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A B S T R A C T

Lumichrome, a novel bacterial molecule derived from Sinorhizobium meliloti, plays a crucial role in enhancing
plant growth, particularly by increasing photosynthesis and influencing carbon metabolism. Through its
impact on gene expression, it has been found to promote turgor-driven growth and ethylene-related delay
leaf senescence. In line with previous studies, the current study revealed that treating Arabidopsis thaliana
with lumichrome suggested the activation of jasmonate-related signals that delayed leaf senescence.
Decreased AOC2 levels, together with the high levels of ABR protein, suggested delayed light and dark-
induced leaf senescence. This, along with an increase in chlorophyll content, may possibly be attributed to
the enhancement of optimal light absorption, energy conversion, and electron transfer capacity of active PSII
reactions. In addition, the increased expression of MPH2 and ATPD subunits might have contributed to a bet-
ter PSII repair, maintenance of proper photosynthetic function under changing light, and increased ATP syn-
thase activity, ultimately resulting in higher photosynthesis efficiency. Moreover, the increased expression of
TRX-M1, TRX-M4, plastid PRX-IIE, and cytosolic APX1 proteins could have improved the ability of treated
plants to counteract ROS at PSII and PSI, leading to a better CO2 assimilation rate and plant growth. Subse-
quently, increased FBA8 could have directed the fixed carbon partitioning into the cytosolic glycolysis path-
way. Altogether, these changes may have contributed to increased growth through higher levels of sucrose
and reducing sugars.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords:

Arabidopsis thaliana
Proteomics
Soluble sugars
Photosynthesis
Carbon metabolism
nology, Department of Genet-
02 Stellenbosch, South Africa.

esearch and graduate Studies,
s, Gabarone, Botswana.

B.V. on behalf of SAAB. This is an open access article under the CC BY-NC-ND license
1. Introduction

Whilst the roles of phytohormones in growth, plant productivity,
defence, and signalling for plant�animal�microbe interactions are
well understood, a variety of non-phytohormone plant growth regu-
lating molecules are produced by rhizosphere microorganisms, the
activities of which are considerably less well understood. Amongst
these is the inter-kingdom signalling metabolite, lumichrome (Phil-
lips et al., 1999). Lumichrome (7,8-dimethylalloxazine) was identified
from filtrates of Sinorhizobium meliloti cultures as a signalling mole-
cule between the growth-promoting rhizobacterium and its host
plants ((Phillips et al., 1999). It is a degradation product of riboflavin,
generated by photochemical or enzymatic cleavage of the ribityl
group of riboflavin under neutral or acidic conditions in the presence
of sunlight (Khan et al., 2008; Phillips et al., 1999). According to a pre-
vious study (Phillips et al., 1999), applying purified lumichrome from
S. meliloti exudates to the roots of alfalfa seedlings resulted in
increased root respiration and promoted plant growth. The enhanced
plant growth was attributed to increased net C assimilation, possibly
via PEP carboxylase activity. However, subsequent studies reported
differing effects depending on the plant species and metabolite con-
centrations tested.

When 10 nM purified lumichrome and 10 mL of infective rhizobial
cells were applied to cowpea, bambara groundnut, soybean, pea,
lupin, sorghum, and maise plants, it was observed that stomatal con-
ductance and leaf transpiration rates were increased in cowpea.
However, in bambara groundnut, soybean, and maize, both
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parameters were decreased, while no significant effect was observed
in pea and sorghum (Matiru and Dakora., 2005). Another study
observed that 50 nM lumichrome treatment inhibited root devel-
opment in cowpeas, while it did not affect other species. In addi-
tion, it depressed the development of unifoliate leaves in
soybeans, the second trifoliate leaf in cowpeas, and shoot biomass
in soybeans (Matiru and Dakora, 2005). However, the 5 nM of
lumichrome treatment to roots of cowpea and soybean seedlings
elicited early initiation of trifoliate leaf development, expansion
in unifoliate and trifoliate leaves, and increased stem elongation,
which together caused an increase in shoot and plant total bio-
mass. Similarly, the 5 nM lumichrome application expanded the
leaf area in maize, sorghum, lotus, and tomato (Gouws et al.,
2012; Matiru and Dakora, 2005).

Enhanced growth is attributed to xylem transport and in situ accu-
mulation of lumichrome in leaves. This subsequently triggers events
that promote cell division and leaf expansion in both monocots
and dicots (Matiru and Dakora., 2005). A transcriptomic study on A.
thaliana supported this. When 5 nM lumichrome was applied to A.
thaliana, it led to the overexpression of XYLOGLUCAN ENDOTRANS-
GLUCOSYLASE/HYDROLASE 9 (XTH9) and EXPANSIN A4 (EXPA4). In
addition, there was an increase in the expression of mitotic CYCLIN
A1;1 (CYCA1;1), CYCLIN D3;3 (CYCD3;3), SPIRAL 1-LIKE3 (SP1L3), RADI-
ALLY SWOLLEN 7 (RSW7), and PROTODERMAL FACTOR 1 (PDF1) tran-
scripts. These suggested that enhanced plant growth could be
attributed to genes impacting turgor-driven growth and the mitotic
cell cycle that ensures the integration of cell division and the expan-
sion of developing leaves (Pholo et al., 2018).

Given the various previous reports, we hypothesised that lumi-
chrome enhances photosynthesis and carbon metabolism through an
array of physiological, biochemical and molecular processes, and that
these responses are species dependent. Chloroplasts are the central
site of photosynthesis, and photosynthesis activity is tightly linked to
chloroplast development. Photosynthetic competence depends on
proper chloroplast biogenesis, a complicated multistage molecular
process that leads to fully differentiated and functionally mature
plastids. (Skotnicov�a et al., 2023). Upon illumination, during natural
photomorphogenesis, proplastids develop a thylakoid network and
photosynthetic capacity (Pogson and Albrecht, 2011). Chloroplasts
possess a thylakoid membrane network, which hosts protein com-
plexes that carry out the light reactions of oxygenic photosynthesis
and provide a medium for energy transduction (Leister, 2003; Saka-
moto et al., 2008). These proteins include four multi-subunit protein
complexes of the photosystem I [PSI], photosystem II [PSII], ATP syn-
thase, and cytochrome b6f complexes, which are responsible for the
primary reactions of photosynthesis (Rast et al., 2015; Wollman et al.,
1999; Zhu et al., 2022).

The onset of photosynthesis is characterised by an increase in
the expression of most of the nuclear genes encoding chloroplast
proteins during leaf development. A variegated A. thaliana mutant
with disrupted chloroplast development has shown impaired
chloroplast-to-nucleus signalling (Dogra et al., 2019), followed by
inhibited cell differentiation, leading to pleiotropic growth pheno-
types (Kato et al., 2009; Næsted et al., 2004; Sakamoto et al.,
2002). This signifies that the highly flexible regulation of
photosynthetic light reactions in plant chloroplasts and retro-
grade signalling in proplastid-to-chloroplast differentiation are
prerequisites to providing sufficient energy flow to downstream
metabolism and plant growth.

