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Abstract
Increasing lines of evidence indicate that chloroplast- related genes are involved in 
plant– virus interactions. However, the involvement of photosynthesis- related genes 
in plant immunity is largely unexplored. Analysis of RNA- Seq data from the soybean 
cultivar L29, which carries the Rsv3 resistance gene, showed that several chloroplast- 
related genes were strongly induced in response to infection with an avirulent strain 
of soybean mosaic virus (SMV), G5H, but were weakly induced in response to a viru-
lent strain, G7H. For further analysis, we selected the PSaC gene from the photo-
system I and the ATP- synthase α- subunit (ATPsyn- α) gene whose encoded protein 
is part of the ATP- synthase complex. Overexpression of either gene within the G7H 
genome reduced virus levels in the susceptible cultivar Lee74 (rsv3- null). This result 
was confirmed by transiently expressing both genes in Nicotiana benthamiana fol-
lowed by G7H infection. Both proteins localized in the chloroplast envelope as well as 
in the nucleus and cytoplasm. Because the chloroplast is the initial biosynthesis site 
of defence- related hormones, we determined whether hormone- related genes are 
involved in the ATPsyn- α-  and PSaC- mediated defence. Interestingly, genes involved 
in the biosynthesis of several hormones were up- regulated in plants infected with 
SMV- G7H expressing ATPsyn- α. However, only jasmonic and salicylic acid biosynthe-
sis genes were up- regulated following infection with the SMV- G7H expressing PSaC. 
Both chimeras induced the expression of several antiviral RNA silencing genes, which 
indicate that such resistance may be partially achieved through the RNA silencing 
pathway. These findings highlight the role of photosynthesis- related genes in regulat-
ing resistance to viruses.

K E Y W O R D S
ATPsyn- α, photosynthesis, plant hormones, plant– virus interactions, PSaC, RNA silencing, 
soybean, soybean mosaic virus

www.wileyonlinelibrary.com/journal/mpp
https://orcid.org/0000-0003-0309-9221
mailto:
https://orcid.org/0000-0003-3690-7459
mailto:
https://orcid.org/0000-0001-9066-6903
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kookkim@snu.ac.kr
mailto:m.alazem@gmail.com


544  |    BWALYA et AL.

1  |  INTRODUCTION

Symptoms of viral infection in plants usually include a change in 
the green pigmentation such as mottling, mosaic, chlorosis, and 
yellowing. Most of these symptoms indicate changes in photosyn-
thetic activity in the infected plants (Liu et al., 2020; Scholthof et al., 
2011). It has long been known that viral infection leads to reduced 
photosynthesis and major changes in chloroplast ultrastructure 
(Bhattacharyya & Chakraborty, 2018; Lehto et al., 2003). The roles 
of chloroplasts in virus replication, virus movement, and plant de-
fence have only recently been investigated (Azim & Burch- Smith, 
2020; Bhattacharyya & Chakraborty, 2018; Ganusova et al., 2020; 
Zhao et al., 2016).

Photosynthesis includes two major stages: a light- dependent 
stage and a light- independent stage. In the light- dependent stage, 
photosystem I (PSI), cytochrome, photosystem II (PSII), and ATPase 
synthesis sequentially contribute to the production of NADPH and 
then ATP, which are used in the light- independent stage to produce 
sugar through the Calvin cycle (Moejes et al., 2017; Nevo et al., 2012; 
Yu et al., 2020). Virus interference with chloroplasts in general, and 
with photosynthesis in particular, can occur on different levels. 
Because the chloroplast is the site for the biosynthesis of several 
defence- related hormones and helps control plasmodesmata (PD) 
permeability, some viruses reduce host defences by targeting the 
chloroplast with specific viral proteins (Alazem & Lin, 2015, 2020; 
Ganusova et al., 2020). The P25 protein of potato virus X (PVX), 
for example, interferes with the function of ferredoxin 1 (FD1), an 
 important protein involved in electron transfer between PSII and 
PSI, resulting in reduced levels of the defence- related hormones 
abscisic acid (ABA) and salicylic acid (SA) (Yang et al., 2020). This 
reduction decreases callose accumulation at PD, and consequently 
increases PD permeability and PVX spread in the host plant (Yang 
et al., 2020). Because the chloroplast is also the site for the rep-
lication of several RNA viruses, viral effectors are expected to re-
cruit specific chloroplast proteins into their viral replication complex 
(Budziszewska & Obrepalska- Steplowska, 2018; Cheng et al., 2013; 
Ganusova et al., 2020; Zhang et al., 2017). Bamboo mosaic virus 
(BaMV), for example, recruits the chloroplast phosphoglycerate ki-
nase (chl- PGK) protein, that is, the viral RNA genome binds to chl- 
PGK and transports it to the chloroplast (Cheng et al., 2013). Once 
in the chloroplast, BaMV recruits further chloroplast proteins into 
the viral replication complex to complete the infection cycle (Huang 
et al., 2017). In another example, infection with rice stripe virus 
(RSV) dramatically changes the proteome profiles of the Nicotiana 
benthamiana protoplast and chloroplast, resulting in a significant de-
crease in the number of nuclear- encoded chloroplast- localized pro-
teins; the decrease is caused by RSV interference with three host 
factors (K4CSN4, K4CR23, and K4BXN9) that are involved in protein 
delivery to the chloroplast (Zhao et al., 2019).

It follows that viral interference with the functions of chloro-
plast proteins explains why photosynthesis is reduced in susceptible 
plants (i.e., in compatible interactions). In contrast, some resistant 
plants show increased expression of photosynthesis- related genes. 

For example, expression of photosynthesis- related genes in  soybean 
cultivar L29 (which carries the resistance [R]- gene Rsv3) was in-
creased in response to infection by the avirulent G5H strain but 
not in response to the virulent G7H strain of soybean mosaic (SMV) 
(Alazem et al., 2018).

Soybean mosaic virus is a member of the genus Potyvirus and 
has a single- stranded, positive- sense RNA genome that encodes 11 
viral proteins and is about 10 kb in length (Hajimorad et al., 2018; 
Liu et al., 2016). SMV has many strains distributed worldwide and, 
depending on the phenotypic responses of various soybean culti-
vars, these strains have been classified into seven distinct strains 
in the United States (G1 to G7) and into 21 strains in China (SC1 to 
SC21) (Hajimorad et al., 2018). Genetic resistance to SMV is mainly 
achieved through different strain- specific NLR- type R- genes such as 
the Rsv and the Rsc groups (Widyasari et al., 2020). There are several 
other non- NLR host factors that have been found to be critical for 
resistance, either because they are key components in the signalling 
pathway downstream of the R- gene or because they are part of a 
plant system that degrades viral RNA or protein (i.e., antiviral RNA 
silencing and double- stranded RNA ribonuclease) (Ishibashi et al., 
2019; Liu et al., 2014; Widyasari et al., 2020).

