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ABSTRACT: Organelles can physically interact to facilitate various
cellular processes such as metabolite exchange. Artificially regulating
these interactions represents a promising approach for synthetic biology.
Here, we artificially controlled chloroplast−chloroplast interactions in
living plant cells with our organelle glue (ORGL) technique, which is
based on reconstitution of a split fluorescent protein. We simultaneously
targeted N-terminal and C-terminal fragments of a fluorescent protein
to the chloroplast outer envelope membrane or cytosol, respectively,
which induced chloroplast−chloroplast interactions. The cytosolic C-
terminal fragment likely functions as a bridge between two N-terminal
fragments, thereby bringing the chloroplasts in close proximity to
interact. We modulated the frequency of chloroplast−chloroplast
interactions by altering the ratio of N- and C-terminal fragments. We conclude that the ORGL technique can successfully
control chloroplast−chloroplast interactions in plants, providing a proof of concept for the artificial regulation of organelle
interactions in living cells.
KEYWORDS: bimolecular fluorescence complementation (BiFC), chloroplasts, Egeria densa, mitochondria, organelle interaction,
peroxisome

■ INTRODUCTION
Plant organelles physically interact to facilitate many cellular
processes in response to changes in environmental conditions.
Chloroplast−chloroplast interactions, also known as chlor-
oplast aggregation, are induced in response to cold temper-
atures in diverse plant species such as the liverworts
Marchantia polymorpha and Apopellia endiviifolia, the Southern
maidenhair fern (Adiantum capillus-veneris), and the gymno-
sperm Japanese yew (Taxus cuspidata).1−4 In the light,
chloroplasts physically interact with peroxisomes and mito-
chondria.5,6 Various organelles, such as chloroplasts, mitochon-
dria, and peroxisomes, share metabolic pathways and appear to
exchange metabolites via direct physical contact.7 The artificial
control of these organellar interactions would offer means to
manipulate metabolic pathways such as photorespiration for
basic research or engineering purposes. Although the artificial
regulation of organellar interactions represents a promising
approach for synthetic biology, techniques to modulate these
key interactions remain to be developed.
Bimolecular fluorescence complementation (BiFC) assays

allow the visualization of protein−protein interactions in a
variety of living cells.8,9 BiFC is based on the structural
reconstitution of a functional fluorescent protein between two
nonfluorescent N- and C-terminal fragments of a fluorescent
protein (e.g., green fluorescent protein [GFP], red fluorescent
protein [RFP], and other variants). To detect such protein−

protein interactions, the nonfluorescent N- and C-terminal
fragments are individually fused to the proteins of interest; the
encoding constructs are then coexpressed in living cells. If the
two proteins fused to each fragment of the fluorescent protein
interact, they will bring the N-terminal and C-terminal
fragments in proximity, allowing the reconstitution of the
full-length functional protein, resulting in fluorescence.8,9

During this structural reconstitution, the N-terminal fragment
is integrated within the C-terminal fragment via the formation
of hydrophobic interactions and a hydrogen bond network. For
example, GFP and its variants, such as the monomeric yellow
fluorescent protein mVenus, are composed of 11 β-strands and
can be split into two fragments: VN154 (β-strands 1 to 7,
amino acids 1−154) and VC155 (β-strands 8 to 11, amino
acids 155−239). The inner face of each mVenus fragment is
hydrophobic; when present in the same cell, the hydrophobic
faces of VN154 and VC155 are thus attracted to and interact
with each other, and a hydrogen bond network forms between
VN154 and VC155. During this interaction, β-strand 7 of
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VN154 intercalates itself between the two β-sheets (consisting
of β-strands 8−9 and 10−11) of VC155, akin to a key in a
keyhole, which increases the frequency of structural recon-
stitution.10 Because of the robustness of the hydrophobic
interactions and hydrogen bond network, structural recon-
stitution during BiFC is irreversible.8 Importantly, when only
the free N- and C-terminal fragments of the fluorescent protein

accumulate in the same cell, a BiFC reaction also occurs due to
random oscillations and self-assembly.9 This self-assembly is an
undesired reaction during typical protein−protein interaction
analyses, as it enhances background fluorescence and may
result in false positives.9

In this study, we harnessed the irreversible self-assembly
feature of BiFC to induce irreversible organelle interactions.