Despite numerous reports on the importance of lumichrome for
photosynthesis and plant growth, the mode of action responsible for
enhancing photosynthesis and carbon metabolism, particularly at the
proteomic level, still needs to be determined. Proteomics and metab-
olomics studies were conducted in lumichrome-treated A. thaliana
plants to elucidate the photosynthetic, carbon metabolism, and
growth-related control mechanisms.
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2. Materials and methods

2.1. Plant material, growth conditions and photosynthesis-related
parameters

A. thaliana (ecotype Columbia-0) was grown in a controlled
growth cabinet with a 16/8 h day/night photoperiod at 22 § 2 °C and
75 % relative humidity. Pots were arranged in a factorial, completely
randomised block design comprising six replications and blocks. The
100 mM lumichrome stock solutions were freshly prepared by dis-
solving lumichrome powder (Sigma-Aldrich, USA;103217) in metha-
nol and 1 M HCl at the ratio of 49:1 followed by stirring for at least
2 h and stored at �20 °C for 24�48 h before using once and discard-
ing (Phillips et al., 1999). The 5 nM lumichrome working stock was
prepared from the stock solution by diluting it with double-deionised
water (ddH2O). The control solution was prepared using the same
amounts of methanol/1 M HCl (49:1) and ddH2O as the lumichrome-
treated plants. Plants were treated with either 50 mL of 5 nM lumi-
chrome or control solution for three consecutive weeks, via root
drenching and foliar applications. After that, plants were given
100 mL at each treatment for the remaining experimental period.
Lumichrome applications were initially given twice a week; however,
the frequency changed to 3 times a week from the third week as the
plant growth rate progressed.

All the data were collected from 5-week-old A. thaliana rosette
leaves. Photosynthetic parameters were concurrently measured with
an open-system photosynthesis meter (LI-COR 6400, LI-COR Inc., Lin-
coln, NE, USA) equipped with a standard leaf chamber (enclosing 6
cm2 of leaf area) and a CO2 injection system (model 6400-01, LI-COR
Inc., Lincoln, NE, USA) for the control of CO2. The light intensity for all
measurements was 400 mmol m�2.s�1, provided by a red-blue light
source (model 6400-02, LI-COR Inc., Lincoln, NE, USA). The tempera-
ture was set at 25 °C while the humidity was set at 60 %. Photosyn-
thetic readings were taken at 0, 50, 100, 200, 400, 600, 800, 1000,
1200, 1400, 1600, 1800, and 2000 mmol photons m�2.s�1 PAR irradi-
ance intervals. Measurements were performed between 09h00 and
15h00 (Thuynsma et al., 2016) on 3 replicates in each treatment for
at least 1 h to complete each response curve. All photosynthetic val-
ues were adjusted and expressed on a leaf dry mass basis. The light
saturation rate of photosynthesis (Pmax), quantum yield (’), light
compensation point (LCP) and dark respiration were derived from
the light�response curves. In contrast, photosynthetic water-use effi-
ciency (WUE) was calculated from measurements of Pmax and tran-
spiration rate. Pigments associated with photosynthesis were
extracted from frozen plant material, assayed in 80 % (v/v) acetone
and determined and calculated as previously described (Arnon
1949). The analysis of variance (ANOVA) for the physiological photo-
synthesis-related parameters was analysed using STATISTICA Version
12 (StatSoft Inc.) to infer differences between treatments at the 95 %
confidence level.

2.2. Protein extraction and quantification

2.2.1. Protein extraction and digestion
Protein was extracted from A. thaliana leaf tissue (100 mg) liquid

nitrogen grounded tissue by solubilising tissues in 6 M urea/50 mM
Tris�HCl (pH 8.0) protein extraction buffer. The solubilised samples
were sonicated for 10 min, followed by centrifugation at 15,000 g for
5 min. The total soluble protein content was determined using a Bio-
Rad Protein Assay Kit (I5000001) by measuring the absorbance of the
dilution spectrophotometrically at 595 nm, using bovine gamma
globulin as a standard (Bradford, 1976).

Next, 50 mg of protein from each sample was subjected to protein
disulfide bridge reduction in 5 mM dithiothreitol (DTT) for 30 min at
37 °C. Subsequently, the cysteine residues were alkylated in 15 mM
iodoacetamide (IAA) in the dark for 30 min (Olsen et al., 2004),
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followed by predigestion for 4 h at 37 °C with endoproteinase (Tryp-
sin/Lys-C Mix, Mass Spectrometry grade, Promega). Samples were
then diluted 6-fold with 50 mM Tris�HCl (pH 8.0) and digested over-
night at 37 °C with Trypsin/Lys-C Mix. To terminate the reaction after
an overnight digestion, samples were acidified (pH3 or less) by add-
ing trifluoroacetic acid (TFA) to a final concentration of 0.2 % (v/v)
(Stefan et al., 2022). The samples were centrifuged at 13 000 xg for
10 min to remove particulate materials and immediately desalted
using Millipore ZipTipc18 micropipette tips (Millipore, Dublin, Ire-
land) following the manufacturer’s protocol.
2.2.2. Peptide analysis by LC�MS/MS
Tryptic peptide mixtures were analysed by LC/MS/MS using a

Nanoflow Easy-nLC1000 (Thermo Scientific) as an HPLC system and a
Quadrupole-Orbitrap hybrid mass spectrometer (Q Exactive Plus,
Thermo Scientific) as a mass analyser. The 75 mm £ 50 cm analytical
column (Thermo Scientific) eluted peptides on a linear gradient run-
ning from 4 % to 64 % (v/v) acetonitrile for 240 min and sprayed
directly onto a Q Exactive mass spectrometer. MS/MS was used to
identify proteins following information-dependent acquisition of
fragmentation spectra of multiple charged peptides. Twelve data-
dependent MS/MS spectra were acquired for each full-scan spectrum
at 60,000 full-width half-maximum resolution. Fragment spectra
were acquired at a resolution of 35,000 with an overall cycle time of
approximately one second. The mass spectrometry proteomics data
was deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD014006.