Here, we investigated the roles of two photosynthesis- related 
proteins, PSaC and ATPsyn- α, in the resistance to SMV in soybean 
cultivar L29, which is resistant to G5H but not to G7H. Both pro-
teins were strongly up- regulated in cultivar L29 in response to G5H, 
whereas the response to G7H infection was rather weak. However, 
their roles in resistance to SMV have not been investigated. 
Constitutive expression of PSaC, a member of PSI, and ATPsyn- α, a 
component in the ATPase synthase complex, increased resistance to 
SMV- G7H infection in Lee74 (a susceptible rsv- null soybean cultivar) 
and in N. benthamiana plants. Genes involved in the antiviral RNA 
pathways were up- regulated in the plants transiently expressing 
PSaC or ATPsyn- α, which may account for the resistance phenotype 
induced by both genes.

2  |  RESULTS

2.1  |  Chloroplast-relatedgenesareinducedin
the resistant cultivar L29 in response to SMV- G5H 
infection

The soybean cultivar L29 carries the R- gene Rsv3, which confers 
resistance against the SMV avirulent strain G5H but is ineffec-
tive against the virulent strain G7H (Seo, Lee, & Kim, 2009). We 
previously obtained RNA- Seq data from L29 plants infected with 
strains G5H and G7H (Alazem et al., 2018). The data showed that, 
in the incompatible interaction (resistance against G5H), a large 
number of differentially regulated genes were photosynthesis- 
related (Alazem et al., 2018). To examine this list more closely, 
we searched for the top up- regulated genes (fold change >1) 
that were induced only in response to G5H infection at any time 
point (Figure 1a). Most of these genes have different functions 
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related to photosynthesis/chloroplasts (Table 1). While the ex-
pression of most of these genes was induced in response to G5H, 
the expression of several was temporarily and slightly increased 

in response to G7H at 8 h postinfection (hpi) but then decreased 
at 24 and 54 hpi (Figure 1a). This suggests a possible relationship 
between their suppression and G7H virulence. We selected two 

F IGURE 1 Expression of photosynthesis- related genes in response to soybean mosaic virus (SMV) infection. (a) Heat- map of 
photosynthesis- related genes regulated by infection with the avirulent strain G5H or the virulent strain G7H of SMV. Expression of ATPsyn- α 
(b) and PSaC (c) in L29 plants (which carry the Rsv3 resistance gene) at 8, 24, and 54 h postinfection (hpi) by G7H::eGFP. Expression of 
ATPsyn- α (d) and PSaC (e) in Lee74 plants (rsv- null) at 8, 24, and 54 hpi by G7H::eGFP. Actin11 was used as the internal control. In (b– e), values 
are means + SD of three biological replicates. Values were compared to that of the corresponding mock- treated plants (the bar on the left) 
with one- sided Student's t tests; * and ** indicate a significant difference at p < 0.05 and p < 0.01, respectively
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genes, Glyma.18G155300.1 and Glyma.12G232000.1, which were 
strongly down- regulated in response to G7H but up- regulated 
in response to G5H (Figure 1a), for further analysis. In the soy-
bean DB (Soybase) assembly 4 v. 1, Glyma.18G155300.1 and 
Glyma.12G232000.1 were reported to encode the PSaC subunit of 
the PSI subunit (PSaC) and the ATP- synthase α- subunit (ATPsyn- α), 
respectively (Table 1) (Brown et al., 2021; Grant et al., 2010).

To confirm the RNA- Seq data, we used reverse transcription 
quantitative PCR (RT- qPCR) to measure the expression of both 
genes in L29 plants infected with G7H. Expression of GmATPsyn- α 
significantly increased at 8 hpi but then declined at 24 and 54 hpi to 
levels comparable to that in mock treatments (Figure 1b). GmPSaC 
increased only at 8 hpi, then decreased to a level lower than that 
of the mock treatment at 24 hpi (Figure 1c). We then analysed the 
expression of these genes in Lee74 plants, a susceptible rsv- null soy-
bean cultivar. Interestingly, the expression pattern of both genes 
did not differ with G7H infection compared with mock treatment at 
any time point, except for a slight decrease of GmATPsyn- α at 8 hpi 
(Figure 1d,e). This suggests that although the interaction is compati-
ble with L29, the Rsv3 gene might be involved in the early induction 
of both genes in L29 plants but that G7H was able to suppress the 
responses as the infection progressed.

Sequence analysis revealed that GmPSaC is a small protein 
composed of 81 amino acid residues and has two copies of the 
ferredoxin- like 4Fe- 4S binding site in the specific Fer4- 7 domain 
located between amino acids 10 and 61 (Figure 2a). PSaC is an es-
sential member of PSI (iron- sulphur protein PSaC) in the chloroplast 
and functions in the fast electron transfer to ferrodoxin through the 
Fer4- 7 domain (Fischer et al., 1998; Kubota- Kawai et al., 2018). The 
other protein, GmATPsyn- α, encodes the ATPase α subunit of 510 
amino acids from the ATP synthase α/β family with three domains, 
including the β- barrel domain positioned between amino acids 29 
and 93, the nucleotide- binding domain positioned between amino 
acids 150 and 365, and the C- terminal domain positioned between 
amino acids 372 and 496 (Figure 2b). The enzyme complexes ca-
talyse the conversion of ADP to ATP using proton motive force, 
confer redox regulatory properties, and are located in the thylakoid 
membrane of the chloroplast (Table 1) (Hahn et al., 2018; Hisabori 
et al., 2013).

Analysis of amino acid sequences from five soybean cultivars 
with different resistance backgrounds (L29, Rsv3; William 82 (W82), 
rsv- null; Lee74, rsv- null; Somyoungkong (SMK), rsv- null; and V94, 
Rsv4) showed that the sequence for GmATPsyn- α is identical in 
all five cultivars (Figure S1a). However, the sequence of GmPSaC 
in W82 differed in six amino acids relative to the other cultivars 
(Figure S1b). Phylogenetic analysis clustered GmPSaC close to or-
thologs from Arabidopsis thaliana and N. benthamiana, and only the 
ortholog from Solanum lycopersicum was genetically distant from 
the others (Figure 2c). Analysis revealed much closer relatedness for 
most orthologs except for At.GmATPsyn- α, which clustered far from 
the others (Figure 2d). Hereafter, the genes Glyma.18G155300.1 and 
Glyma.12G232000.1 will be referred to as GmPSaC and GmATPsyn- α, 
respectively.

