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Abstract

Key message By using the organelle glue technique, we artificially manipulated organelle interactions and controlled
the plant metabolome at the pathway level.

Abstract Plant cell metabolic activity changes with fluctuating environmental conditions, in part via adjustments in the
arrangement and interaction of organelles. This hints at the potential for designing plants with desirable metabolic activities
for food and pharmaceutical industries by artificially controlling the interaction of organelles through genetic modifica-
tion. We previously developed a method called the organelle glue technique, in which chloroplast—chloroplast adhesion
is induced in plant cells using the multimerization properties of split fluorescent proteins. Here, we generated transgenic
Arabidopsis (Arabidopsis thaliana) plants in which chloroplasts adhere to each other and performed metabolome analysis
to examine the metabolic changes in these lines. In plant cells expressing a construct encoding the red fluorescent protein
mCherry targeted to the chloroplast outer envelope by fusion with a signal sequence (cTP-mCherry), chloroplasts adhered
to each other and formed chloroplast aggregations. Mitochondria and peroxisomes were embedded in the aggregates, sug-
gesting that normal interactions between chloroplasts and these organelles were also affected. Metabolome analysis of the
cTP-mCherry-expressing Arabidopsis shoots revealed significantly higher levels of glycine, serine, and glycerate compared
to control plants. Notably, these are photorespiratory metabolites that are normally transported between chloroplasts, mito-
chondria, and peroxisomes. Together, our data indicate that chloroplast—chloroplast adhesion alters organellar interactions
with mitochondria and peroxisomes and disrupts photorespiratory metabolite transport. These results highlight the possibility
of controlling plant metabolism at the pathway level by manipulating organelle interactions.
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P4 Yutaka Kodama o .
kodama@cc.utsunomiya-u.ac.jp Living cells modify the arrangement and interaction of

organelles to optimize cellular processes, enabling effi-
cient signal transduction and metabolite exchange. Plant
cells in particular dynamically change the arrangement
and interaction of organelles in response to fluctuating
environments. A typical example is the relocation of orga-
nelles with chloroplasts in response to light. Chloroplasts
move toward weak light and away from strong light to
optimize photosynthetic efficiency (Wada 2013). Activa-
tion of photosynthesis is accompanied by physical interac-
tions of mitochondria and peroxisomes with chloroplasts
(Islam et al. 2009; Oikawa et al. 2015; Midorikawa et al.
2022). As the enzymes responsible for the biosynthesis of
photorespiratory metabolites are localized in chloroplasts,
mitochondria, and peroxisomes (Eisenhut et al. 2019), the
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association of these organelles is thought to facilitate pho-
torespiratory metabolite exchange.

Fluorescent proteins are powerful tools that are used in
a wide range of applications in life science research. Many
wild-type fluorescent proteins naturally occur as multim-
ers, but they are engineered to monomeric forms because
multimerization affects the localization and function of
fluorescently tagged proteins (Shaner et al. 2005). How-
ever, membrane proteins tagged with monomerized fluo-
rescent proteins occasionally alter organelle membranes,
probably due to multimerization (Saito et al. 2011; Cos-
tantini et al. 2012; Segami et al. 2014).

The bimolecular fluorescence complementation (BiFC)
assay is based on the structural complementation of N-
and C-terminal fragments of a fluorescent protein. These
two fragments are separately fused to other proteins and
fluoresce when brought together to visualize and detect
protein interactions in living cells (Hu et al. 2002; Kodama
and Hu 2012). In our previous study, we fused the N-ter-
minal fragment of monomeric Venus (mVenus) with the
N-terminal 50 amino acids of Arabidopsis (Arabidopsis
thaliana) OUTER ENVELOPE MEMBRANE PROTEIN
7 (OEP7) and co-expressed this construct with the DNA
sequence of the free C-terminal fragment of mVenus in
Egeria densa cells (Ichikawa et al. 2022). The co-expres-
sion forced a physical interaction between chloroplasts,
possibly because the C-terminal fragments form bridges
between the N-terminal fragments on the outer envelope
via hydrophobic interactions. We named this method the
organelle glue technique, a system that artificially controls
organellar interactions. The forced physical interaction
between chloroplasts likely changes the functional interac-
tions between chloroplasts and other organelles and alters
cellular metabolic activity.