MaxQuant version 1.4.0.1 was used for protein identification and
ion intensity quantitation (Cox and Mann, 2008). The spectra were
matched against the A. thaliana proteome (TAIR10, 35,386 entries,
last accessed February 2024) using Andromeda (Cox and Mann,
2011). The carbamidomethylation of cysteine was set as a fixed modi-
fication; methionine oxidations were set as variable modifications.
The mass tolerance for the database search was set to 20 ppm for full
scans and 0.5 Da fragment ions, and the multiplicity was set to 1. For
label-free quantitation, retention time matching between runs was
chosen within a time window of 2 min. The peptide false discovery
rate (FDR) and protein FDR were set to 0.01, while the site FDR was
set to 0.05. Hits to contaminants (e.g., keratins) and reverse hits iden-
tified by MaxQuant were excluded from further analysis (Benjamini
and Hochberg, 1995).
2.2.3. Proteomic quantitative data analysis
Reported ion intensity values were used for quantitative data

analysis. cRacker (Zauber and Schulze, 2012) was used for label-free
data analysis of summed peptide ion intensities per protein based on
the MaxQuant output (evidence.txt). All proteotypic peptides were
used for quantitation. Within each sample, the ion intensities of each
peptide ion species (each m/z) were normalised against the total ion
intensities in that sample (peptide ion intensity/total sum of ion
intensities). Subsequently, each peptide ion species (i.e., each m/z
value) was scaled against the average normalised intensities of that
ion across all treatments. Values from three biological replicates
were averaged for each peptide after normalisation and scaling. Com-
parisons between lumichrome-treated plants and controls are dis-
played as log2 values and were evaluated using pairwise t-tests
based on three biological replicates. Multiple false-discovery-rate
(FDR) testing corrections were applied according to Benjamini-
Hochberg (Benjamini and Hochberg, 1995). Responsive proteins
were defined based on a p-value <0.05 after correcting for multi-
ple tests. The ratios were normally distributed (Supplementary
Fig. S1). The data are available via ProteomeXchange with the
identifier PXD014006.
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2.3. Metabolite extraction, derivatisation and determination using GC‒
TOF‒MS

Primary metabolites (50 mg) were extracted from leaf tissues.
(Heise et al., 2014; Naake et al., 2024). Metabolites were extracted in
a pre-cooled (�20 °C) 80 % [v/v] methanol (Sigma-Aldrich) and ribitol
as internal standard. The homogenised samples were shaken for
5 min and centrifuged at 16,000 xg for 10 min at room temperature.
The supernatant was centrifuged at 16,000 xg for 10 min at room
temperature, while 200 mL of the supernatant was transferred to a
new tube, freeze-dried by speed-vac for 3 h. Afterwards, the sample
tubes were filled with argon, and stored at �80 °C.

Samples were prepared for analysis by resuspending them in 80 %
[v/v] methanol and transferring the resuspended samples into sam-
ple vials. To render primary metabolites volatile enough for analysis,
samples were derivatised according to Lisec et al. (2006). Derivatisa-
tion was performed at 37 °C with 20 mg mL�1 methoxyamine hydro-
chloride in pyridine to prevent the formation of multiple derivatives
during silylation and agitated for 120 min. This was followed by add-
ing the silylating agent N-Methyl-N-trimethylsilyltrifluoroacetamide
(MSTFA) and incubation with shaking at 37 °C for 30 min. An auto-
sampler Gerstel Multi-Purpose system (Gerstel GmbH & Co.KG,
M€ulheim an der Ruhr, Germany) was used to inject the samples into
a gas chromatograph coupled to a time-of-flight mass spectrometer
(GC�MS) (Leco Pegasus HT TOF�MS; LECO Corporation, St. Joseph,
MI, USA), fitted with a 30 m DB-35 column. Carrier gas was helium at
a constant flow rate of 2 ml s�1. Injection temperature was 230 °C
and the transfer line and ion source were set on 250 °C. Oven temper-
ature was set initially on 85 °C and increased with 15 °C min�1 to
360 °C. The mass spectra were recorded at 20 scans s�1 with m/z
70�600 scanning range. Mass chromatograms were assessed with
Chroma TOF 4.5 (Leco) and TagFinder 4.2 software (Luedemann et al.,
2012). Metabolites were identified by comparing their mass spectra
and retention indices with those of standards. At the same time, peak
areas in each chromatogram were adjusted to both ribitol internal
standards and the respective exact sample weight. In addition the
Golm Metabolome database was used for cross-referencing of the
mass spectra (Harb et al., 2015).

3. Results

3.1. Lumichrome enhances various facets of photosynthesis

Analysis of 5-week-old A. thaliana rosette leaves revealed an
increase in the maximum photosynthetic rate (Pmax; Fig. 1A), stoma-
tal conductance (gs; Fig. 1B) and transpiration rate (E; Fig. 1C)
increased following lumichrome treatment, alongside a decrease in
water use efficiency (WUE; Fig. 1D). However, the efficiency of light
utilization during photosynthetic CO2 fixation in terms of quantum
yield (’), was not significantly affected (Fig. 1E). With regards to the
photosynthetic pigments, concentrations of chlorophyll a and chloro-
phyll b were significantly increased following lumichrome treatment
(Fig. 1F), whereas the carotenoid levels were unaltered (Fig. 1G).

3.2. Differential protein profiles in response to lumichrome

A total of 1738 proteins were identified, from which t-test analysis
revealed 284 proteins that exhibited significant differences in quan-
tity. However, correction for multiple testing using the Benjami-
ni�Hochbeg analysis showed only 46 proteins that were significantly
different between treatment and controls. Among these 46 proteins,
22 were upregulated, while 24 were downregulated (Table S1). Anal-
ysis of functional categories showed that 20 % of the identified pro-
teins were involved in the RNA and protein metabolism and stress
response, respectively. In comparison, 15 % were involved in photo-
synthesis (Fig. 2A). Regarding the overexpression response, the most



Fig. 1. Photosynthetic parameters and pigments in A. thaliana in response to 5 nM lumichrome treatment. Net photosynthesis rate (Pn) (Fig. 1A), stomatal conductance to water
vapour (gs) (Fig. 2B), transpiration rates (E) (Fig. 1C), intrinsic water use efficiency (WUE) (D), photon yield (E), chlorophyll pigments (F) and carotenoids (G) in 5-week-old A. thali-
ana leaves. The error bars denote the standard errors of the means (n = 6). Within the graphs, treatments marked with the same letters were not significantly different from one
another (p < 0.05; Games�Howell post hoc test).
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widely upregulated represented categories were 27 % for stress
response and 23 % for photosynthesis, while protein metabolism and
redox homeostasis had 18 % respectively. Other functional categories
of upregulated protein include 9 % for carbon metabolism and 5 % for
hormone metabolism (Fig. 2B). A similar response trend was demon-
strated for the downregulated proteins, with the most significant
number of proteins also being associated with protein metabolism
(21 %) and stress response (17 %). Other downregulated functional
categories included amino acid, transport and carbon metabolism
(Fig. 2C).
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3.2.1. Changes in photosynthesis- and carbon metabolism-related
proteins

According to the MapMan metabolism overview (Fig. 3), lumi-
chrome application to A. thaliana altered the photosynthesis light
reaction by inducing a high abundance of the oxygen-evolving pro-
tein 2 (OEE2), such as the PHOTOSYSTEM II SUBUNIT Q1 (PSBQ-1;
At4g21280) and the PHOTOSYSTEM II SUBUNIT Q2 (PSBQ-2
(At4g05180). In addition, our results revealed significantly increased
levels of ATP SYNTHASE DELTA SUBUNIT (ATPD; At4g09650), which
is a chloroplast ATPase synthase protein that forms the catalytic



Fig. 2. Functional classification of differential protein profiles in lumichrome treated A. thaliana. The fuctional categories (Fig. 2A and the expression trend for the respective func-
tional categories (Fig. 2B; C) were identified with Mapman. The percentage of each functional group was obtained based on the calculated absolute number of proteins under each
functional group subtracted from the total number of significantly differentially expressed proteins.
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Fig. 3. MapMan general overview of a pairwise comparison of lumichrome-treated A. thaliana rosette leaves relative to the untreated control. Proteins that were shown to be differ-
entially expressed using p < 0.05 as a cutoff value were imported. Red represents proteins that were upregulated, while blue indicates those that were downregulated upon 5 nM
lumichrome treatment. The magnitude of the protein profiles is indicated by the colour intensity.