2.2  |  GmPSaC and GmATPsyn-α genes are induced 
in cultivars with different resistance backgrounds

The finding that GmPSaC and GmATPsyn- α are temporarily induced 
in L29, which is immune to G5H via the Rsv3 gene but is susceptible 
to G7H, prompted us to determine the expression of both genes in 
other cultivars with different resistance backgrounds. For this, three 
rsv- null cultivars (Lee74, W82, and SMK), one Rsv4 cultivar (V94), and 
one Rsv3 cultivar (L29) were assessed for their susceptibility to G7H. 
Infection by G7H (which expresses green fluorescent protein, GFP) 
induced visual symptoms in the systemically infected leaves (SL) of 
all cultivars except V94 at 10 days postinoculation (dpi) (Figure 3a). 
Confirming this, a protein blot revealed that GFP from G7H was un-
detectable in cultivar V94 but accumulated to different levels in the 
other cultivars, with Lee74 being the most susceptible to infection 
(Figure 3b). Reactive oxygen species (ROS), which is a sign of activated 
antiviral defence (Calil & Fontes, 2017; Wu et al., 2017), was not de-
tected in any of the tested cultivars regardless of the resistance levels 
exhibited in response to G7H infection (Figure 3c). The expression 
level of GmPSaC and GmATPsyn- α was then measured in the inocu-
lated leaves (IL) of the five infected cultivars at 5 dpi. Interestingly, 
only the resistant cultivar V94 showed a significant increase in the 
expression of both genes; the other cultivars did not exhibit significant 
changes in the expression except for a c.50% increase in ATPsyn- α in 
SMK plants, which accumulated less G7H than the other susceptible 
cultivars (Figure 3d,e). These findings indicate that tolerance/resist-
ance to G7H infection might be related to the function of both genes 
in soybean plants, and that the presence of an anti- SMV R- gene may 
enhance their regulation in response to SMV infection.

2.3  | OverexpressionofATPsyn-αandPSaC
inducesresistanceagainstG7Hinthesusceptible
cultivarLee74

To determine the effect of ATPsyn- α and PSaC on resistance to 
G7H, the coding sequence (CDS) of each gene was cloned from L29 
plants into the G7H genome to create pSMV- G7H::eGFP::ATPsyn- α 
and pSMV- G7H::eGFP::PSaC constructs (Figure 4a). As a member 
of the Potyvirus genus, SMV uses the host's cellular translation 
machinery to translate its RNA into one single polyprotein, which 
undergoes self- cleavage to produce 11 different viral proteins 
(Hajimorad et al., 2018). We previously took advantage of this char-
acteristic by inserting Green fluorescent protein (GFP) as a reporter 
gene within the SMV- infectious clone pSMV- G7H::eGFP (Seo et al., 
2014). Here, we inserted both genes downstream of the GFP within 
the G7H genome (Figure 4a). The rsv- null cultivar Lee74 was rub- 
inoculated at the unifoliate stage with plasmids of both constructs 
(the seedlings were about 12 days old) and the accumulation level 
was measured in IL and SL at 7 and 14 dpi, respectively. While 
Lee74 developed strong GFP fluorescence in the SL following in-
fection with pSMV- G7H::eGFP, GFP fluorescence was weak in the 
case of pSMV- G7H::eGFP::PSaC and undetectable in the case of 
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F IGURE 2 Domains and phylogenetic analyses of GmPSaC and GmATPsyn- α. (a) Conserved domain in GmPSaC. Protein sequence of 
GmPSaC BLASTed against the Pfam database showed that GmPSaC belongs to the Fer4- 7 superfamily. Alignment result between the hidden 
Markov model (HMM) and GmPSaC (positions 10– 61, E- value 1.55e−07). (b) Conserved domains in GmATPsyn- α. Protein sequence of 
GmATPsyn- α BLASTed against the Pfam database showed that GmATPsyn- α belongs to the ATP synthase α/β family and has three domains. 
Alignment between HMM and GmATPsyn- α showed that the protein has three domains: the 1- β- barrel domain (positions 29– 93, E- value 
3.66e−16), the 2- nucleotide- binding domain (positions 150– 365, E- value 5.21e−114), and the 3- C terminal domain (positions 372– 496, 
E- value 3.34e−59). #HMM is the hidden Markov model, and #Match indicates the match between the query sequence and the HMM. #PP 
indicates the posterior probability (or degree of confidence) in each individual aligned residue. The coloured PSaC or ATPsyn- α sequences 
indicate the posterior probability according to the scale from 0% to 100% at the bottom. Analysis was carried out in the Pfam database v. 
33.1. (c, d) Phylogenetic analysis (nucleic acid sequences) of GmPSaC (c) and GmATPsyn- α (d) with homologs from five soybean cultivars: 
William 82 (W82), Lee74, Somyoungkong (SMK), V94, and L29, as well as orthologs from Arabidopsis thaliana, Nicotiana benthamiana, and 
Solanum lycopersicum. The phylogeny was generated using the neighbour- joining method with MEGA 7 software. Numbers represent relative 
phylogenetic distance
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F IGURE 3 Soybean susceptibility to infection by SMV- G7H. (a) Visual symptoms on the following five soybean cultivars infected with 
pSMV- G7H::eGFP: Lee74, Somyoungking (SMK), L29, V94, and William 82 (W82). (b) Western protein blot for green fluorescent protein 
(GFP) levels (upper panel) in soybean cultivars infected with pSMV- G7H::eGFP and their quantified levels (lower panel). Inoculated leaves (IL) 
were assayed at 5 days postinoculation (dpi) and systemically infected leaves (SL) were assayed at 10 dpi. M is mock from uninfected Lee74 
plants, which were used as a negative control. Ponceau S staining of RuBisCO was used on the loading control. The blot is a representative 
of three biological replicates with similar results. (c) Accumulation of reactive oxygen species (ROS) in soybean cultivars as indicated by 
3,3′- diaminobenzidine staining at 5 dpi of pSMV- G7H::eGFP. (d, e) Relative expression levels of ATPsyn- α (d) and PSaC (e) in the five soybean 
cultivars infected with pSMV- G7H::eGFP at 5 dpi. Values are means + SD of three biological replicates. Statistical analysis was carried out as 
described in the legend of Figure 1; * and ** indicate a significant difference at p < 0.05 and p < 0.01, respectively
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F IGURE 4 Effect of overexpressing ATPsyn- α and PSaC on resistance against G7H in the susceptible cultivar Lee74. (a) Schematic drawing 
of pSMV- G7H::eGFP construct with the insertion site for ATPsyn- α and PSaC downstream of the GFP coding sequence; the expression of the 
construct is driven by two copies of the CaMV 35S promoter (35S × 2) and is terminated by an NOS terminator (NOSt). Rz is a cis- cleaving 
ribozyme sequence. (b) Green fluorescent protein (GFP) visual levels in the systemically infected leaves (SL) of Lee74 plants. The first 
unifoliate leaves of 12- day- old seedlings were infected with pSMV- G7H::eGFP, pSMV- G7H::eGFP::ATPsyn- α, or pSMV- G7H::eGFP::PSaC. 
Fourteen days later, the SL from three plants (1, 2, and 3) were photographed under UV light. (c) Western protein blot for GFP levels 
(upper panel) in the inoculated leaves (IL) and the SL, and their quantified levels (lower panel). Ponceau S staining of RuBisCO was used on 
the loading control. (d) Relative expression levels of GFP RNA in IL and SL of Lee74 infected with pSMV- G7H::eGFP constructs. Actin11 
was used as the internal control. Values are means + SD of three biological replicates. Statistical analysis was carried out as described in 
the legend of Figure 1; ** indicates a significant difference at p < 0.01. (e) Detection of reactive oxygen species in Lee74 as indicated by 
3,3′- dimainobenzidine staining at 7 days postinoculation (dpi)
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pSMV- G7H::eGFP::ATPsyn- α (Figure 4b). A western protein blot 
confirmed this observation, that is, GFP protein accumulation was 
lower for pSMV- G7H::eGFP::PSaC than for pSMV- G7H::eGFP, and 
was undetectable for pSMV- G7H::eGFP::ATPsyn- α in both IL and SL 
(Figure 4c). Expression levels of eGFP RNA were also confirmed by 
RT- qPCR for both constructs, that is, expression was significantly 
lower in the chimeras than in the pSMV- G7H::eGFP control, and was 
lowest in pSMV- G7H::eGFP::ATPsyn- α (Figure 4d). These findings 
indicate that both genes contribute to resistance against G7H in soy-
bean plants, although to different degrees.

