from plant leaves using extraction
buffer (50 mM HEPES [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol,
150 mM KCl, 1% Triton X-100, and protease inhibitor cocktail). The
extracted proteins were separated using 15% SDS-PAGE, blotted
onto PVDF (polyvinylidene difluoride) membranes (Millipore), and
probed using antibodies specifically directed against individual
enzymes. Signals were detected using the SuperSignal West Pico
Chemiluminescent Substrate (Thermo).

Co-IP Assays

Arabidopsis protoplasts (4 mL) were cotransfected with 400 µg of
plasmid DNA from two constructs or 400 µg of plasmid DNA from
one construct. Total proteins were extracted in 500 µL of protein
extraction buffer (50 mM HEPES [pH 7.5], 1 mM EDTA, 1 mM
dithiothreitol, 150 mM KCl, 1% Triton X-100, and protease inhibitor
cocktail). Before incubation, 20 µL of protein extract was used as an
input. The total cell extracts were further incubated with 20 µL of
anti-FLAG affinity gel (Sigma-Aldrich) for 5 h at 4°C with 60 rpm
rotation. After incubation, the FLAG affinity gel was washed at least
six times with ice-cold TBS buffer (20 mM Tris-HCl [pH 7.4] and
150 mM NaCl) to remove impurities. The specifically bound proteins
were eluted by boiling the gel in 20 µL of SDS-PAGE sample buffer
without Β-mercaptoethanol and subjected to 10% SDS-PAGE,
followed by immunoblotting. 

Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence parameters were measured using the MAXI
version of the Imaging-PAM M-Series Chlorophyll fluorescence
system. Before measurement, the plants were dark-adapted for 20
min. The Fv/Fm was determined as described (Jin et al. 2014).

VIGS Assay

The plasmids pTRV1 and pTRV2 are VIGS vectors based on the
Tobacco rattle virus. FLN1 was amplified using the primers described
in Table S1 and inserted into the pTRV2 vector to prepare the pTRV2-
FLN1 vectors. The pTRV2-GFP vector was used as a negative control.
The pTRV1and pTRV2 derivatives were introduced into Arabidopsis
plants by Agrobacterium tumefaciens infiltration as described previously
(Wang et al. 2013).

RNA Isolation and qRT-PCR

Total RNA was extracted from Arabidopsis leaves using a Plant
RNA Kit (Magen). Total RNA (5 µg) was used for cDNA synthesis
with a PrimeScript RT Reagent kit (Takara) according to the
manufacturer’s instructions. The qRT-PCR was performed using
SYBR® Premix ExTaq™ (Takara) via real-time amplification in a
LightCycler480 system (Roche). Ubiquitin4 (UBQ4) was used as a
reference gene. The primers used for qRT-PCR analyses are listed in
Table S1.

Acknowledgements

The authors would like to thank the Arabidopsis Biological Resource
Center (ABRC) for providing seeds for the T-DNA insertion mutant
dg238-2 (SALK_121803) and Yule Liu (Tsinghua University) for
sharing the TRV-based VIGS vectors. This research was supported by
grants from the National Natural Science Foundation of China (No.
31500195 and 31770260), the National Science and Technology
Major Project Foundation of China (No. 2016ZX08009003-005-
005), the Natural Science Foundation of Guangdong Province, PR,
China (No. 2014A030310491), and the Fundamental Research Funds
for the Central Universities.

Authors’ Contributions

H.L.J., and M.W. designed experiments and wrote the paper. M.W.
and L.J. performed the experiments. H.B.W., J.W., Q.D., J.L. and D.F.
revised the article. All authors read and approved the final manuscript.

Supporting Information

Fig. S1. Identification of transgenic lines harboring 35S:DG238ΔDUF143

Flag/dg238-2 and 35S:DG238DUF143Flag/dg238-2.
Fig. S2. Identification of the DG238 amino acid mutation and amino
acid deletion transgenic lines.
Fig. S3. Co-expression analysis of DG238.
Fig. S4. Negative controls for the BiFC assay.
Fig. S5. The interactions between DG238 and PEP complex-associated
proteins.
Table S1. Sequences of the oligonucleotide primers used in this study.