M. Pholo-Tait, W.X. Schulze, S. Alseekh et al. South African Journal of Botany 172 (2024) 515�528
entity in the chloroplast ATP synthase electron transport chain. THE
PHOTOSYSTEM I REACTION CENTRE SUBUNIT E1 (PSAE-1;
At4g28750) protein was significantly repressed, while thylakoid
lumenal protein, namely the Maintenance of Photosystem II under
HIGH LIGHT 2 C-TERMINAL DOMAIN-CONTAINING PROTEIN (MPH2;
At4g02530) was significantly increased following lumichrome treat-
ment (Fig. 3). Furthermore, proteins involved in the light and circa-
dian rhythm signalling proteins, such as TRANSLOCON AT THE INNER
ENVELOPE MEMBRANE OF CHLOROPLASTS 62 (TIC62; At3g18890)
and the PLASTID TRANSCRIPTIONALLY ACTIVE 16 (PTAC16;
At3g46780) were significantly suppressed and increased respectively
(Table 1).

Treating Arabidopsis with lumichrome also affected the protein
levels involved in carbon metabolism. The proteins associated with
partitioning carbohydrates between starch and sucrose were signifi-
cantly altered (Table 1). This included an increase in the glycolytic
dually targeted FRUCTOSE BISPHOSPHATE ALDOLASE (FBA8;
At3g52930) and the suppression of the plastid PHOSPHOGLUCOMU-
TASE 1 (PGM1; At5g51820). In addition, the One-carbon (1C) metab-
olism protein TRANSHYDROXYMETHYLTRANSFERASE 1 (SHMT1;
At4g37930) was upregulated following lumichrome treatment
(Table 1).

3.2.2. Changes in the RNA and protein metabolism and amino acids-
related proteins

Lumichrome application on A. thaliana induced protein changes
involved RNA processing, synthesis, initiation, targeting, posttransla-
tional modification, protein degradation and folding. REACTIVE
INTERMEDIATE DEAMINASE A (RIDA; At3g20390), a protein associ-
ated with RNA processing ribonuclease was increased. Despite the
repressed levels of RIBOSOMAL PROTEIN L14 (RPL14; Atcg00780),
there was an overexpression of ribosomal synthesis associated
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proteins such as RIBOSOMAL PROTEIN L12-C (RPL12-C; At3g27850).
Protein synthesis initiation and protein targeting associate proteins
may both have been inhibited, as revealed by the decreased levels of
the EUKARYOTIC INITIATION FACTOR 4B2 (EIF4B2; At1g13020 and
the chloroplast TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE
OF CHLOROPLASTS 159 (TOC159; At4g02510) respectively. Post-
translational modification proteins HISTIDINE TRIAD NUCLEOTIDE-
BINDING 2 (HINT2; At1g31160) and the co-chaperone SUPPRESSOR
OF THE G2 ALLELE OF SKP1 A (SGT1A; At4g23570) showed differing
responses to lumichrome, with HINT2 being upregulated and SGT1A
being downregulated. The serine protease degradation proteins,
including CARBOXYL-TERMINAL PROCESSING (CTPA; At4g17740)
and DEG PROTEASE 8 (DEG8) proteases, were inhibited, whereas
PROTEASOME REGULATOR1 (PTRE1; At3G53970), the proteasome
related to ubiquitin protein degradation, was upregulated. The CHAP-
ERONIN 20 (CPN20; At5g20720), a protein involved in protein fold-
ing, was also increased following lumichrome applications (Table 1;
Fig. 4).

Lumichrome applications induced the downregulation of the
three identified proteins associated with serine‑glycine-cysteine, his-
tidine bifunctional and the aspartate-methionine biosynthesis
groups, respectively. These include proteins such as the O-ACETYL
SERINE (THIOL) LYASE B (OASTLB; At2g43750), HISTIDINE BIOSYN-
THESIS BIFUNCTIONAL PROTEIN (HISN2; At1g31860) and the METHI-
ONINE ADENOSYLTRANSFERASE 3 (MAT3; At2g36880)

3.2.3. Stress response-related proteins
Treating A. thaliana with lumichrome resulted in a high represen-

tation of stress-related proteins. Amongst the abiotic stress-related
proteins, the chloroplast HEAT SHOCK PROTEIN 70-1 (cPHSC70-1;
At4g24280) were significantly increased. However, the DEHYDRIN
FAMILY PROTEIN (ERD14; At1g76180), METHIONINE



Table 1
Protein profiling of A. thaliana rosette leaves in response to 5 nM lumichrome treatment.

AGI Protein name Biological function log2 fold change
ratio 5/0

P < 0.05
BH.corrected

Photosynthesis

At4g21280 PHOTOSYSTEM II SUBUNIT QA (PSBPQ-1) Photosystem II light reaction 1.68 0.002
At4g05180 PHOTOSYSTEM II SUBUNIT Q-2 (PSBQ-2) Photosystem II light reaction 2.02 0.005
At4g09650 ATP SYNTHASE DELTA-SUBUNIT (ATPD) ATP synthase electron transport chain 1.69 0.001
At4g28750 PHOTOSYSTEM I REACTION CENTRE SUBUNIT 1(PSAE-1) Photosystem I light reaction �1.24 0.000
At3g14415 GLYCOLATE OXIDASE 2 (GOX2) Photorespiration �4.11 0.049
At4g02530 MAINTENANCE OF PHOTOSYSTEM II UNDER HIGH LIGHT 2 (MPH2) PSII protection 1.16 0.026
At3g46780 PLASTID TRANSCRIPTIONALLY ACTIVE 16 (PTAC16) Circadian rhythm 0.45 0.041

Carbon metabolism

At1g43670 CYTOSOLIC FRUCTOSE-1,6-BISPHOSPHATASE (FBPASE) Major CHOmetabolism-sucrose synthesis �2.45 0.001
At5g51820 PHOSPHOGLUCOMUTASE 1 (PGM1) Glycolysis �2.28 0.032
At3g52930 FRUCTOSE-BISPHOSPHATE ALDOLASE 8 (FBA8) Glycolysis 0.49 0.031
At5g14740 CARBONIC ANHYDRASES (CA2) Glycolysis �1.09 0.016