The effect of ATPsyn- α and PSaC was also assayed on resis-
tance to the avirulent strain G5H. Lee74 plants were infected with 
G5H::eGFP, G5H::eGFP::ATPsyn- α or G5H::eGFP::PSaC infectious 
clones (Figure S2a). Plants developed strong GFP patches follow-
ing the infection with G5H::eGFP. However, GFP fluorescence 
was less in G5H::ATPsyn- α or G5H::PSaC constructs than in the 
G5H::eGFP control (Figure S2b), and the western protein blot 
showed very low accumulation of eGFP in plants infected with 
G5H::eGFP::ATPsyn- α or G5H::eGFP::PSaC compared to those in-
fected with G5H::eGFP (Figure S2c). This result indicates that both 
genes induce a common defence mechanism against SMV virulent 
and avirulent strains.

To confirm that both inserts translated into proteins, we first 
checked for the presence of both genes in the pSMV- G7H::eGFP 
genome from RNA extracted from the soybean SL using primers 
targeting the flanking regions of the insert site. Indeed, both inserts 
were detected in the pSMV- G7H::eGFP genome (Figure S3a), and 
sequencing of PCR products showed that both insets remained in-
tact throughout the replication and movement of pSMV- G7H::eGFP 
(Figure S3b,c). Next, an HA- tag was fused to each insert to gener-
ate G7H::eGFP::PSaC::HA and G7H::eGFP::ATPsyn- α::HA clones. A 
western protein blot showed that both genes were translated into 
proteins and that they were not lost or missed in the translation 
of the SMV polyprotein in the SL (Figure S3d). In addition, the ex-
pression of these genes in pSMV- G7H::eGFP might trigger their si-
lencing in plants. To examine this, RT- qPCR with primers annealing 
to the 3′ untranslated regions of both genes showed that endoge-
nous transcripts of both genes were not affected by the constitu-
tive expression via pSMV- G7H::eGFP (Figure S4a,b). To determine 
whether this resistance is connected to ROS, 3,3′- diaminobenzidine 
staining on the IL 7 dpi showed no ROS in response to G7H::eGFP 
or the constructs expressing either gene (Figure 4e). This indicated 
that ROS may not be part of the resistance induced by PSaC or 
ATPsyn- α.

2.4  | KnockdownofATPsyn-α and PSaC increased 
Lee74susceptibilityagainstG7Hinfection

To confirm the role of both genes in resistance against G7H, virus- 
induced gene silencing was employed using the silencing vector bean 
pod mottle virus (BPMV). Knocking down either gene significantly 
reduced its expression by c.60% compared with the empty vector of 

BPMV (BPMV- EV) (Figure 5a). No visual symptoms were developed 
on the knocked- down plants other than the typical BPMV mottling 
symptoms observed at 12 dpi (Figure 5b). Lee74 plants were then in-
fected with G7H::eGFP, which developed a strong GFP signal in the 
SL at 10 dpi in ATPsyn- α- silenced plants, but was of similar intensity 
to that of PSaC- silenced plants (Figure 5c). RT- qPCR and western 
blot for eGFP confirmed that G7H::eGFP accumulated more in the 
ATPsyn- α knocked- down plants, and that G7H accumulation level 
was similar between BPMV- EV and BPMV- PSaC plants (Figure 5d,e). 
These data indicated that silencing ATPsyn- α has a strong influence 
on plant susceptibility to G7H infection, unlike that of PSaC, which 
was similar to the control BPMV- EV treatment.

To determine whether the silencing process may affect off- 
target transcripts, a BLAST search using both genes was made in the 
Soybase database in a search for paralogs. Only ATPasesyn- α had two 
close paralogs: Glyma.16G115300.1 (which encodes a chloroplast 
ATP synthase subunit α) and Glyma.05G092300.1 (which encodes 
a mitochondrial ATP synthase subunit α). However, the designated 
fragment for silencing shares low similarity with the two paralogs 
(Figure S5). Expression levels of either gene were not affected by the 
silencing of ATPsyn- α (Figure S6a,b), which indicates that silencing 
probably did not affect off- target transcripts.