References

Abdallah F, Salamini F, Leister D (2000) A prediction of the size and
evolutionary origin of the proteome of chloroplasts of Arabidopsis.
Trends Plant Sci 5:141−142

Arsova B, Hoja U, Wimmelbacher M, Greiner E, Ustun S, Melzer M,
Petersen K, Lein W, Bornke F (2010) Plastidial thioredoxin z
interacts with two fructokinase-like proteins in a thiol-dependent
manner: evidence for an essential role in chloroplast development in
Arabidopsis and Nicotiana benthamiana. Plant Cell 22:1498−
1515

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16:735−743

Garcia-Molina A, Altmann M, Alkofer A, Epple PM, Dangl JL,
Falter-Braun P (2017) LSU network hubs integrate abiotic and
biotic stress responses via interaction with the superoxide
dismutase FSD2. J Exp Bot 68:1185−1197

Han CD, Coe EH, Jr., Martienssen RA (1992) Molecular cloning and
characterization of iojap (ij), a pattern striping gene of maize.
The EMBO Journal 11:4037−4046

Hauser R, Pech M, Kijek J, Yamamoto H, Titz B, Naeve F, Tovchigrechko
A, Yamamoto K, Szaflarski W, Takeuchi N, Stellberger T,
Diefenbacher ME, Nierhaus KH, Uetz P (2012) RsfA (YbeB)
proteins are conserved ribosomal silencing factors. PLoS Genet
8:e1002815

Jarvis P, Lopez-Juez E (2013) Biogenesis and homeostasis of
chloroplasts and other plastids. Nat Rev Mol Cell Biol 14:787−



J. Plant Biol. (2017) 60:604-611  611

802
Jin H, Liu B, Luo L, Feng D, Wang P, Liu J, Da Q, He Y, Qi K, Wang

J, Wang HB (2014) HYPERSENSITIVE TO HIGH LIGHT1
interacts with LOW QUANTUM YIELD OF PHOTOSYSTEM
II1 and functions in protection of photosystem II from photodamage
in Arabidopsis. Plant Cell 26:1213−1229

Lopez-Juez E (2007) Plastid biogenesis, between light and shadows. J
Exp Bot 58:11−26

Luo T, Fan T, Liu Y, Rothbart M, Yu J, Zhou S, Grimm B, Luo M
(2012) Thioredoxin redox regulates ATPase activity of magnesium
chelatase CHLI subunit and modulates redox-mediated signaling
in tetrapyrrole biosynthesis and homeostasis of reactive oxygen
species in pea plants. Plant Physiol 159:118−130

Luo T, Luo S, Araujo WL, Schlicke H, Rothbart M, Yu J, Fan T,
Fernie AR, Grimm B, Luo M (2013) Virus-induced gene silencing
of pea CHLI and CHLD affects tetrapyrrole biosynthesis,
chloroplast development and the primary metabolic network.
Plant Physiol Biochem 65:17−26

Martin W, Rujan T, Richly E, Hansen A, Cornelsen S, Lins T, Leister
D, Stoebe B, Hasegawa M, Penny D (2002) Evolutionary analysis
of Arabidopsis, cyanobacterial, and chloroplast genomes reveals
plastid phylogeny and thousands of cyanobacterial genes in the
nucleus. Proc Natl Acad Sci U S A 99:12246−12251

Myouga F, Hosoda C, Umezawa T, Iizumi H, Kuromori T, Motohashi
R, Shono Y, Nagata N, Ikeuchi M, Shinozaki K (2008) A
heterocomplex of iron superoxide dismutases defends chloroplast
nucleoids against oxidative stress and is essential for chloroplast
development in Arabidopsis. Plant Cell 20:3148−3162

Osteryoung KW, Pyke KA (2014) Division and dynamic morphology
of plastids. Annu Rev Plant Biol 65:443−472