Figure 1. Chloroplast−chloroplast interactions via BiFC-based organelle glue (ORGL). (A) Chloroplast−chloroplast interactions in Egeria densa
cells expressing cTP-VN154 only or coexpressing cTP-VN154 and VC155. cTP-mVenus and VC155 were used as controls. White dashed lines show
the outline of the bombarded cells, based on fluorescence of the Cerulean-SKL marker. White arrowheads indicate chloroplast−chloroplast
interactions (aggregated chloroplasts). Arrow indicates peroxisomes. Scale bars, 30 μm. (B) Enlarged image of interacting chloroplasts in a cell
expressing cTP-VN154. Magnified view of the cell shown in (A). The arrow and arrowhead indicate peroxisomes and chloroplast aggregates,
respectively. Scale bar, 30 μm. (C) Frequency of chloroplast−chloroplast interactions in E. densa cells expressing the indicated constructs, cTP-
mVenus (0.4 μg), cTP-VN154 (0.4 μg), VC155 (0.4 μg), or cTP-VN154 (0.4 μg) + VC155 (0.4 μg). The total plasmid amount in the coating was
adjusted to 1.0 μg using pGWT35S-Cerulean-SKL plasmids (0.6 μg or 0.2 μg). The indicated constructs were mixed and coated onto 0.15 mg of
gold particles. Data are means ± SD (n = 3). Chloroplast−chloroplast interactions were counted in cells expressing cTP-mVenus, cTP-VN154,
VC155, or cTP-VN154 + VC155. Different lowercase letters indicate significant differences (Tukey’s multiple range test, p < 0.05). Chl−Chl,
chloroplast−chloroplast. (D) Schematic illustration of the joining of the two different mVenus N-terminal fragments with the C-terminal fragment
of mVenus. The protein structures (PDB: 1MYW) were visualized using PyMOL. (E) Frequency of chloroplast−chloroplast interactions in E. densa
cells bombarded with gold particles coated with different amounts of the ORGL plasmids pGWT35S-cTP-VN154 and pGWT35S-VC155.
pGWT35S-Cerulean-SKL competed with the ORGL plasmids, inhibiting the coating of the ORGL plasmids onto gold particles. The coating
percentage (%) for the two ORGL plasmids was calculated by dividing the sum of the concentrations (0.8 μg [0.4 μg each]) of the ORGL plasmids
by the total plasmid amount (1, 2, or 3 μg). The indicated plasmids were mixed and coated onto 0.15 mg of gold particles. Chloroplast−chloroplast
interactions were scored in cells expressing the ORGL plasmids: the coating percentages were 80%, 40%, and 27%, respectively. Data are means ±
SD (n = 3). Different lowercase letters indicate significant differences (Tukey’s multiple range test, p < 0.05). Chl−Chl, chloroplast−chloroplast.
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Using living plant cells, we induced irreversible BiFC reactions
that brought different chloroplasts in close proximity and
succeeded in artificially controlling the frequency and degree of
these chloroplast−chloroplast interactions. This BiFC-based
approach has great potential, not only for visualizing protein−
protein interactions but also for regulating organellar
interactions in living cells.

■ RESULTS AND DISCUSSION
To develop a technique to artificially induce chloroplast−
chloroplast interactions, we took advantage of the hydrophobic
feature of the VN154 fragment of mVenus, which consists of
the first seven β-strands (β-strands 1−7) of the protein. We
hypothesized that a VN154 molecule would stick to other
VN154 molecules via hydrophobic interactions. As a negative
control, we used full-length mVenus, comprising all 11 β-
strands with a hydrophobic core protected from outside
interactions. We added a transit peptide to target VN154 and
mVenus to the chloroplast outer membrane (cTP: amino acids
1−50 from Arabidopsis [Arabidopsis thaliana] chloroplast
OUTER ENVELOPE MEMBRANE PROTEIN7 [OEP7;
encoded by At3g52420])11 and transiently expressed the
resulting cTP-VN154 and cTP-mVenus constructs via particle
bombardment in the aquatic monocot plant Brazilian water-
weed (Egeria densa), whose chloroplasts are easily observed by
microscopy.12 To identify the transformed cells, we cobom-
barded plants with the pGWT35S-Cerulean-SKL plasmid,
encoding a peroxisome-localized Cerulean fluorescent protein
(Cerulean-SKL) as a marker. In cells expressing cTP-VN154
alone, we observed that different chloroplasts interact and form
aggregates resembling spheres (Figure 1A). Note that the
chloroplast aggregate contained peroxisomes (Figure 1B). Of
the cells expressing the cTP-VN154 construct, 13.6% showed
chloroplast−chloroplast aggregation (Figure 1C and Table 1).