2.5  |  LocalizationofATPsyn-αandPSaCin
N. benthamiana and their effects on N. benthamiana 
resistanceagainstSMV-G7H

To investigate the localization of ATPsyn- α and PSaC, we expressed 
both genes in the binary vector pBin61- HA- mCherry (Alazem et al., 
2020). We used the chloroplast- localized protein from Arabidopsis, 
EMB1303, fused with eGFP as a marker protein (Huang et al., 2009). 
AtEMB1303 localized in the chloroplast membrane, and the GFP 
signal was also detected in the extended stromules (Figure 6a and 
Figure S7). Both PSaC and ATPsyn- α localized in the chloroplast en-
velope, the nucleus, and the cytoplasm (Figure 6b,c). We next ex-
amined the effect of the transient expression of both genes on G7H 
accumulation in N. benthamiana. Although N. benthamiana is not a 
preferred host for SMV, the virus can accumulate to detectable lev-
els in this host. Interestingly, both soybean genes reduced the ac-
cumulation of SMV- G7H in N. benthamiana plants, indicating that 
the resistance mechanism regulated by these genes could be similar 
in the two hosts and independent of the Rsv3- mediated resistance 
(Figure 6d).

2.6  |  Involvementofdefence-relatedhormonesin
ATPsyn-α-andPSaC-mediatedresistance

The chloroplast plays a critical role in plant immunity because 
it is a major site for the production of several plant hormones 
such as SA, ABA, jasmonic acid (JA), and ethylene (ET) (Alazem 
& Lin, 2015; Bhattacharyya & Chakraborty, 2018; Zhao et al., 
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2016). To investigate whether ATPsyn- α and PSaC have any ef-
fect on the signalling pathway of defence- related hormones, 
the expression levels of key genes in the signalling pathways of 
SA, ABA, JA, and ET were measured in Lee74 plants infected 
with pSMV- G7H::eGFP, pSMV- G7H::eGFP::PSaC, and pSMV- 
G7H::eGFP::ATPsyn- α. SMV- G7H::eGFP infection of Lee74 plants 

decreased the expression of ICS1 in the SA pathway and of ABA1 
in the ABA pathway (Figure 7a,e). However, the following genes 
belonging to different pathways were increased in response to 
G7H infection: PAD4 in the SA pathway (Figure 7b), JAR1 in the 
JA pathway (Figure 7c), ABA2 in the ABA pathway (Figure 7f), and 
DREB1A- 1 and DREB1A- 2 in the ET pathway (Figure 8g,h). This 

F IGURE 5 Effect of silencing GmATPsyn- α and GmPSaC on soybean susceptibility to SMV- G7H infection. Lee74 plants were silenced in 
GmATPsyn- α and GmPSaC using BPMV silencing vector. (a) Relative expression levels of ATPsyn- α (left) and PSaC (right) in the upper systemic 
leaves of Lee74 plants 14 days after BPMV infection in the empty vector (BPMV- EV), ATPsyn- α- silenced (BPMV- ATPsyn- α), and PSaC- 
silenced plants (BPMV- PSaC). Healthy plants were used as negative control. Actin was used as internal control. Values are means + SD of 
three biological replicates. Statistical analysis was carried out as described in the legend of Figure 1; ** indicates a significant difference at 
p < 0.01. (b) Mottling symptoms developed in silenced Lee74 plants compared to BPMV- EV control or healthy plants. (c) Green fluorescent 
protein (GFP) fluorescence from the upper systemic leaves of silenced plants infected with pSMV- G7H::eGFP at 10 days postinoculation 
(dpi). Mock plants were treated with phosphate buffer as a control for BPMV infection. (d) Relative expression levels of eGFP in the Lee74 
systemically infected leaves with pSMV- G7H::eGFP at 10 dpi. Healthy plants were used as negative control. Actin was used as internal 
control. Values are means + SD of three biological replicates. Statistical analysis was carried out as described in the legend of Figure 1; 
significant difference at *p < 0.05, **p < 0.01. (e) Protein blot of GFP levels (upper panel) in the Lee74 systemically infected leaves with 
pSMV- G7H::e GFP at 10 dpi, and their quantified levels (lower panel). Ponceau S staining of RuBisCO was used on the loading control. The 
blot is a representative of three biological replicates with similar results

(a)

(b)

(c)

(d)

(e)
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F IGURE 6 Localization and effects of GmATPsyn- α and GmPSaC on resistance to SMV- G7H in Nicotiana benthamiana leaves. (a) Localization 
of the chloroplast- marker protein AtEMB1303- eGFP with pBin- 3HA- mCherry as a control. (b) Co- localization of EMB1303- eGFP and PSaC- 
HA- mCherry. (c) Co- localization of EMB1303- eGFP and ATPsyn- α- 3HA- mCherry. N. benthamiana plants were agroinfiltrated with pBin- 
eGFP- AtEMB1303 (chloroplast- marker protein) with pBin- 3HA- mCherry constructs carrying GmATPsyn- α or GmPSaC, and pPZP- 2b, which 
carries the CMV suppressor of RNA- silencing protein gene (2b) to enhance the transient expression. DAPI was used to stain nuclei. Leaves 
were photographed 3 days after agroinfiltration. Scale bars measure 50 µm for the whole field and 10 µm for the magnified field. (d) Effect of 
transient overexpression of PSaC and ATPsyn- α on resistance to SMV- G7H in N. benthamiana plants. The same agrobacterial cultures used for the 
localization test were used without pPZP2b for the SMV- G7H::eGFP infection. One day after agroinfiltration, N. benthamiana leaves were sap- 
infected with SMV- G7H::eGFP prepared from infected soybean plants. Samples were collected at 5 days postinoculation, and western protein 
blots were hybridized with anti- GFP to detect eGFP from SMV- G7H, and anti- HA to detect GmPSaC (39 kDa), GmATPsyn- α (80 kDa), and the 
empty vector 3HA- mCherry (30 kDa). eGFP levels were quantified using ImageJ (right panel). Ponceau S staining of RuBisCO was used as the 
internal control, and the blots are representatives of three biological replicates. ** indicates a significant difference at p < 0.01
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indicated that SMV- G7H infection disrupts the hormone balance 
in the infected plant by inducing several antagonistic hormone sig-
nalling pathways.