TCA / organisational transformation

C1-metabolism

At4g37930 SERINE TRANSHYDROXYMETHYLTRANSFERASE 1 (SHMT1) C1: glycine hydroxymethyltransferase 0.62 0.033

RNA processing and protein metabolism

At3g20390 REACTIVE INTERMEDIATE DEAMINASE A (RIDA) RNA processing-ribonucleases 0.93 0.025
At3g27850 RIBOSOMAL PROTEIN L12-C (RPL12-C) Protein synthesis-ribosomal protein 2.33 0.026
Atcg00780 RIBOSOMAL PROTEIN L14 (RPL14) Protein synthesis-ribosomal protein �1.65 0.017
At1g13020 EUKARYOTIC INITIATION FACTOR 4B2 (EIF4B2) Protein synthesis initiation �0.90 0.002
At4g02510 TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE OF CHLOROPLASTS

159 (TOC159)
Chloroplast protein targeting �3.00 0.002

At3g18890 TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF
CHLOROPLASTS 62 (TIC62)

Protein importation �1.44 0.012

At1g31160 HISTIDINE TRIAD NUCLEOTIDE-BINDING 2 (HINT2) Protein posttranslational modification 1.00 0.008
At4g23570 SUPPRESSOR OF THE G2 ALLELE OF SKP1 A (SGT1A) Protein posttranslational modification �1.41 0.047
At4g17740 CARBOXYL-TERMINAL PROCESSING A (CTPA) Protein degradation‑serine protease �0.81 0.018
At5g39830 DEG PROTEASE 8 (DEG8) Protein degradation‑serine protease �1.58 0.017
At3g53970 PROTEASOME REGULATOR1 (PTRE1) Protein degradation-ubiquitin, proteasome 0.88 0.035
At5g20720 CHAPERONIN 20 (CPN20) Protein folding 0.55 0.034

Amino acid metabolism

At2g43750 O-ACETYLSERINE (THIOL) LYASE B (OASTLB) Synthesis: Serine-glycine-cysteine group �1.52 0.015
At1g31860 HISTIDINE BIOSYNTHESIS BIFUNCTIONAL PROTEIN (HISN2) Synthesis: Histidine bifunctional �1.46 0.007
At2g36880 METHIONINE ADENOSYLTRANSFERASE 3 (MAT3) Synthesis: Aspartate-methionine �1.08 0.003
At5g26000 THIOGLUCOSIDE GLUCOHYDROLASE 1 (TGG1) myrosinases-lectin-jacalin 0.75 0.045

Nucleotide metabolism

At4g11010 Nucleoside diphosphate kinase 3 (NDPK3) Phosphotransfer and pyrophosphatase nucleotides �1.01 0.013

Metal Handling

At4g14710 ACIREDUCTONE DIOXYGENASE [IRON (II)-REQUIRING]/ METAL ION BIND-
ING (ATARD2)

Regulation 0.85 0.033

Transport

At1g22530 PATELLIN 2 (PATL2) Transport-misc �0.89 0.009

Stress response

At4g24280 CHLOROPLAST HEAT SHOCK PROTEIN 70-1 (cPHSC70-1) Abiotic heat stress 0.54 0.003
At4g23670 MAJOR LATEX PROTEIN 6 (MLP6) Abiotic 0.95 0.043
At1g76180 DEHYDRIN FAMILY PROTEIN (ERD14) Abiotic stress �0.70 0.032
At3g07230 WOUND-RESPONSIVE PROTEIN-RELATED Abiotic touch/wounding 0.79 0.048
At5g03660 N-ACETYL TRANSFERASE 60 (NAA60) biotic salt stress �0.69 0.023

Redox homeostasis

At1g03680 THIOREDOXIN M-TYPE 1 (TRX-M1) Thioredoxin 0.72 0.004
At3g15360 THIOREDOXIN M-TYPE 4 (TRX-M4) Thioredoxin 0.74 0.011
At1g07890 ASCORBATE PEROXIDASE 1 (APX1) Ascorbate and glutathione redox 1.31 0.011
At3g52960 PLASTID PEROXIREDOXIN-II-E (PRX-IIE) Peroxiredoxin redox 1.00 0.004

Hormone signalling

At3g02480 ABSCISIC RESPONSE PROTEIN (LEA-ABR) abscisic acid induced-regulated 2.65 0.036
At3g25770 ALLENE OXIDE CYCLASE 2 (AOC2) Jasmonate synthesis �0.68 0.006

(continued)

M. Pholo-Tait, W.X. Schulze, S. Alseekh et al. South African Journal of Botany 172 (2024) 515�528

521



Table 1 (Continued)

AGI Protein name Biological function log2 fold change
ratio 5/0

P < 0.05
BH.corrected

Miscellaneous/Unknown

At3g05900 NEUROFILAMENT PROTEIN-RELATED Unknown 0.51 0.000
At1g21680 DPP6 N-TERMINAL DOMAIN-LIKE PROTEIN Unknown �0.71 0.019
At5g49110 FANCONI ANEMIA GROUP I-LIKE PROTEIN Unknown �2.47 0.015
At2g23120 LATE EMBRYOGENESIS ABUNDANT PROTEIN, GROUP 6 Unknown 1.00 0.008

Values are represented as log2-fold changes of protein profiles of lumichrome-treated compared to the untreated control and the p-value adjusted (adj. value) to correct for the
probability of false positives using the FDR correction (Benjamini and Hochberg, 1995). p-value< 0.05 was deemed significant.
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ADENOSYLTRANSFERASE 3 (MAT3; At2g36880) and N-ACETYL
TRANSFERASE 60 (NAA60; At5g03660) were significantly repressed
in lumichrome treated plants relative to their control. On the other
hand, there was general repression of biotic stress-related proteins,
including MAJOR LATEX PROTEIN 6 (MLP6; At4g23670), Wound-
responsive protein-related (At3g07230), THIOGLUCOSIDE GLUCOHY-
DROLASE 1 (TGG1; At5g26000) and RMLC-LIKE CUPINS SUPERFAM-
ILY PROTEIN (ATARD2; At4g14710).
3.2.4. Hormone signaling, redox homeostasis regulation, and other
proteins identified in response to lumichrome application

The results demonstrated an altered abscisic acid hormone
metabolism through the highly increased levels of the Late
Fig. 4. Overview of a MapMan RNA‒protein synthesis, posttranslational modification
and degradation in A. thaliana treated with lumichrome. Red and blue histograms
denote upregulated and downregulated proteins, respectively.
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embryogenesis abundant ABSCISIC RESPONSE PROTEIN (ABR;
At3g02480). Conversely, expression of ALLENE OXIDE CYCLASE 2
(AOC2; At3g25770), the protein involved in the jasmonate hormone
signalling, was altered (Table 1). Lumichrome treatment significantly
induced the abundance of several proteins, which are essential for
scavenging reactive oxygen species in the light regulation of photo-
synthetic metabolism (Table 1). This group included highly abundant
reactive oxygen species (ROS) redox signalling-related proteins such
as THIOREDOXIN M-TYPE 1 (TRX-M1; At1g03680) and THIOREDOXIN
M-TYPE 4 (TRX-M4; At3g15360). In addition, the redox changes asso-
ciated with the ascorbate�glutathione redox regulation protein
ASCORBATE PEROXIDASE 1 (APX1; At1g07890) and the peroxire-
doxin redox regulation was altered via a significant increase in the
plastid PEROXIREDOXIN-II-E (PRX-IIE; At3g52960). (Table 1; Fig. S2).