Many crops have been genetically modified to alter
metabolite production by knocking out or ectopically
expressing genes encoding biosynthetic enzymes (Kumar
et al. 2020). However, no studies have attempted to alter
metabolite production in plants by manipulating orga-
nelle arrangement. Developing techniques for metabolic
modifications that target organelle interactions rather
than biosynthetic genes will provide new possibilities for
producing genetically modified crops. In this study, we
performed metabolome analysis on transgenic Arabidop-
sis plants with enhanced chloroplast—chloroplast physi-
cal interactions via our organelle glue technique using a
chloroplast outer envelope-targeted fluorescent protein.
We determined that photorespiration-related metabolites
that are transported between chloroplasts, mitochondria,
and peroxisomes accumulated in the transgenic plants.
This result demonstrates the possibility that metabolite
production can be modified by manipulating organelle
interactions.
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Materials and methods
Plant materials and growth conditions

Sterilized Arabidopsis (Arabidopsis thaliana) seeds
were plated on one-half-strength Murashige and Skoog
medium with 0.5% (w/v) gellan gum and 1% (w/v)
sucrose and grown under continuous white light (50 pmol
photons m~2 s7!) at 22 °C. The ecotype Columbia-0
(Col-0; CS60000) was used as the wild type. Sterilized
Nicotiana benthamiana seeds were plated on the same
medium as described above and grown at 25 °C under
a 16-h-light/8-h-dark cycle. The Arabidopsis and N.
benthamiana seedlings were transferred to soil (potting
mix:vermiculite = 1:3) at 13 days after sowing. Subsequent
growth conditions are the same as above (22 °C under con-
tinuous light for A. thaliana, 25 °C under a 16-h-light/8-
h-dark cycle for N. benthamiana).

Plasmid construction and transformation

The DNA sequences for cTP-mCherry, cTP-mVenus, and
the peroxisome marker po-mCerulean were cloned into the
pENTR1a vector or the pPDONR207 vector as described in
previous studies (Osaki and Kodama 2017; Ichikawa et al.
2022). For the cTP-sfGFP construct, the DNA fragment
encoding the N-terminal 50 amino acids of Arabidopsis
OEP7 was PCR amplified using pPENTR1a-cTP-mVenus
as a template with the primer set 5'-AAC CAA TTC AGT
CGA CAT GGG AAA AAC TTC GGG A-3' and 5'-ACC
GCC GCT ACC GCC GTC ATC GGG GTC TTT GGT-3'.
The DNA fragment encoding sfGFP was PCR amplified
using a synthetic double-stranded DNA fragment encod-
ing sfGFP (Eurofins Genomics) as a template with the
primer set 5-GGC GGT AGC GGC GGT ATG GTG AGC
AAG GGC GAG-3' and 5'-AAG CTG GGT CTA GAT
ATC TTA CTT GTA CAG CTC GTC-3". The two frag-
ments were joined by recombinant PCR with the primer
set 5'-AAC CAA TTC AGT CGA CAT GGG AAA AAC
TTC GGG A-3' and 5'-AAG CTG GGT CTA GAT ATC
TTA CTT GTA CAG CTC GTC-3'". The DNA fragment
encoding cTP-sfGFP was cloned into the pENTR1a vec-
tor at the Sall and EcoRV sites using the In-Fusion HD
Cloning Kit (Clontech) according to the manufacturer’s
instructions. For the mCherry-sfGFP construct, a linear
pENTR1a-sfGFP fragment was amplified by inverse PCR
using pENTR 1a-cTP-sfGFP as a template with the primer
set 5'-GTC GAC TGA ATT GGT TCC-3' and 5'-GGA
GGC TCT GGA GGC ATG GTG AGC AAG GGC GAG-
3'. The DNA fragment encoding mCherry was PCR ampli-
fied using pPENTR1a-cTP-mCherry as a template with the
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primer set 5'-AAC CAA TTC AGT CGA CAT GGT GAG
CAA GGG CGA G-3' and 5'-GCC TCC AGA GCC TCC
CTT GTA CAG CTC GTC CAT-3". The two DNA frag-
ments were circularized using the In-Fusion HD Clon-
ing Kit. To express the cloned genes under the control of
the Cauliflower mosaic virus 35S (CaMV35S) promoter,
the ¢cTP-mVenus, mCherry-sfGFP, and po-mCerulean
fragments were cloned into the pPGWB602 vector and the
c¢TP-sfGFP and cTP-mCherry fragments were cloned into
the pPGWBS508 vector (Nakagawa et al. 2007) by LR reac-
tion (Invitrogen). The vector encoding the mitochondria
marker mt-GFP (Nelson et al. 2007) was obtained from
the Arabidopsis Biological Resource Center (stock number
CD3-987).