The expression levels of ICS1 and PAD4 in the SA biosynthe-
sis pathway were significantly higher in the SL of plants infected 
with pSMV- G7H::eGFP::PSaC and pSMV- G7H::eGFP::ATPsyn- α 

F IGURE 7 Expression levels of key genes of defence- related hormones in Lee74 plants in response to SMV- G7H expressing ATPsyn- α 
and PSaC genes. Relative expression levels in Lee74 plants of salicylic acid- related genes ICS1 (a) and PAD4 (b); jasmonic acid- related 
genes JAR1 (c) and Lox2 (d), abscisic acid biosynthesis genes ABA1 (e) and ABA2 (f), and ethylene- related genes GmDREB1A- 1 (g) and 
GmDREB1A- 2 (h). The unifoliate leaves of Lee74 plants were inoculated with pSMV- G7H::eGFP expressing ATPsyn- α or PSaC genes (pSMV- 
G7H::eGFP::ATPsyn- α or pSMV- G7H::eGFP::PSaC, respectively); the inoculated leaves (IL) and systemically infected leaves (SL) were 
collected at 7 and 14 days postinoculation, respectively. Actin11 was used as the internal control. Values are means + SD of three biological 
replicates. Statistical analysis was carried out as described in Figure 1; * and ** indicate a significant difference at p < 0.05 and p < 0.01, 
respectively. An additional t test was carried out to compare expressions in the pSMV- G7H::eGFP::ATPsyn- α and pSMV- G7H::eGFP::PSaC 
treatments to that in pSMV- G7H::eGFP
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than in plants infected with pSMV- G7H::eGFP. Such an increase 
was only recorded for PAD4 in the SL of plants infected with both 
constructs (Figure 7a,b). Similarly, the expression levels of the JA- 
related genes JAR1 and Lox2 were significantly higher in both IL 
and SL of plants infected with both constructs than in plants in-
fected with pSMV- G7H::eGFP (Figure 7c,d). However, only the IL 
of pSMV- G7H::eGFP::ATPsyn- α infected plants exhibited increased 
levels of ABA1 and ABA2 from the ABA biosynthesis pathway 
(Figure 7e,f). Compared to its expression in response to pSMV- 
G7H::eGFP infection, expression of the ET- related transcription 
factor (TF) GmDREB1A- 1 increased only in response to infection 
by SMV- G7H::eGFP::ATPsyn- α in the IL (Figure 7g). The other ET 
TF GmDREB1A- 2 was not affected by infection of either constructs 

compared to SMV- G7H::eGFP infection (Figure 7h). These data in-
dicate that ATPsyn- α has a strong effect on the expression of SA- , 
JA- , and ABA- related genes, although they function antagonistically 
under abiotic stress conditions, and that PSaC increased the expres-
sion of the SA-  and JA- related genes.

2.7  | AntiviralRNAsilencinggenesareregulatedin
ATPsyn-α-andPSaC-mediatedresistance

Because SA and ABA affect the expression of RNA silencing genes 
(Alazem & Lin, 2020) the expression levels of the key genes in this path-
way were measured in response to infection by pSMV- G7H::eGFP, 

F IGURE 8 Expression levels of RNA silencing genes in Lee74 plants in response to SMV- G7H expressing ATPsyn- α and PSaC genes. 
Relative expression of Dicer- like (DCL) 2a (a) and DCL4a (b), and of RNA- dependent RNA polymerase (RDR) 1a (c), RDR2a (d), and RDR6a (e) in 
Lee74 plants. Actin11 was used as the internal control. Values are means + SD of three biological replicates. Statistical analysis was carried 
out as described in Figure 1; * and ** indicate a significant difference at p < 0.05 and p < 0.01, respectively. An additional t test was carried 
out to compare expression in the pSMV- G7H::eGFP::ATPsyn- α and pSMV- G7H::eGFP::PSaC treatment with that in the pSMV- G7H::e GFP 
treatment
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pSMV- G7H::eGFP::PSaC, or pSMV- G7H::eGFP::ATPsyn- α. The ex-
pression levels of the Dicer- like (DCL) genes DCL2a and DCL4a, and 
of the RNA- dependent RNA polymerase (RDR) genes RDR1a, RDR2a, 
and RDR6a were up- regulated in response to infection with either 
construct (Figure 8). Compared to infection of Lee74 plants with 
pSMV- G7H::eGFP, infection with pSMV- G7H:e:GFP::ATPsyn- α sig-
nificantly increased the expression of DCL4a, RDR2a, and RDR2a in 
the IL (Figure 8b,d,e), and this effect was evident only for RDR2a 
and RDR6a in the SL (Figure 8d). In contrast, DCL2a and RDR1a 
were down- regulated or unchanged, respectively, in response to 
pSMV- G7H::eGFP::ATPsyn- α local infection (Figure 8a,c). The ef-
fect of pSMV- G7H::eGFP::PSaC infection was weaker than that of 
pSMV- G7H::eGFP::ATPsyn- α infection with only RDR2a induced 
locally and systemically (Figure 8d), and RDR6a induced systemi-
cally (Figure 8e). We next determined if this effect on the RNA si-
lencing genes was similar to that in N. benthamiana plants infected 
with G7H::eGFP expressing either gene. NbDCL2, NbDCL4, NbRDR2, 
and NbRDR6 were significantly increased response to virus infec-
tion (Figure S8). However, the expression was significantly higher 
for plants infected with G7H::eGFP::ATPsyn- α or G7H::eGFP::PSaC 
than those infected with G7H::eGFP for NbDCL4, NbRDR2, and 
NbRDR6 genes (Figure S8b– d). These data indicate that the defence 
mechanisms affected by both genes are similar between soybean 
and N. benthamiana plants. Collectively, the antiviral RNA silencing 
genes may partially contribute to the ATPsyn- α-  and PSaC- mediated 
resistance in soybean plants, and the influence of ATPsyn- α on RNA 
silencing genes is greater than that of PSaC.

3  | DISCUSSION

An increasing body of evidence connects plant virus replication and 
movement with the chloroplast. The effects of chloroplast genes on 
viruses are diverse and vary among virus groups. While some viruses 
recruit specific chloroplast proteins to their replication or movement 
complex, others reduce the expression of specific chloroplast genes 
to facilitate their replication and spread (Cheng et al., 2013; Ganusova 
et al., 2020; Jiang et al., 2020; Zhao et al., 2016, 2019). The current 
study provides evidence of positive roles of two photosynthesis- 
related genes, GmPSaC and GmATPsyn- α, in inducing resistance 
against SMV infection in the susceptible soybean cultivar Lee74. 
Previous studies reported a similar role for other ATPsyn subunits 
in resistance to other viruses. For example, infection with tobacco 
mosaic virus (TMV) reduced the expression levels of the ATPsyn- γ 
subunit, and when ATPsyn- γ was silenced in N. benthamiana plants, 
TMV accumulation and pathogenicity were greatly enhanced, indi-
cating that ATPsyn- γ is involved in limiting the intracellular trafficking 
of TMV as well as in inducing defence signalling pathways (Bhat et al., 
2013). Interestingly, an opposite effect was found for ATP- syn- γ in 
response to infection with PVX or tomato bushy stunt virus, that is, 
their spread was decreased in ATP- syn- γ- silenced plants (Bhat et al., 
2013). In another example, infection with potato virus Y reduced the 
photosynthesis rate through the HC- Pro protein in Nicotiana tabacum 

plants; HC- Pro interacted with the ATPsyn- β subunit but did not af-
fect the enzymatic activity of ATP synthase, leading to a reduced 
ATP synthase content in HC- Pro- transgenic plants (Tu et al., 2015). 
In other words, we cannot generalize about the effects of ATPsyn 
subunits on host plant resistance to viruses; the influence on resist-
ance can vary depending on the virus group.