By contrast, we detected almost no chloroplast−chloroplast
aggregation in cells expressing cTP-mVenus alone (Figure 1A,C,
and Table 1). We reasoned that the chloroplast−chloroplast
aggregative interactions might have formed via interactions
between the hydrophobic region of distinct VN154 molecules.
We also determined that the frequency of chloroplast−

chloroplast aggregation can be raised when cells coexpress
constructs encoding cytosolic VC155 and chloroplast-localized

cTP-VN154. We found not only the complemented
fluorescence at the chloroplast periphery, but also the
increased frequency of chloroplast−chloroplast aggregation to
30.3% over that seen with the expression of cTP-VN154 alone
under these conditions (Figure 1A,C, and Table 1). Because
cytosolic VC155 alone did not induce chloroplast−chloroplast
aggregation (Figure 1C and Table 1), we considered that
cytosolic VC155 might function as a bridge between two
VN154 molecules located at the outer membranes of different
chloroplasts. VC155 (β-strands 8−11) is structurally split into
two β-sheets (β-strands 8−9 and 10−11) (Figure 1D), while
β-strands 7−10 of mVenus are flexible, based on molecular
simulations of the folding of GFP.13 Each β-sheet of VC155
might therefore become intercalated with different VN154
molecules at the chloroplast outer membrane (Figure 1D),
raising the frequency of chloroplast−chloroplast aggregative
interactions. Although Figure 1D shows the conceptual and
simplified illustration of two VN154 fragments and one VC155
fragment as a bridge, each VN154 molecule may also function
as a bridge between two different VC155 molecules, resulting
in the formation of oligomers (Figure S1). Indeed, Venus
reassembled by BiFC was shown to form oligomers in
Escherichia coli.14 Taken together with our data, cTP-VN154
and VC155 appeared to not only reconstitute mVenus
monomers, but also form oligomers at the chloroplast
periphery. Regardless of the exact mechanism, we succeeded
in artificially inducing chloroplast−chloroplast interactions via
BiFC between cTP-VN154 and VC155. We named this BiFC-
based system for inducible organelle interaction the “organelle
glue” (ORGL) technique.
To attempt to control the frequency of chloroplast−

chloroplast aggregative interactions using the ORGL techni-
que, we changed the relative amounts of ORGL plasmids
(pGWT35S-cTP-VN154 and pGWT35S-VC155) introduced
into each cell. Considering the sizes of gold particles used for
bombardment (1 μm in diameter) and plasmid DNA
(hundreds of nanometers),15 a single gold particle should be
coated with many copies of the plasmids prior to bombard-
ment. We tested different amounts of VN154- and VC155-
encoding plasmids by altering the amount of pGWT35S-
Cerulean-SKL added to the plasmid mixture, as it will compete
with the ORGL plasmids during the coating of gold particles,
whose numbers remained constant. The frequency of
chloroplast−chloroplast aggregation increased when more
ORGL plasmids (resulting from lower pGWT35S-Cerulean-
SKL amounts) were used to coat the gold particles (Figure 1E
and Table 2), confirming the prediction that the chloroplast−
chloroplast aggregative interaction is caused by the introduc-
tion of ORGL plasmids.
As mentioned above, VC155 appeared to act as a bridge

between two VN154 fragments (Figure 1D). If true, a higher
ratio of VC155 plasmid relative to cTP-VN154 plasmid DNA
should increase the frequency of chloroplast−chloroplast
aggregative interactions, while more cTP-VN154 plasmid
DNA relative to that of VC155 would result in the opposite
effect. To test this hypothesis, we maintained the amount of
cTP-VN154 (0.4 μg each) while changing the amount of
VC155 (0.13, 0.4, or 1.2 μg), yielding three different cTP-
VN154:VC155 ratios (1:0.3, 1:1, and 1:3, respectively) (Figure
2A and Table 3). The 1:0.3 and 1:1 ratios between the two
plasmid DNA amounts induced similar frequencies of
chloroplast−chloroplast aggregation, and a 1:3 ratio between
cTP-VN154 and VC155 significantly increased this frequency