Transient expression and transformation

Constructs encoding the fluorescently tagged proteins were
transiently expressed in N. benthamiana leaves using Agro-
bacterium tumefaciens—mediated infiltration as described
previously (Ishikawa et al. 2022). Transgenic Arabidopsis
plants expressing ¢TP-sfGFP or cTP-mCherry driven by
the CaM V35S promoter were generated using the floral dip
method (Clough and Bent 1998).

Immunoblot analysis

Total proteins were extracted from N. benthamiana leaves
transiently expressing an mCherry-sfGFP fusion protein
1.5 days post-infiltration or transgenic Arabidopsis shoots
11 days after sowing. The 15 mg of N. benthamiana leaves
were ground with 250 pL of 2 X Laemmli sample buffer with
350 mM dithiothreitol. Arabidopsis shoots were ground
with 10 uL of 2 x Laemmli sample buffer (with or without
350 mM dithiothreitol) per 1 mg. After boiling at 95 °C for
5 min and centrifugation at 20,000 X g for 10 min, 5 pL of
supernatant and its serial fivefold dilutions were analyzed
by immunoblot analysis according to a previous study
(Ishikawa et al. 2015). sfGFP was detected using anti-GFP
(Roche Diagnostics) at a dilution of 1:3000 and anti-mouse
secondary antibody (Thermo Fisher Scientific) at a dilution
of 1:3000. mCherry was detected using anti-RFP mAb HRP-
DirecT (Medical & Biological Laboratories) at a dilution
of 1:2000.

Confocal microscopy

Live-cell imaging was performed with an SP8X confocal
microscope system (Leica Microsystems). Arabidopsis
and N. benthamiana leaves were cut into 3-mm squares
and mounted between two coverslips with water. sfGFP,
mVenus, and mCherry were excited with 484-, 498-, and
554-nm lasers from the white light laser source and detected

at 494-545, 510-545, and 565-636 nm by hybrid detec-
tors, respectively. Chlorophyll autofluorescence was excited
with 484-nm laser and detected at 655-743 nm by a pho-
tomultiplier tube detector. All images were taken with HC
PL APO CS 63 x water-immersion lenses in photon count-
ing mode with the time-gating system (Kodama 2016) at
100 Hz/1024 % 1024 pixels. Chloroplasts were visualized by
chlorophyll autofluorescence.

Metabolite profiling

Metabolite profiling was performed as described previously
(Kusano et al. 2007) with minor modifications. Frozen aerial
parts of Arabidopsis were crushed and extracted in 25 mg
fresh weight of tissues per milliliter of extraction medium
(CHC1;:MeOH:H,0 1:3:1, v/v/v) including 10 stable iso-
tope reference compounds (final concentration, 15 ng/uL
for injection). After centrifugation for 10 min at 15,100 x g,
200 pL of the supernatant was evaporated to dryness in a
Savant SPD2010 SpeedVac Concentrator (Thermo Electron
Corporation, Waltham, MA, USA). Extracts were derivat-
ized by 30 pL of methoxyamine hydrochloride (20 mg/mL
in pyridine) for methoximation. After 21.5 h of derivatiza-
tion at room temperature, the sample was trimethylsilylated
for 1 h using 30 pL of N-Methyl-N-(trimethylsilyl)trifluoro-
acetamide (MSTFA) at 37 °C with shaking. Then, 30 pL
of n-heptane was added following silylation. All derivati-
zation steps were performed in a vacuum glove box (128
VSC 1000; Sanplatec, Osaka, Japan) filled with 99.9995%
(G3 grade) dry nitrogen. Gas chromatography time-of-flight
mass spectrometry (GC-TOF-MS) analysis was performed
as described previously (Kusano et al. 2007). For metabolite
annotation, we used the national institute of standards and
technology (NIST) mass search software, Golm Metabolome
Database (Kopka et al. 2005), and our custom library based
on standard compound analysis. Seven individual wild-
type plants or transgenic lines were processed by the above
method, and all annotated metabolites were analyzed using
MetaboAnalyst v. 5.0 (https://new.metaboanalyst.ca/Metab
oAnalyst/).