Lumichrome treatment downregulated proteins involved in
transport. This includes the induced inhibition of the TRANSLOCON
AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 62 (TIC62;
At3g18890) and the PATELLIN 2 (PATL2; At1g22530). Moreover, the
results revealed an induced repression of the phosphotransfer and
pyrophosphatase nucleotide-related protein called NUCLEOSIDE
DIPHOSPHATE KINASE 3 (NDPK3). In terms of metal handing metabo-
lism, lumichrome treatment induced the abundance of the regulatory
ACIREDUCTONE DIOXYGENASE [IRON (II)-REQUIRING]/ METAL ION
BINDING (ATARD2; At4g14710), while the metal binding, chelation
and storage were negatively altered through the decreased levels of
the METHIONINE ADENOSYLTRANSFERASE 3 (MAT3; At2g36880).

3.3. Changes in the metabolite profile in response to lumichrome

GC‒TOF‒MS metabolite profile analysis revealed 60 metabolites
(Table S2), of which 15 were significantly affected following lumi-
chrome treatment. This analysis indicated an accumulation of soluble
sugars and alcohols, including fructose, glucose, maltose, sucrose, tre-
halose and rhamnose. Amongst these, fructose and glucose showed
the most significant increases compared with those in the control
plants. In addition, treatment with lumichrome led to the accumula-
tion of various amino acids, with proline showing the highest accu-
mulation, followed by glycine (Table 2).

4. Discussion

4.1. Photosynthetic changes in response to lumichrome treatment

With the present study, we shed more light on the possible effect
of lumichrome on the photosynthesis efficiency and the ultimate
growth of A. thaliana. In concert with previous studies on several
plant species (Gouws et al., 2012; Khan et al., 2008; Phillips et al.,
1999; Volpin and Phillips, 1998), treating A. thaliana with lumi-
chrome induced an increase in photosynthesis rate. The enhanced
photosynthesis rate was accompanied by increased stomatal conduc-
tivity and transpiration rate, whereas the water use efficiency was
inhibited. According to Leakey et al. (2009) and Sreeharsha et al.
(2015), the reduction in stomatal aperture under elevated CO2 has



Table 2
Changes in the sugar abundance of A. thaliana rosette leaves in
response to 5 nM lumichrome treatment.

Metabolite Fold2 change ratio t-test (p � 0.05)

Fructose 1.151 0.006
Glucose 1.128 0.036
Sucrose 0.225 0.019
Maltose 0.706 0.033
Trehalose, alpha- alpha 0.596 0.010
Rhamnose 0.305 0.016
Asparagine 0.597 0.021
Glycine 1.440 0.022
Phenylalanine 0.525 0.026
Proline 1.457 0.036
Putrescine 0.544 0.006
Tyrosine 0.495 0.034
Valine 0.379 0.037
Glutamic acid 0.275 0.014
Sorbitol 0.505 0.035

GC‒MS analyses of A. thaliana rosette leaf metabolites in response to
lumichrome. The values are expressed as the fold change ratio of the
treated group to the untreated control group. Response
ratio = intensity of the mass of the specific metabolite normalised to
fresh weight and the internal standard ribitol. Significant changes
were evaluated using a t-test (p � 0.05).
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been associated with increased intrinsic water use efficiency with
potential benefits for plant growth (Leakey et al., 2009; Sreeharsha et
al., 2015).

On the contrary, reductions in stomatal aperture can negatively
impact photosynthesis because of diffusional constraints and
increased leaf temperature (Matthews and Lawson, 2018). In the cur-
rent study, an increased stomal conductivity and transpiration rate
may have enhanced the CO2 uptake, subsequently increasing the
photosynthesis rate (Kusumi et al., 2012). However, the correlations
between high photosynthesis rate and low water use efficiency fol-
lowing lumichrome treatment must be clarified. In addition, the
increase in chlorophyll a and b suggested an enhanced capturing and
absorption of solar energy, which might have promoted the transi-
tion of electrons to the photosynthetic reaction centre (Fromme et
al., 2003).

Besides the physiological regulation, the molecular regulation of
the photosynthetic capacity and efficiency depends on the highly
flexible regulation of the catalytic four major protein complexes,
including photosystem I (PSI), photosystem II (PSII), cytochrome b6f
and ATPase (Munekage et al., 2002; Tikkanen and Aro, 2014). In that
respect, a triggered increase in PHOTOSYSTEM II SUBUNIT Q1 (PSBQ-
1) and PHOTOSYSTEM II SUBUNIT Q2 (PSBQ-2) extrinsic subunits of
the photosystem II (PS II) was observed in lumichrome treated plants
compared to the control. Previous reports indicated that cyanobacte-
rial mutants lacking PSBP and PSBQ proteins exhibit significant
defects in PSII function. These include lower oxygen-evolving activ-
ity, reduced quantum yield, a slower electron transfer rate at the
donor side of PSII, and diminished photoautotrophic growth. (Chai-
wongsar et al., 2012). In another study on spinach, it was revealed
that the N-terminal of PSBP is necessary for oxygen evolution and
induces the protein conformation required for the retention of Ca2+

and C-l needed for PSII activity. Loss of PSBP function can cause
defects in the conformational changes in the Mn cluster of the water
oxidation machinery. However, PSBQ can compensate for the N-ter-
minal functional defect of PSBP, indicating that PSBQ helps to stabi-
lise PSBP in PSII (Ifuku et al., 2005; Kakiuchi et al., 2012). Therefore,
the upregulated PSBQ-1 and PSBQ-2 could have collectively played a
role in enhancing the conformational Mn cluster of the water oxida-
tion machinery and stabilising PSII.