Table 1. Frequency of Chloroplast−Chloroplast (Chl−Chl)
Interactions in E. densa Cells Accumulating the Indicated
Proteins

expressed
proteins trial

number of
observed
cells

number of cells with
Chl−Chl interactions

frequency
(%)

cTP-mVenus #1 48 1 0.7 ± 1.2
#2 78 0
#3 55 0

cTP-VN154 #1 69 13 13.6 ± 5.2
#2 60 8
#3 47 4

VC155 #1 59 0 0
#2 64 0
#3 64 0

cTP-VN154
VC155

#1 55 14 30.3 ± 6.1

#2 62 23
#3 53 15
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3.8- and 9.1-fold over that seen with the 1:0.3 and 1:1 ratios,
respectively (Figure 2A and Table 3). These results suggest
that VC155 acts as a bridge between two VN154 fragments
and that the frequency of chloroplast−chloroplast aggregative
interactions can be controlled by altering the ratio of VC155 to
cTP-VN154 plasmid DNA used for bombardment.
To better quantify chloroplast−chloroplast aggregation

induced by cTP-VN154 and VC155, we developed a sensitive
metric, in contrast to the binary cell counting method used
above. Accordingly, we assessed chloroplast distribution by
measuring the angle (deg) formed between each chloroplast
and the cell centroid as vertex to the polar axis of the cell
Cartesian coordinates (Figure 2B). The angle value will
depend on chloroplast distribution within the cell: In a cell
without chloroplast−chloroplast aggregation, varied angles
should be obtained (Figure 2B). By contrast, in a cell
exhibiting chloroplast−chloroplast aggregation, chloroplasts
should display similar angles to the cell centroid (Figure
2B). To estimate the extent of chloroplast aggregation, we
turned to the standard deviation of angles for each cell, with a
lower standard deviation being indicative of a higher degree of
chloroplast−chloroplast aggregation. Using the same cells
imaged above with three different ratios of cTP-VN154:VC155
plasmid DNA (1:0.3, 1:1, and 1:3), we measured the angles
between individual chloroplasts and the cell centroid, followed
by the calculation of the corresponding standard deviations.
The median standard deviation decreased as the ratio
increased (Figure 2C). This method can therefore be used
to quantify the degree of chloroplast−chloroplast aggregation.
We also tested whether the chloroplast−chloroplast

aggregates formed by cTP-VN154 and VC155 might contain
other organelles (peroxisomes, mitochondria, and nuclei),
based on the observation that cTP-VN154-mediated chlor-
oplast−chloroplast aggregation traps peroxisomes (Figure 1B).
As with cTP-VN154 alone, the chloroplast−chloroplast
aggregates formed by the coexpression of cTP-VN154 and
VC155 contained peroxisomes, which we labeled with
Cerulean-SKL (Figure 3). We also observed mitochondria
within the chloroplast−chloroplast aggregates, when mito-
chondria were labeled with mCherry harboring a mitochon-
drial targeting peptide (mTP-mCherry) (Figure 3). By
contrast, the chloroplast−chloroplast aggregates did not
contain the nucleus, which we labeled with mCherry fused
to a nuclear localization signal (mCherry-NLS) (Figure 3). In
sum, the chloroplast−chloroplast aggregates formed by cTP-
VN154 and VC155 contained peroxisomes and mitochondria,
but not the nucleus. Because these three organelles

(chloroplasts, peroxisomes, and mitochondria) participate in
photorespiration and exchange metabolites,16,17 the ORGL
technique may allow the modulation of metabolic flow when
using cTP-VN154 and VC155. Thus, the ORGL technology

Table 2. Frequency of Chloroplast−Chloroplast (Chl−Chl)
Interactions in E. densa Cells Bombarded with Gold
Particles Coated with Different Amounts of ORGL Plasmids

coating
percentage

(%) trial

number of
observed
cells

number of cells with
Chl−Chl interactions

frequency
(%)