Results

Ectopic accumulation of mCherry targeted
to the chloroplast outer envelope induces
chloroplast-chloroplast adhesion

We fused superfolder green fluorescent protein (sfGFP),
mVenus, or mCherry with the N-terminal 50 amino acids
of chloroplast OEP7 via a linker sequence (cTP-sfGFP,
cTP-mVenus, and cTP-mCherry). These three fluorescent
proteins are GFP (for sfGFP and mVenus) or DsRed (for
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mCherry) derivatives that are reported to have a short mat-
uration time and reduced dimer formation (Shaner et al.
2004; Pédelacq et al. 2006; Kremers et al. 2006). Then, we
transiently expressed these constructs in epidermal cells of
Nicotiana benthamiana true leaves. When we expressed
c¢TP-sfGFP or cTP-mVenus, chloroplasts were normally
dispersed throughout the cells (Fig. 1a). On the other hand,
when we expressed cTP-mCherry, chloroplasts adhered to
each other and aggregated (Fig. 1a). This suggests that full-
length mCherry localized at the chloroplast outer envelope
membrane can be used for the organelle glue technique.
The chloroplast aggregations appeared to have a fused outer
envelope and protrude a longer stromule. At the center of
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Fig. 1 Enhanced chloroplast—chloroplast physical interactions in
cTP-mCherry-expressing cells. a Confocal microscope images of
N. benthamiana leaves transiently expressing constructs encoding
cTP (the N-terminal 50 aa of OEP7) fused with stGFP, mVenus, or
mCherry (cTP-stGFP, cTP-mVenus, or cTP-mCherry, respectively).
CHL, chlorophyll autofluorescence. Epidermal cells were observed
1.5 days after infiltration. Bars, 10 um. b Mitochondria and per-
oxisome localization in the presence or absence of cTP-mCherry.
Constructs encoding the mitochondria marker (mt-GFP) or the per-
oxisome marker (po-mCerulean) were transiently expressed with or
without ¢cTP-mCherry. Fluorescent signals are also seen in the cytosol
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the chloroplast aggregations, a chloroplast thickly covered
with outer membranes and stromules emits strong fluores-
cence. Co-expressing cTP-mCherry with genes encoding a
mitochondria marker protein (mt-GFP) and a peroxisome
marker protein (po-mCerulean) revealed that mitochondria
and peroxisomes were embedded in the chloroplast aggrega-
tions (Fig. 1b).

We next investigated whether the chloroplast—chloroplast
adhesion induced by cTP-mCherry is caused by multim-
erization of mCherry moieties. We performed immunoblot
analysis using denatured and non-denatured total protein
extracted from cTP-sfGFP-, cTP-mVenus-, or cTP-mCherry-
expressing leaves. We detected cTP-sfGFP and cTP-mVenus
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due to mistargeting of mt-GFP and po-mCerulean. Epidermal cells of
N. benthamiana leaves were observed 1.5 days after infiltration. Bars,
10 um. ¢ Immunoblot analysis of fluorescent proteins fused with cTP.
Total proteins were extracted from N. benthamiana leaves transiently
expressing cTP-sfGFP, cTP-mVenus, or cTP-mCherry 1.5 days after
infiltration with Laemmli sample buffer with or without the reducing
agent dithiothreitol (DTT). Samples extracted with the sample buffer
without DTT were analyzed without boiling. Coomassie brilliant blue
(CBB) staining shows blots of Rubisco large subunits (RbcL) as a
loading control. Red dots, non-denatured form; red asterisks, dena-
tured form; red line, multimers
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only as monomers in denatured and non-denatured total pro-
tein, while we detected multimerized cTP-mCherry mol-
ecules from non-denatured total protein (Fig. 1c). These
data suggest that the multimerization of cTP-mCherry mol-
ecules on the outer envelope induced chloroplast—chloroplast
adhesion.

cTP-mCherry-expressing Arabidopsis plants display
chloroplast-chloroplast adhesion