ATPsyn- α and - β form the hydrophilic head (cF1) powered by the 
membrane- embedded- cF0 rotary motor in the ATP synthase com-
plex. ATPsyn- α guides protons to and from the c- ring protonation 
site (Hahn et al., 2018). In general, ATP synthase is redox- regulated 
and controlled by the chloroplast thioredoxin system, which is 
connected with photosynthesis (Hisabori et al., 2013). Regulation 
of redox controls the accumulation of ROS and nitrogen species, 
both of which are important for resistance against several patho-
gens (Bentham et al., 2020; Frederickson Matika & Loake, 2014). 
Given the absence of necrotic lesions in soybean expressing PSaC or 
ATPsyn- α, however, it is unlikely that ROS is involved in ATPsyn- α-  
or PSaC- mediated- defence against SMV- G7H.

PSaC encodes a subunit in the PSI complex and functions in 
electron transfer and ferrodoxin docking on the stromal side of PSI 
(Rantala et al., 2020). Although studies on the role of PSaC in plant– 
virus interactions are lacking, a previous report indicated a positive 
role for another member of the PSI complex, PSaK, in resistance 
against plum pox virus (PPV) (Jimenez et al., 2006). Infection with 
PPV decreased PSaK expression in N. benthamiana, and when PSaK 
was knocked down, PPV accumulation was enhanced. In addition, 
the cylindrical inclusion protein of PPV interacted with PSaK and 
possibly interfered with its function (Jimenez et al., 2006). Our data 
showed that, in response to SMV- G7H infection, expression of PSaC 
and ATPsyn- α increased in resistant soybean plants but did not de-
crease in susceptible plants (Figure 3d,e). That their overexpression 
reduced SMV- G7H accumulation (Figure 4b,d) suggests that both 
genes partially contributed to resistance against SMV. In line with 
this finding, silencing ATPsyn- α, but not PSaC, increased soybean 
susceptibility to SMV- G7H infection (Figure 5). This confirms the 
role of ATPsyn- α in resistance, but also suggests functional redun-
dancy for genes might interrelate with PSaC, which could be mem-
bers of the PSI.

The resistance conferred by ATPsyn- α is stronger than that 
conferred by PSaC in both N. benthamiana and soybean plants 
(Figure 4b,d). This could be attributed to the simultaneous induc-
tion of several genes in the defence signalling pathways of SA, 
JA, and ABA in response to pSMV- G7H::eGFP::ATPsyn- α, but for 
pSMV- G7H::eGFP::PSaC the response was limited to SA and JA 
(Figure 7). Pathways of all of these hormones are involved in soy-
bean resistance to SMV (Alazem et al., 2018, 2019; Zhang et al., 
2012). In fact, the connection between defence hormones and 
the antiviral RNA silencing pathway is well established (Alazem 
et al., 2019; Alazem & Lin, 2015, 2020). We previously showed 
that SA and ABA enhance the expression of the antiviral RNA si-
lencing genes in soybean and A. thaliana, and that the enhanced 
expression confers partial resistance against SMV, BaMV, and 
PVX (Alazem et al., 2017, 2019). Our current findings show that 
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ATPsyn- α induced the expression of more genes (DCL4a, RDR2a, 
and RDR6a) in the antiviral RNA silencing pathway than PSaC, 
which only induced the expression of RDR2a and only in the IL 
(Figure 8). It is therefore likely that the stronger resistance trig-
gered by ATPsyn- α than PSaC is due to the greater influence of 
ATPsyn- α on the antiviral RNA- silencing genes.

Because trafficking through PD is strongly regulated by light 
and the circadian clock (Brunkard & Zambryski, 2019; Ganusova 
et al., 2020), it is highly probable that chloroplast- related genes 
can adversely affect viruses in two ways, that is, the gene prod-
ucts may hinder cell- to- cell trafficking through PD and may also 
induce defence- related hormone signalling pathways. Our results 
provide evidence that induction of these photosynthesis genes 
induces hormone signalling pathways that eventually trigger anti-
viral RNA silencing pathways that partially contribute to local and 
systemic resistance to SMV (Figure 8). Whether SMV trafficking 
through PD is affected by photosynthesis genes requires further 
investigation. The effect of enhanced photosynthesis on plant re-
sistance to viruses is incompletely understood and also warrants 
additional research.

We expected to detect ATPsyn- α and PSaC inside the chloro-
plast, but, surprisingly, we found that they were localized in the 
chloroplast envelope. In addition, both proteins were localized in 
the cytoplasm and the nucleus (Figure 6b,c). We did not detect any 
degradation of either protein by western blot (Figure 6d), which indi-
cates that both proteins can be distributed to the cytoplasm and the 
nucleus for further functions that remain to be examined.

In conclusion, strong photosynthesis can increase resistance 
against viruses. Additional research is needed to clarify how chlo-
roplasts in general, and photosynthesis in particular, enhance resis-
tance against plant viruses.

4  |  EXPERIMENTALPROCEDURES

4.1  |  ConstructionoftheSMVvectorexpressing
ATPsyn-α and PSaC genes

The CDS of ATPsyn- α and PSaC genes were amplified and cloned 
from several soybean cultivars and were then cloned into a TA vec-
tor (pGEM- T Easy; Promega). The clones were confirmed by se-
quencing with gene- specific primers (Table S1). The CDS of both 
genes from L29 plants were then cloned into the pSMV- G7H::eGFP 
infectious clone to generate pSMV- G7H::eGFP::ATPsyn- α and 
pSMV- G7H::eGFP::PSaC as previously described (Seo, Lee, Choi, 
et al., 2009).

4.2  |  Plantmaterials,growthconditions,and
virus infections

The following five soybean cultivars were used in this study: 
Lee74, L29, V94, Somyoungkong (SMK), and William 82 (W82). 