Pfalz J, Liere K, Kandlbinder A, Dietz KJ, Oelmuller R (2006)
pTAC2, -6, and -12 are components of the transcriptionally
active plastid chromosome that are required for plastid gene
expression. Plant Cell 18:176−197

Pfalz J, Pfannschmidt T (2013) Essential nucleoid proteins in early
chloroplast development. Trends Plant Sci 18:186−194

Pogson BJ, Ganguly D, Albrecht-Borth V (2015) Insights into chloroplast
biogenesis and development. Biochim Biophys Acta 1847:
1017−1024

Qiao J, Li J, Chu W, Luo M (2013) PRDA1, a novel chloroplast
nucleoid protein, is required for early chloroplast development
and is involved in the regulation of plastid gene expression in
Arabidopsis. Plant Cell Physiol 54:2071−2084

Qiao J, Ma C, Wimmelbacher M, Bornke F, Luo M (2011) Two novel

proteins, MRL7 and its paralog MRL7-L, have essential but
functionally distinct roles in chloroplast development and are
involved in plastid gene expression regulation in Arabidopsis.
Plant Cell Physiol 52:1017−1030

Rorbach J, Gammage PA, Minczuk M (2012) C7orf30 is necessary
for biogenesis of the large subunit of the mitochondrial ribosome.
Nucleic Acids Res 40:4097−4109

Wang M, Jiang L, Da Q, Liu J, Feng D, Wang J, Wang HB, Jin HL
(2016) DELAYED GREENING 238, a Nuclear-Encoded
Chloroplast Nucleoid Protein, Is Involved in the Regulation of
Early Chloroplast Development and Plastid Gene Expression in
Arabidopsis thaliana. Plant Cell Physiol 57:2586−2599

Wang P, Liu J, Liu B, Da Q, Feng D, Su J, Zhang Y, Wang J, Wang
HB (2014) Ferredoxin:thioredoxin reductase is required for
proper chloroplast development and is involved in the regulation
of plastid gene expression in Arabidopsis thaliana. Mol Plant 7:
1586−1590

Wang P, Liu J, Liu B, Feng D, Da Q, Shu S, Su J, Zhang Y, Wang J,
Wang HB (2013) Evidence for a role of chloroplastic m-type
thioredoxins in the biogenesis of photosystem II in Arabidopsis.
Plant Physiol 163:1710−1728

Yu QB, Huang C, Yang ZN (2014) Nuclear-encoded factors associated
with the chloroplast transcription machinery of higher plants.
Front Plant Sci 5: 316

Zeng X, Barros MH, Shulman T, Tzagoloff A (2008) ATP25, a new
nuclear gene of Saccharomyces cerevisiae required for expression
and assembly of the Atp9p subunit of mitochondrial ATPase.
Mol Biol Cell 19:1366−1377

Zhai ZY, Sooksa-nguan T, Vatamaniuk OK (2009) Establishing RNA
Interference as a Reverse-Genetic Approach for Gene Functional
Analysis in Protoplasts. Plant Physiology 149:642−652

Zhang Y, Su J, Duan S, Ao Y, Dai J, Liu J, Wang P, Li Y, Liu B, Feng
D, Wang J, Wang H (2011) A highly efficient rice green tissue
protoplast system for transient gene expression and studying
light/chloroplast-related processes. Plant Methods 7:30

Zhong L, Zhou W, Wang H, Ding S, Lu Q, Wen X, Peng L, Zhang L,
Lu C (2013) Chloroplast small heat shock protein HSP21
interacts with plastid nucleoid protein pTAC5 and is essential for
chloroplast development in Arabidopsis under heat stress. Plant
Cell 25:2925−2943

Zhou S, Sawicki A, Willows RD, Luo M (2012) C-terminal residues
of oryza sativa GUN4 are required for the activation of the ChlH
subunit of magnesium chelatase in chlorophyll synthesis. FEBS
Lett 586:205−210



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