We generated three lines each of transgenic Arabidopsis
plants expressing cTP-sfGFP or cTP-mCherry under the
control of the CaMV35S promoter and investigated chlo-
roplast—chloroplast adhesion. We observed no chloroplast
abnormalities in epidermal cells or mesophyll cells in
cTP-sfGFP-expressing leaves (Fig. 2a). However, in cTP-
mCherry-expressing leaves, chloroplasts aggregated in
epidermal cells (Fig. 2a), as observed in N. benthamiana
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Fig.2 Generation of chloroplast-glued Arabidopsis plants. a Confo-
cal microscope images of Arabidopsis leaves expressing c¢TP-sfGFP
or ¢cTP-mCherry under the control of the CaMV35S promoter. True
leaves of epidermal cells and mesophyll cells were observed 11 days
after sowing. Bars, 10 um. b Multimerization of cTP-mCherry in the
transgenic plants. Immunoblot analysis of total proteins extracted
from three lines each of c¢TP-sfGFP- or cTP-mCherry-expressing
Arabidopsis leaves using Laemmli sample buffer with or without
the reducing agent dithiothreitol (DTT). Samples extracted with the
sample buffer without DTT were analyzed without boiling. Coomas-
sie brilliant blue (CBB) staining shows blots of Rubisco large subu-
nits (RbcL) as a loading control. Red dots, non-denatured form; red
asterisks, denatured form; red line, multimers. ¢, d Comparison of
cTP-fluorescent protein accumulation between c¢TP-sfGFP- and c¢TP-
mCherry-expressing Arabidopsis plants. ¢ Immunoblot analysis of
total protein extracted from shoots of three lines each of Arabidopsis
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expressing ¢TP-sfGFP or ¢cTP-mCherry. Total protein extracted from
N. benthamiana leaves transiently expressing mCherry-sfGFP and its
serial fivefold dilutions were used to compare antibody titers. CBB
staining shows blots of RbcL as a loading control. d Quantification
of cTP-fluorescent protein accumulation based on the immunoblot
analysis in c. Different titers of anti-GFP and anti-RFP were adjusted
by reactivity to mCherry-sftGFP. Accumulation levels in c¢TP-sfGFP
#1 were set to 1.0. n=3; data are shown as means+ SD; different
letters indicate significant differences, P <0.05, using Tukey’s mul-
tiple comparisons test. e, f Growth of Arabidopsis plants expressing
cTP-sfGFP or cTP-mCherry. e Thirteen-day-old cTP-sfGFP- or cTP-
mCherry-expressing Arabidopsis plants. Bars, 10 mm. f Quantifica-
tion of plant length including roots and shoots. No significant differ-
ence was found in Tukey’s multiple comparison test. n=23-31; data
are shown as box and whisker plot; P <0.05, using Tukey’s multiple
comparisons test
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(Fig. 1a). In mesophyll cells, chloroplasts varied in size
and had abnormal morphology (Fig. 2a). To test whether
these chloroplast abnormalities were due to cTP-mCherry
multimerization, we performed immunoblot analysis using
non-denatured total protein extracted from shoots of cTP-
mCherry-expressing Arabidopsis seedlings. As was the case
with transient expression in N. benthamiana (Fig. 1c), we
mostly detected cTP-sftGFP as monomers, whereas a por-
tion of the cTP-mCherry proteins were multimers (Fig. 2b).
These results suggested that the interaction of mCherry moi-
eties causes the chloroplast outer envelopes to fuse to each
other. Chloroplasts are typically densely packed in mesophyll
cells, which may explain why we did not observe increased
chloroplast aggregation in cTP-mCherry-expressing cells
(Fig. 2a). We suspected that these chloroplast abnormali-
ties were caused by higher accumulation of cTP-mCherry
than cTP-sfGFP; therefore, we compared the amounts of
cTP-sfGFP and cTP-mCherry in the transgenic plants by
immunoblot analysis. We used total protein extracted from
N. benthamiana leaves expressing an mCherry-sfGFP fusion
protein to quantitatively compare signal intensities detected
with different antibodies. The total protein was diluted to
ensure whether the antibodies detect antigens in linear pro-
portion to their amount. Quantification using three individ-
ual plants for each transgenic line revealed that the amount
of cTP-mCherry was about half that of cTP-sfGFP (Fig. 2c,
d). This confirmed that the chloroplast—chloroplast adhesion
in ¢cTP-mCherry-expressing Arabidopsis plants is caused
by the properties of mCherry, not by higher protein accu-
mulation. Next, we examined the effect of the chloroplast
abnormalities caused by cTP-mCherry expression on plant
growth. ¢cTP-mCherry- and cTP-sfGFP-expressing Arabi-
dopsis plants exhibited similar growth, suggesting that chlo-
roplast—chloroplast adhesion does not affect plant growth
in the absence of a stress treatment (Fig. 2e, f). Therefore,
in our subsequent experiments, we used the ¢TP-sfGFP-
expressing plants as controls and refer to the cTP-mCherry-
expressing plants as chloroplast-glued plants.