80 #1 42 16 30.4 ± 11.6
#2 36 13
#3 53 9

40 #1 56 6 8.4 ± 2.0
#2 42 3
#3 55 4

27 #1 28 1 2.9 ± 2.6
#2 49 0
#3 59 3

Figure 2. The frequency of chloroplast−chloroplast interactions can
be controlled. (A) Frequency of chloroplast−chloroplast interactions
in E. densa cells bombarded with particles coated with the ORGL
plasmids (pGWT35S-cTP-VN154 and pGWT35S-VC155) in differ-
ent ratios (1:0.3, 1:1, and 1:3). The amount of pGWT35S-cTP-
VN154 was constant, while that of pGWT35S-VC155 changed. The
indicated plasmids were mixed and coated onto 0.15 mg of gold
particles. Cells showing chloroplast−chloroplast interactions were
counted when expressing the ORGL plasmids for cTP-VN154 and
VC155 at 1:0.3, 1:1, and 1:3 ratios. Data are means ± SD (n = 3).
Different lowercase letters indicate significant differences (Tukey’s
multiple range test, p < 0.05). Chl−Chl, chloroplast−chloroplast. (B)
Schematic illustration of the quantification of degree (θ) relative to
the cell centroid for chloroplast−chloroplast aggregation in E. densa
cells. Chl−Chl, chloroplast−chloroplast. (C) Quantification of degree
for chloroplast−chloroplast aggregation. Different lowercase letters
show significant differences (Kruskal−Wallis test, p < 0.05). Chl−Chl,
chloroplast−chloroplast.
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has the potential to contribute to the study of interactions
consisting not only of one organelle type (e.g., the interaction
between chloroplasts), but also of multiple organelle types
(e.g., the interaction between chloroplasts, peroxisomes, and
mitochondria).
The expression of cTP-VN154 alone and the coexpression of

cTP-VN154 and VC155 induced chloroplast−chloroplast
aggregative interactions (Figure 1A,C). To further explore
the potential of the ORGL technique, we tested several VN154
and VC155 fragments (Table S1). We observed no
chloroplast−chloroplast aggregation when a construct encod-
ing cytosolic VN154 was expressed alone or together with a
construct encoding cytosolic VC155 (Table S1). We also
coexpressed cTP-VN154 and cTP-VC155 constructs to localize
both VN154 and VC155 fragments to the chloroplast outer
membrane, which induced chloroplast−chloroplast aggrega-

tion (10.7%) (Table S1). The aggregation efficiency obtained
from the coexpression of cTP-VN154 and cTP-VC155 was
similar to that seen with cTP-VN154 alone (13.6%) (Figure 1C
and Table 1). Because the VC155 fragment also has a
hydrophobic region, we tested whether cTP-VC155 alone
might induce chloroplast aggregation. Indeed, cTP-VC155
alone also induced chloroplast−chloroplast aggregative inter-
actions (15.7%) (Table S1). The efficiency of cTP-VC155
alone was similar to that measured for cTP-VN154 alone
(13.6%) (Figure 1C and Table 1). However, the coexpression
of cTP-VC155 with VN154 encoding the cytosolic form of
VN154 caused a sharp decrease in the frequency of the
chloroplast−chloroplast aggregation (0.7%) (Table S1). We
anticipate that the cTP-VC155 and VN154 constructs could
potentially function as an ORGL variant to prevent organellar
interactions.
To conclude, we developed the BiFC-based ORGL

technique to artificially control chloroplast−chloroplast inter-
actions in plant cells and provided a proof of concept in this
study for the artificial regulation of organellar interactions in
living organisms. We envisage that interactions between other
organelles could also be controlled using the ORGL technique
by modifying the signal peptides fused to the VN154 and
VC155 fragments. Hence, BiFC technology can not only
visualize protein−protein interactions but also regulate
organellar interactions.
The ORGL technique is based on the irreversible

reconstitution of a fluorescent protein structure. The under-
lying BiFC reaction between the two fragments of a fluorescent
protein occurs via hydrophobic interactions and a network of
hydrogen bonds. We hypothesize that the molecule-based glue
reactions described here occur via other chemical interactions,
such as electrostatic and covalent interactions. By taking
advantage of various chemical interactions, the ORGL
technology may be expanded in the future.
In plant cells, organellar interactions have been observed in

response to changes in ambient environmental conditions such
as light and temperature.1−6 These organellar interactions,
driven by changes in the surrounding environment, are
involved in various cellular processes, such as metabolite
exchange, but their exact roles were unknown due to the lack
of a means of artificially manipulating interactions between
organelles. The ORGL technology will pave the way to
studying metabolite exchange mediated by organellar inter-
actions.