Soybean and N. benthamiana plants were grown in growth cham-
bers at 25°C with 70% relative humidity and a 16/8 h photo-
period. To prepare infectious sap, the first unifoliate leaf from 
Lee74 plants was inoculated with 10 µg per leaf of the infectious 
clones pSMV- G7H::eGFP, pSMV- G7H::eGFP::PSaC, and pSMV- 
G7H::eGFP::ATPsyn- α as previously described (Seo et al., 2009). 
About 15 dpi, a pool of SL from three plants was mixed and divided 
into 0.1- g portions as a source of virus inoculum. After each 0.1- g 
portion was ground into powder in liquid nitrogen, it was mixed 
with 1 ml of phosphate buffer. The mixture was placed on ice for 
10 min and was then centrifuged for 10 min at 4°C and 13,580 × g.  
A 50- µl volume of the supernatant was rub- inoculated onto each 
leaflet of the trifoliate leaf on each soybean plant, or on two 
leaves on each N. benthamiana plant. Samples were collected from 
three plants (a total of nine leaves for soybean and six leaves for 
N. benthamiana) at 5 and 10 dpi for further analyses.

To investigate the effects of PSaC and ATPsyn- α on the ac-
cumulation of SMV- G7H::eGFP in Lee74 plants, plasmids of the 
infectious clones pSMV- G7H::eGFP, pSMV- G7H::eGFP::PSaC, 
and pSMV- G7H::eGFP::ATPsyn- α were directly rub- inoculated 
on Lee74 plants using 10 µg of plasmid per leaf. The ILs and SLs 
were collected at 7 and 14 dpi, respectively, for RNA and protein 
extraction.

4.3  |  SilencingATPsyn-α and PSaC in 
soybean plants

The BPMV silencing vector was used to silence ATPsyn- α and PSaC 
genes in Lee74 plants. In brief, fragments of 173 bp from PSaC 
CDS, and 347 bp from ATPsyn- α CDS were cloned in the antisense 
direction in the multiple cloning site of RNA2 of BPMV, as de-
scribed previously (Zhang et al., 2010). Ten micrograms of BPMV 
plasmids (RNA1 and RNA2) were rub- inoculated onto the first 
unifoliate leaves of Lee74 plants, and the silencing efficiency was 
tested at 14 dpi in the second trifoliate leaf. The same leaf was sap- 
inoculated with G7H::eGFP as described in section 4.2. Samples 
were collected from the SL 10 days after G7H::eGFP infection for 
further analyses.

4.4  |  RNAextractionandRT-qPCR

Total RNA was extracted using TRIzol (Sigma) following the manu-
facturer's instructions. A 1- μg quantity of total RNA was used for 
cDNA synthesis using the GoScript kit (Promega). RT- qPCR was 
carried out with SYBR Green (Promega) to measure the relative ex-
pression of target genes using the ΔΔCt method. Actin11 was used 
as an internal control, and the primers used in this study are listed 
in Table S1. One- sided Student's t tests (p < 0.05) were used to 
determine whether the expression level of each gene in each line 
was up- regulated or down- regulated relative to the mock- treated 
plants.
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4.5  |  Statisticalanalysis

RT- qPCR was carried out in three biological replicates, and each bio-
logical replicate was repeated in three technical replicates. In Figures 
1 and 3– 8, values were compared to that of the mock- treated, unin-
fected plants (the bar on the left) with one- sided Student's t tests; 
* and ** indicate a significant difference at p < 0.05 and p < 0.01, 
respectively. Error bars in the charts are means of standard devia-
tion of three biological replicates.

4.6  | Westernproteinblot

Total protein was extracted from 0.1 g of tissue collected from a 
pool of IL and SL from three plants, as described previously (Alazem 
et al., 2018). Constructs expressing GFP were detected by western 
blot using polyclonal anti- GFP antibody, and those expressing HA 
were detected using monoclonal anti- HA antibody (Sigma); Ponceau 
S staining was used on the loading control.

4.7  |  Phylogeneticanalysis

Amino acid sequences of ATPsyn- α and PSaC for Glycine max, 
N. benthamiana, S. lycopersicum, and A. thaliana were obtained from 
the soybean database (DB) (Soybase), the Sol Genomics Network, 
and the Tair DB (Brown et al., 2021; Fernandez- Pozo et al., 2015). 
The phylogenetic trees were generated using MEGA 7.0 software 
and by applying the neighbour- joining method (Kumar et al., 2016).

4.8  | Genedescription,function,andpathways

Information about gene annotations and functions was obtained 
from the Soybase DB assembly 4, v. 1 (https://www.soyba se.org/). 
The Phytozome soybean DB was used when the Soybase DB did 
not have gene annotation information. Both DBs predicted the path-
ways of the genes from the following DBs: Pfam v. 33.1, release 
2019/08 (http://pfam.xfam.org/) (El- Gebali et al., 2019), Tair DB 
(https://www.arabi dopsis.org/), and KEGG Pathway (https://www.
genome.jp/kegg/pathw ay.html).

4.9  |  SubcellularlocalizationofATPsyn-αand
PSaC proteins

ATPsyn- α and PSaC were cloned into the binary vector pBin61- 3HA- 
mCherry (Alazem et al., 2020). Agrobacterium infiltration was car-
ried out on N. benthamiana plants using Agrobacterium tumefaciens 
C58C1 at OD600 = 0.5, with the aid of 2b, the viral suppressor of 
RNA silencing (pPZP- 2b), to enhance the expression of both genes. 
Infection with pSMV- G7H::eGFP was carried out 1 day after agro-
infiltration using 50 µl of infectious sap extract/leaf. Samples were 

collected at 3 dpi for confocal microscopy, and at 5 dpi for protein 
and RNA analysis. The chloroplast marker protein gene AtEMB1301 
was cloned into pBin- eGFP and used as a marker for the localization 
of ATPsyn- α and PSaC proteins.

4.10  | VisualizationofGFPexpressionand
localization of the target proteins in plants

GFP fluorescence of the IL and SL was examined with UV light and 
with a digital camera (D700; Nikon) with a green filter. A Leica confo-
cal microscope was used to determine the subcellular localization of 
AtEMB1303, ATPsyn- α, and PSaC with a 40× lens (HC PL APO CS2 
40×/1.10 WATER), and the detectors HyD (421– 467 nm) and PMT 
(654– 711 nm), with bidirectional scanning at a speed of 400 Hz and 
a resolution of 2048 × 2048. Leica application suite X package was 
used to analyse images.
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