The protection of PSII from photodamage was likely due to the
high abundance of the MAINTENANCE OF PHOTOSYSTEM II UNDER
HIGH LIGHT 2 (MPH2) protein, which enhances photosynthetic
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efficiency and productivity. An A. thaliana MPH2 null mutant has
revealed a deficiency in disassembling and repairing damaged mono-
meric complexes. This deficiency led to reduced PSII efficiency, indi-
cating that the MPH2 protein is crucial for maintaining proper
photosynthetic function, especially under changing light conditions.
Additionally, the mutant plants exhibited a significantly reduced
growth rate phenotype when exposed to photo-inhibitory and fluc-
tuating light conditions (Liu and Last, 2017).

Lumichrome treatment further increased the expression of the
chloroplast ATP SYNTHASE DELTA SUBUNIT (ATPD) protein. Repres-
sion of cpATPase synthase has previously demonstrated a strongly
inhibited linear electron flux due to decreased rates of plastoquinol
reoxidation at the cytochrome b6f complex. This mutation also trig-
gered nonphotochemical quenching at very low light intensities,
thereby strongly reducing the quantum efficiency of CO2 fixation.
This resulted in impaired photosynthetic electron transport, CO2

assimilation, and plant growth due to the consequential over-acidifi-
cation of the thylakoid lumen (Kanazawa and Kramer, 2002; Rott et
al., 2011; R€uhle and Leister, 2015). Conversely, overexpressing the
ATPD subunit of the chloroplast ATP synthase in rice increased the
abundance of the whole ATPase complex, including increased ATP
synthase activity, resulting in higher electron transport rates and
high irradiance, as well as higher assimilation rates (Ermakova et al.,
2022). The increase in ATPD and the stable quantum yield following
lumichrome treatment could have been attributed to higher linear
electron transport, carbon assimilation and photosynthesis
efficiency.

On the other hand, the PHOTOSYSTEM I REACTION CENTRE SUB-
UNIT 1 (PSAE-1) was suppressed following lumchrome treatment.
PSAE is part of the extrinsic protein subunits that form the docking
site of ferredoxin at the acceptor side of PSI (Caspy and Nelson, 2018;
Kubota-Kawai et al., 2018; Nelson and Yocum, 2006). In A. thaliana,
disruption of the PSAE1 gene has been reported to lead to enhanced
PSII photoinhibition and lower level of P700 oxidation under steady-
state conditions with a consequential stunted growth and light-green
pigmentation phenotype (Varotto et al., 2000). Furthermore, psae1-3
knockout mutant (Ihnatowicz et al., 2007) plants have shown a
higher NPQ and a higher efficiency of cyclic electron flow than the
wild-type (Hald et al., 2008). Plants treated with lumichrome did not
show light green pigmentation, even though the PSAE-1 protein
representation was decreased. This may be due to the promotion of
effective photosynthesis through efficient cyclic electron transport of
PSI and dissipation of excess heat through the NPQ mechanism. Our
study indicates that both the linear and cyclic electron pathways, as
well as photoprotection mechanisms, contribute to enhancing photo-
synthesis efficiency.

Interestingly, the PLASTID TRANSCRIPTIONALLY ACTIVE CHRO-
MOSOME 16 (PTAC16), a protein complex attached to the plastid
membrane that plays a role in plastid transcription and translation,
was over-expressed. Although the function of most TAC genes is not
yet known, knockout of the PTAC14 gene in A. thaliana led to the
blockage of thylakoid formation in the initial process of chloroplast
development and downregulated transcript levels of plastid-encoded
polymerase (PEP)-dependent genes were downregulated (Gao et al.,
2012). Knockout ptac seedlings developed impaired plastid structure
with consequentially white or yellow cotyledons and failed to accu-
mulate chlorophyll even under low light intensities (Pfalz et al.,
2006), and downregulated levels of plastid-encoded polymerase
(PEP) responsible exclusively for the expression of chloroplast-
encoded photosynthetic genes (Gao et al., 2012, 2011). The upregula-
tion of PTAC16, coupled with increased chlorophyll a and b and
induced expression of photosynthesis-related genes in the current
study, could suggest an optimal plastid structure and plastid metabo-
lism (Inomata et al., 2018).

Central for the ability of chloroplast metabolism to rapidly
respond to changes in light intensity is the ability to counteract the
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production of singlet oxygen (1O2) at photosystem (PS) II and super-
oxide anion (O2) at PSI (Cejudo et al., 2021). We observed that the
carotenoid content in lumichrome-treated plants remained unaf-
fected compared to the relative control. This might imply that the
steady amount of carotenoid was optimal to deactivate the triple
chlorophyll and singlet oxygen efficiently, as well as dissipate excess
light energy to prevent photodamage of the photosynthetic appara-
tus in LHCs of PSII, thus avoiding the oxidative damage of ROS and
allowing their signalling activity (Jahns and Holzwarth, 2012; Sun et
al., 2022).

Furthermore, there was a high abundance of the THIOREDOXIN
M-TYPE 1 (TRX-M1) and the THIOREDOXIN M-TYPE 4 (TRX-M4) pro-
teins, which are essential redox regulators in the light regulation of
photosynthetic metabolism through reducing target proteins, thus
acting as molecular redox switchers by transferring electrons to a
pair of disulphide-bonded cysteines (Collin et al., 2003). A pale-green
leaf, disruption of the redox status of intermolecular disulfide bonds
in PSII core proteins and the resultant elevated levels of ROS have
been reported in A. thailana mutant deficient in TRX-M genes (Wang
et al., 2013a, 2013b). There was also a high abundance of PLASTID
PEROXIREDOXIN-II-E (PRX-IIE), a protein with similar thioredoxin
fold structures and a function of maintaining proper ROS homeostasis
within plant cells (Dreyer et al., 2021). This further implied the possi-
ble peroxidase/thioredoxin (PRXR/TRX) antioxidant defence system,
in which TRX coupled with TRX-dependent peroxidase (PRXS) scav-
enges the excess hydrogen peroxide and peroxides (Kekulandara et
al., 2018) thereby improving CO2 assimilation rate and plant growth
(Okegawa and Motohashi, 2015). In addition, the cytosolic removal of
the H2O2 removal and regulation of ROS could have been mitigated
by the increase in the cytosolic ASCORBATE PEROXIDASE 1 (APX1)
(Mauceri et al., 2024).