■ METHODS
Plant Materials. Plants of the aquatic monocot Egeria

densa were purchased from the aquarium store Kanseki Co.,
Ltd. (Utsunomiya, Japan) and cultured in fresh water under
natural sunlight (approximately 25 μmol photons m−2 s−1) at
room temperature (22−25 °C) in the laboratory for use in
particle bombardment.
Plasmid Construction. To construct pGWT35S-

AtOEP71−50-mVenus, the sequence encoding amino acids 1−
50 of Arabidopsis OEP7 (OEP71−50) was amplified by PCR,
using pGWT35S-OEP7-mCherry12 as template and the
primers 5′-AACCAATTCAGTCGACATGGGAAAAACTTC-
GGGA-3′ and 5′-ACCGCCGCTACCGCCGTCATCGGGG-
TCTTTGGT-3′. The sequence encoding mVenus (Venus-
A206K variant) was amplified by PCR using a synthetic
mVenus gene (obtained from Eurofins Genomics) as template
and the primers 5′-GGCGGTAGCGGCGGTATGGT-

Table 3. Frequency of Chloroplast−Chloroplast (Chl−Chl)
Interactions in E. densa Cells Bombarded with Particles
Coated with ORGL Plasmids at Different Ratios

ratio (cTP-
VN154:VC155) trial

number of
observed
cells

number of cells with
Chl−Chl interactions

frequency
(%)

1:0.3 #1 41 0 3.9 ± 4.4
#2 46 4
#3 34 1

1:1 #1 43 5 9.4 ± 4.9
#2 53 2
#3 55 7

1:3 #1 45 12 35.5 ± 7.7
#2 38 15
#3 47 19

Figure 3. Incorporation of organelles into aggregated chloroplasts.
Representative examples of the localization of peroxisomes,
mitochondria, and nuclei in bombarded E. densa cells showing
chloroplast−chloroplast interactions. Peroxisomes were visualized by
Cerulean (pGWT35S-Cerulean-SKL [0.2 μg]), and mitochondria and
nucleus were visualized by mCherry (pGWT35S-mTP-mCherry [0.2
μg] and pGWT35S-mCherry-NLS [0.2 μg], respectively). To induce
chloroplast−chloroplast interactions, the ORGL plasmids
(pGWT35S-cTP-VN154 [0.4 μg] and pGWT35S-VC155 [0.4 μg])
were used. The plasmid mix (total 1.0 μg) was coated onto 0.15 mg of
gold particles. Chloroplasts were detected by chlorophyll autofluor-
escence. Arrows indicate peroxisomes, mitochondria, and nucleus, and
arrowheads indicate chloroplast aggregates. Scale bars, 30 μm.
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GAGCAAGGGCGAG-3′ and 5′-AAGCTGGGTCTAGAT-
ATCTTACTTGTACAGCTCGTC-3′. The two PCR prod-
ucts were fused by overlapping PCR with the primers 5′-
AACCAATTCAGTCGACATGGGAAAAACTTCGGGA-3′
and 5′-AAGCTGGGTCTAGATATCTTACTTGTACAG-
CTCGTC-3′, producing the DNA fragment encoding
AtOEP71−50-mVenus. The amplicon was cloned into pEN-
TR1A by In-Fusion Cloning (Clontech) after SalI and EcoRV
digestion, generating pENTR1A-AtOEP71−50-mVenus.
To construct pGWT35S-AtOEP71−50-VN154, the

AtOEP71−50 sequence was amplified by PCR using
pMpGWB106-OEP7(1−50)3,11 as template and the primers
5 ′ -GGGGACAAGTTTGTACAAAAAAGCAGGCTC-
CATGGGAAAAACTTCGGG-3′ and 5′-ACCTCCAGAG-
CCACCGTCATCGGGGTCTTTGGTTG-3′. The DNA frag-
ment encoding the N-terminal region of mVenus (amino acids
1−154, VN154)18,10 was amplified by PCR with the primers
5′-GGTGGCTCTGGAGGTATGGTGAGCAAGGGC-3′ and
5′ -GGGGACCACTTTGTACAAGAAAGCTGGGTC-
TCAGGCGGTGATATAGACG-3′. The two PCR products
were fused by overlapping PCR with the primers 5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGG-
GAAAAACTTCGGG-3′ and 5′-GGGGACCACTTTGTA-
CAAGAAAGCTGGGTCTCAGGCGGTGATATAGACG-3′,
producing the DNA fragment AtOEP71−50-VN154. The
amplicon was cloned into pDONR207 by Gateway BP
reaction (Invitrogen), generating pDONR207-AtOEP71−50-
VN154.
To construct pGWT35S-AtOEP71−50-VC155, the sequence