Chloroplast-chloroplast adhesion leads
to accumulation of metabolites involved
in the photorespiratory pathway

We presumed that metabolic pathways involving multiple
organelles are disrupted in the chloroplast-glued plants.
We therefore analyzed the metabolomes of three lines each
of the transgenic control plants (cTP-sfGFP#1-3) and the
chloroplast-glued plants (¢cTP-mCherry#1-3) by using
GC-TOF-MS. Raw metabolome data, including unanno-
tated metabolites, are available in Table S1. The amounts of
15 metabolites were significantly changed between control
plants and the chloroplast-glued plants (Fig. 3a). Among
them, 13 metabolites were significantly increased in the

@ Springer

chloroplast-glued plants, and four of these metabolites, gly-
cine, homoserine, serine, and glycerate, are related to the
photorespiration pathway. Pathway enrichment analysis
revealed that the photorespiration-related pathways ‘gly-
cine, serine, and threonine metabolism’ and ‘glyoxylate and
dicarboxylate metabolism’ were significantly affected in the
chloroplast-glued plants (Fig. 3b, c). The physical distances
between chloroplasts, peroxisomes, and mitochondria are
thought to be important for activating the photorespiratory
pathway (Islam et al. 2009; Oikawa et al. 2015; Midorikawa
et al. 2022). In the chloroplast-glued plants, the loss of
proper physical and functional interactions between chloro-
plasts and other organelles may disrupt the photorespiratory
pathway and production of its metabolites.

Photorespiratory metabolites transported
between organelles accumulate
in chloroplast-glued plants

The photorespiratory metabolites glycine, serine, and glyc-
erate, which increased in the chloroplast-glued plants, are
transported between chloroplasts, peroxisomes, and mito-
chondria (Fig. 4a). Therefore, we compared the amounts of
these metabolites between the wild-type, transgenic control,
and chloroplast-glued plants. We observed no significant
difference in the amount of glycine, serine, or glycerate
between the wild-type and transgenic control plants, but we
observed significant increases between the wild-type and
chloroplast-glued plants (Fig. 4b). This suggests that in the
chloroplast-glued plants, the physical and functional interac-
tions between chloroplasts, peroxisomes, and mitochondria
are hindered, which inhibits the transport of metabolites
between organelles, resulting in their accumulation.

Discussion

The arrangement of and interaction between organelles are
closely related to cellular metabolism. The industrial use of
plants for metabolite production is receiving increased atten-
tion. Therefore, developing new technologies to manipulate
plant metabolism is of great interest. In the present study,
we generated chloroplast-glued plants using our previously
developed organelle glue technique (Ichikawa et al. 2022),
which promotes physical interactions between organelles
using the multimerization properties of fluorescent proteins.
Peroxisomes and mitochondria were embedded in the aggre-
gated chloroplasts, suggesting changes in the physical and
functional interactions between organelles (Fig. 1b). Metab-
olome analysis revealed that the amounts of the photorespi-
ratory metabolites glycine, serine, and glycerate, which are
transported between organelles, significantly increased in the
chloroplast-glued plants (Figs. 3, 4). These data highlight
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order of P value for the difference between ¢TP-mCherry and cTP-
sfGFP lines. The yellow square indicates metabolites with P <0.05.
Metabolites involved in the photorespiratory pathway are marked by
asterisks. b, ¢ Pathway enrichment analysis of metabolites whose
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WT #1 #2 #3 #1 #2 #3

accumulation significantly increased in chloroplast-glued plants. b
Bubble chart. Higher-impacted metabolic pathways are indicated by
larger red circles. ¢ List of higher-impacted metabolic pathways. p,
P values were calculated by Fisher’s exact test. FDR, the adjusted P
value using the false discovery rate. Impact, the pathway impact value
calculated from pathway topology analysis. Metabolic pathways with
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WT, ¢TP-sfGFP-expressing lines, and cTP-mCherry-expressing lines,
P <0.05, using Dunnett’s multiple comparison test
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the possibility of engineering plant cell metabolomes by
manipulating organelle interactions.