of AtOEP71−50 was amplified by PCR with pGWT35S-OEP7-
mCherry12 as template and the primers 5′-GGGGACAAGTT-
TGTACAAAAAAGCAGGCTCCATGGGAAAAACTTC-
GGG-3′ and 5′-ACCGCCGCTACCGCCGTCATCGGGG-
TCTTTGGT-3′. The DNA fragment encoding the C-terminal
region of mVenus (amino acids 155−238 including A206 K,
VC155) was amplified by PCR with using a synthetic mVenus
gene as template and the primers 5′-GGCGGTAGCG-
GCGGTGTGGACAAGCAGAAGAAC-3′ and 5′-GGGGA-
CCACTTTGTACAAGAAAGCTGGGTCTCACTTGTAC-
AGCTCGTCC-3′. The two PCR products were fused by
overlapping PCR with the primers 5′-GGGGACAAGT-
TTGTACAAAAAAGCAGGCTCCATGGGAAAAACTT-
CGGG-3′ and 5′-GGGGACCACTTTGTACAAGAAAGCT-
GGGTCTCACTTGTACAGCTCGTCC-3′, producing the
DNA fragment AtOEP71−50-VC155. The amplicon was cloned
into pDONR207 by Gateway BP reaction (Invitrogen),
generating pDONR207-AtOEP71−50-VC155.
To construct pGWT35S-VN154, the sequence of VN154

was amplified by PCR using the synthetic mVenus gene as
template and the primers 5′-GGGGACAAGTTTGTA-
CAAAAAAGCAGGCTCCATGGTGAGCAAGGGCGAG-3′
and 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTC-
TCAGGCGGTGATATAGACG-3′. The resulting amplicon
was cloned into pDONR207 by Gateway BP reaction
(Invitrogen), generating pDONR207-VN154.
To construct pGWT35S-VC155, the sequence of VC155

was amplified by PCR with the synthetic mVenus gene as
template and the primers 5′-AACCAATTCAGTCGA-
CATGGTGGACAAGCAGAAGAACGGC-3′ and 5′-
AAGCTGGGTCTAGATATCTTACTTGTACAGCTCGT-
CCATGCCGAGAGT-3′. The amplicon was cloned into
pENTR1A by In-Fusion Cloning (Clontech) after SalI and
EcoRV digestion, generating pENTR1A-VC155.

To construct pGWT35S-Cerulean-SKL, the DNA fragment
encoding Cerulean-SKL was amplified by PCR using a plasmid
encoding Cerulean10 as template and the primers 5′-GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTCCATGGTGAGC-
AAGGGCGAG-3′ and 5′-GGGGACCACTTTGTACAAGA-
AAGCTGGGTCTCACAACTTGGACTTGTACAGCTC-
GTCC-3′ and cloned into pDONR207 by Gateway BP
reaction, generating pDONR207-Cerulean-SKL.
To construct pGWT35S-AtTIM211−50-mCherry, the DNA

fragment encoding amino acids 1−50 of the Arabidopsis
TRANSLOCASE OF INNER MITOCHONDRIAL MEM-
BRANE 21 (AtTIM211−50) homologue At4g0002612,19 was
amplified by PCR using pGWT35S-TIM211−50-Citrine12 as
template and the primers 5′-GGGGACAAGTTTGTA-
CAAAAAAGCAGGCTCCATGATGATGATGAATCT-3′
and 5′-CGCCCTTGCTCACCATCTTTGAAAGAAATGA-
3′. The mCherry sequence was amplified by PCR using
pGWT35S-mCherry12 as template and the primers 5′-
TTTTAGCAACTCATTTCTTTCAAAGATGGTGAGCA-3′
and 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTC-
TCACTACTTGTACAGCTCG-3′. The two PCR products
were fused by overlapping PCR with the primers 5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGA-
TGATGATGAATCT-3′ and 5′-GGGGACCACTTTGTA-
CAAGAAAGCTGGGTCTCACTACTTGTACAGCTCG-3′,
producing the DNA fragment AtTIM211−50-mCherry. This
DNA fragment was cloned into pDONR207 by Gateway BP
reaction (Invitrogen), generating pDONR207-AtTIM211−50-
mCherry.
To construct pGWT35S-mCherry-NLS (nuclear localization

signal12,20), the mCherry-NLS sequence was amplified by PCR
using pGWT35S-mCherry12 as template and the primers 5′-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGG-
TGAGCAAGGGCGAGGAGGA-3′ and 5′-GGGGACCACT-
TTGTACAAGAAAGCTGGGTCTCACACCTTGCGCTT-
CTTCTTAGGTCCCGACTTGTACAGCTCGTC-3′ and
cloned into pDONR207 by Gateway BP reaction, generating
pDONR207-mCherry-NLS.
The pENTR1A-AtOEP71−50-mVenus, pDONR207-