Photorespiration consumes O, and releases CO, under
light conditions and is necessary to replenish the metabo-
lites required for photosynthesis (Hagemann and Bauwe
2016; Timm and Hagemann 2020). On the other hand, it
also consumes NADPH and ATP, which are required for
photosynthetic CO, assimilation, thus controlling the rate of
photosynthesis. Furthermore, photorespiration is related to
resistance to abiotic stresses such as heat stress and drought
stress (Wingler et al. 1999; Cui et al. 2016; Cavanagh et al.
2022), which greatly reduce crop yields. Therefore, pho-
torespiration is a major target for crop improvement. How-
ever, there are difficulties in the optimization of photores-
piration because multiple genes involved in each step are
required to be coordinately controlled (Timm and Hagemann
2020). Our results suggested that the introduction of a sin-
gle transgene can modulate the entire photorespiratory path-
way. Adjusting the degree of chloroplast adhesion may be a
promising approach to enhance CO, assimilation rates and
tolerance to abiotic stresses by optimizing photorespiration.

Chloroplast—chloroplast adhesion mediated by fluorescent
protein multimerization occurred in cTP-mCherry-express-
ing cells but not in cTP-sfGFP- or cTP-mVenus-expressing
cells (Fig. 1a). mCherry originated from the red fluorescent
protein (RFP) of the coral Discosoma sp., while stGFP and
mVenus originated from the GFP of the jellyfish Aequorea
victoria (Shaner et al. 2004). Although fluorescent protein
derivatives were engineered to be monomeric, tagRFP,
another RFP derived from Discosoma sp., can multimerize
and alter organelle membrane structures when accumulated
in animal (Costantini et al. 2012) and plant cells (Saito et al.
2011). RFPs may be more likely than other fluorescent pro-
teins to multimerize when aligned on organelle membranes.

Chloroplast aggregation in ¢cTP-mCherry-expressing
cells is likely induced by multimerization of mCherry.
We propose two possibilities for the mechanism by which
mCherry multimerization induces chloroplast aggregation.
The simplest model is that mCherry anchored on the outer
envelope membrane of different chloroplasts might glue the
membranes together via mCherry multimerization. How-
ever, there is the finding that is contrary to this hypothesis.
The ability of fluorescent proteins to alter organelle mem-
branes by multimerization is conventionally assessed by the
organized smooth endoplasmic reticulum (OSER) assay,
in which fluorescent proteins are fused to ER membrane-
anchoring signals and expressed in animal cells (Costantini
et al. 2012). A lower OSER score indicates a stronger abil-
ity to alter the ER membrane. The OSER score of mCherry
was 69.0-95.0%, comparable to those of sfGFP (62.4%) and
mVenus (83.9%) (Cranfill et al. 2016; Manna et al. 2018),
inconsistent with the ability to connect chloroplasts to each
other. The ability of fluorescent proteins to multimerize and
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alter the membranes may vary depending on the organelle.
In ¢cTP-mCherry-expressing cells (Fig. 1a), stromules in
chloroplasts appeared to elongate abnormally and connect
chloroplasts to each other. Therefore, as a second model,
we propose that mCherry multimerization at the outer enve-
lope membrane may induce stromule elongation, resulting
in chloroplast—chloroplast adhesion.

Although multimerization of fluorescent proteins is
undesirable when analyzing native protein localization and
function, this phenomenon has advantages for the organelle
glue technique. First, physiological changes can be analyzed
while visualizing organelle adhesion. Second, as the multi-
merization properties of various fluorescent proteins have
been investigated in vitro and in vivo, the degree of adhesion
between organelles can be adjusted by changing the fluo-
rescent protein. Finally, many studies have experimentally
demonstrated that the expression of fluorescent proteins has
little to no negative effects on living organisms. Further stud-
ies are needed to develop a system in which physical interac-
tions between organelles other than chloroplasts are quanti-
tatively controlled. We plan to further improve the organelle
glue technique so that we can fine-tune the arrangement and
interaction of organelles in the future.
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