AtOEP71−50-VN154, pDONR207-AtOEP71−50-VC155,
pDONR207-VN154, pENTR1A-VC155, pDONR207-Ceru-
lean-SKL, pDONR207-AtTIM211−50-mCherry, and
pDONR207-mCherry-NLS plasmids were recombined with
the pGWT35S vector21 by Gateway LR reaction (Invitrogen),
generating pGWT35S-AtOEP71−50-mVenus (pGWT35S-cTP-
mVenus), pGWT35S-AtOEP71−50-VN154 (pGWT35S-cTP-
VN154), pGWT35S-AtOEP71−50-VC155 (pGWT35S-cTP-
VC155), pGWT35S-VN154, pGWT35S-VC155, pGWT35S-
Ceru lean -SKL , pGWT35S-AtTIM211− 5 0 -mCher ry
(pGWT35S-mTP-mCherry), and pGWT35S-mCherry-NLS,
respectively.
Particle Bombardment. Particle bombardment of E. densa

cells was performed as previously described.12 Briefly, the BiFC
plasmids and the control plasmid (pGWT35S-Cerulean-SKL
for peroxisome visualization, pGWT35S-mTP-mCherry for
mitochondria visualization, and pGWT35S-mCherry-NLS for
nucleus visualization) were mixed in 11 μL of sterile water and
coated onto 0.15 mg of gold particles (1 μm in diameter).
Leaflets were detached from the plants and blotted dry with
Kimwipes to remove excess water from their surfaces. The
E. densa leaflets were then placed on a 1% (w/v) agar gel and
subjected to particle bombardment using a biolistic PDS1000/
He Particle Delivery System (Bio-Rad) with previously
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reported conditions.12 The bombarded leaves were incubated
in the dark at 25 °C for 24 h.
Confocal Microscopy. The bombarded E. densa cells were

examined under a confocal laser-scanning microscope (SP8X;
Leica Microsystems) using the time-gating method.22 mVenus
fluorescence was observed with 510 nm excitation and 520−
540 nm emission. mCherry fluorescence was observed with
585 nm excitation and 625−655 nm emission. The 510- and
585 nm lines of a white light laser were used (Leica
Microsystems). When mVenus and mCherry fluorescence
were detected, chlorophyll autofluorescence was rejected by
time gating.22 Cerulean fluorescence was observed with 458
nm excitation and 465−490 nm emission. Chlorophyll
autofluorescence was observed with 458 nm excitation and
670−690 nm emission. The 458 nm laser line was from an
argon laser.
Evaluation of Chloroplast−Chloroplast Interactions.

To evaluate the frequency of chloroplast−chloroplast
aggregation, the numbers of all bombarded cells (observed
cells) and the cells exhibiting chloroplast−chloroplast
aggregation were counted (Tables 1−3 and S1). The
bombarded cells were identified based on fluorescence from
the Cerulean-SKL marker. The frequency of chloroplast−
chloroplast aggregation was calculated from the numbers
obtained above. Experiments were repeated three times to
obtain an average frequency and standard deviation.
To evaluate the degree of chloroplast−chloroplast aggrega-

tion, chloroplast distribution was quantified in each bom-
barded cell. The centroid of the transformed cell was
determined by tracing the cell outline using the brightfield
image (512 × 512 pixels) with Fiji image analysis software23

and was used as the origin [X0, Y0] in Cartesian coordinates.
Next, the position of chloroplasts was marked using the
brightfield and chlorophyll fluorescence images in Fiji. On the
Cartesian coordinates (512 × 512 pixels), the coordinates of
the chloroplast [Xn, Yn] were identified. The coordinates of two
points, centroid [X0, Y0] and chloroplast [Xn, Yn], were used to
measure the angle (θ) of the chloroplast position, with the
centroid as vertex to the polar axis. Chloroplast distribution
was assessed by calculating the standard deviation of the
angles.
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