4.2. Lumichrome altered carbon metabolism probably through
enhanced sucrose partitioning

A transcriptomic study on tomato and Lotus reported that the role
of lumichrome in carbon partitioning was associated with enhanced
starch accumulation, which was possibly attributed to a rise in plas-
tidial GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GAPDH)
transcripts and NAD-dependent enzyme activity (Gouws et al., 2012).
Previously, tomato root proteomic studies revealed that lumichrome
treatment reduced levels of GAPC1, also known as plastid-phosphor-
ylated NAD-specific glyceraldehyde-3-phosphate dehydrogenase
(Gouws, 2009). Plastidial GAPC, along with phosphoglycerate kinase,
is involved in starch breakdown for the production of ATP needed for
starch metabolism in green and nongreen plastids, as well as serine
metabolism (Backhausen et al., 1998; Mu~noz-Bertomeu et al., 2009;
Toujani et al., 2013). However, our current proteomic study on A.
thaliana revealed a decrease in the levels of the plastidial PHOSPHO-
GLUCOMUTASE 1 (PGM1) protein, an essential protein for the second
step of starch biosynthesis (Manjunath et al., 1998), which converts
glucose-6-phosphate into glucose-1-phosphate (M€uller-R€ober et al.,
1992). A. thaliana mutants in which the activities of PGM1 are
reduced or abolished have significantly reduced levels of leaf starch
or a starchless phenotype (Caspar et al., 1985; Lin et al., 1988). In
addition, lumichrome treatment induced the repression of the cyto-
solic glycolystic FRUCTOSE-1,6-BISPHOSPHATE 8 (FBA8). Although,
cytosolic FBA plays a catalytic role in the reversible conversion of
fructose-1,6-bisphosphate (FBPase) to glyceraldehyde-3-phosphate
(G3P) and dihydroxyacetone phosphate (DHAP) (Cai et al., 2016; Lu
et al., 2012), an increase in the expression of FBA8 was accompanied
by a decrease in FRUCTOSE-1,6-BISPHOSPHATE (FBPase) protein. Pre-
vious studies reported a positive correlation where on over-expres-
sion of the FBA gene in A. thaliana increased sucrose synthesis, sugar
accumulation, and increased photosynthetic and accelerated plant
growth (Cho et al., 2012). On the other hand, the decreased
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expression of the FBA gene in A. thaliana and Solanum tuberosum led
to a reduced sucrose synthesis, accumulated intermediate metabo-
lites, and eventually blocked photosynthesis (Cho et al., 2012; Zren-
ner et al., 1996). The increased levels of FBA8 in the current study
may have contributed to the increased sucrose synthesis, sugar accu-
mulation and photosynthesis rate. It is therefore proposed that lumi-
chrome modifies carbon partitioning pathways, in which the
cytosolic FBA8 underpins the glycolysis and the carbohydrate parti-
tioning in the cytosol, where water soluble carbohydrates provide
both an energy source and building blocks for biomass production
and maintenance, illustrating biomass productionʼs dependence on
carbon fixation in lumichrome-treated plants (Koch, 2004).

4.3. Protein metabolism in response to lumichrome treatment

Lumichrome treatment induced an altered RNA processing, ribo-
somal synthesis, initiation, targeting, post-translational modification,
protein degradation and protein folding. This includes an increase in
the plastid REACTIVE INTERMEDIATE DEAMINASE A (RIDA), which is
involved in damage pre-emption processing by converting an aggres-
sively reactive product into a more benign one, thereby forestalling
damage (Lambrecht et al., 2013; Niehaus et al., 2014). Plants lacking
RIDA showed defects in plastids (Niehaus et al., 2014), which could
further affect the photosynthesis capacity and efficiency. Simulta-
neously, the expression of RIBOSOMAL PROTEIN L12-C (RPL12-C)
was upregulated, while the RIBOSOMAL PROTEIN L14 (RPL14) was
underrepresented. This might have suggested that the loss of RPL14
was compensated by the high abundance of RPL12C in enhancing
protein synthesis and, consequently, playing an essential role in
metabolism, cell division, and growth (Wang et al., 2013a, 2013b).
Meanwhile, the downregulation of EUKARYOTIC INITIATION FACTOR
4B2 (eIF4B2) protein suggested the inhibited regulation of the trans-
lation initiation stage (Dutt et al., 2015). The SNS-D mutant with the
increased expression level of the eIF4B2 gene resulted in spontane-
ous necrotic spots, DNA fragmentation, increased caspase activity,
and ultimately programmed cell death (Gaussand et al., 2011). The
suppressed RNA-binding protein eIF4B2 in the current study could
have repressed the helicase activity of eIF4A and the eIF4E compo-
nent of the eIF4F complex (Rogers et al., 2001) but might be beneficial
in influencing mRNA discrimination during translation initiation as
well as preventing programmed cell death (Mayberry et al., 2009;
Rogers et al., 2001).

Our study further suggested the impaired SCF(TIR1) mediated
protein degradation SUPPRESSOR OF THE G2 ALLELE OF SKP1 A
(SGT1A). Despite the probable inhibition of SCFTIR1 and serine prote-
ase degradation, lumichrome treatment triggered an increase in PRO-
TEASOME REGULATOR1 (PTRE1), the proteasome related to ubiquitin
protein degradation. PTRE1 is a positive regulator of the 26S protea-
some through fine-tuning the homeostasis of Aux/IAA repressor pro-
teins, thus modifying auxin activity (Yang et al., 2016). In that regard,
a reduction in PTRE1 function is responsible for auxin-mediated pro-
teasome suppression (Thulasi Devendrakumar et al., 2019). Cysteine pro-
teases are believed to speed up reconfiguring the chloroplast proteome.
However, inhibiting these proteases has been found to decelerate chloro-
plast protein degradation and, instead, activate photosynthetic gene
expression and signalling between chloroplast and nucleus. This, in turn,
enhances stress tolerance traits (Alomrani et al., 2021).

The high abundance of CHLOROPLAST HEAT SHOCK PROTEIN 70-1
(cpHSC70-1) and CHAPERONIN 20 (CPN20) suggests that lumichrome
is involved in the prevention of protein aggregation and enables the
disaggregation of cytotoxic aggregates. Lumichrome could have
achieved this by binding to and stabilizing partially or unfolded pro-
tein polypeptides while also assisting in the unfolding of misfolded
proteins (Finka et al., 2016; Flores-P�erez and Jarvis, 2013; Latijn-
houwers et al., 2010; Liberek et al., 2008). This could have improved
protein import into chloroplasts (Rochaix, 2022; Su and Li, 2010) and
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contributed in maintaining chloroplast structure and functions (Su
and Li, 2010). In Physcomitrium patens and A. thaliana, the disruption
of cpHSC70-1 resulted in loss of chloroplast import and processing
with eventual white seedling phenotype and seedling lethality (Cline
and Dabney-Smith, 2008; Ding et al., 2022; Shipman-Roston et al.,
2010). Interestingly, an inverse response was observed for the pro-
teins related to the translocon in the outer envelope of chloroplasts
(TOC) and translocon in the inner envelope of chloroplasts (TIC).
These complexes play critical roles in delivering nuclear-encoded
proteins into chloroplasts (Fukazawa et al., 2020; Kim et al., 2023;
Lee and Hwang, 2021). These include the suppression of the TRANS-
LOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 62
(TIC62) and the TRANSLOCON AT THE OUTER ENVELOPE MEMBRANE
OF CHLOROPLASTS 159 (TOC159). The TOC159 gene is highly abun-
dant in photosynthetic green tissues and serves as the primary pro-
tein import receptor for photosynthesis-associated proteins (Bauer et
al., 2000).On the other hand, a study of A. thaliana (Benz et al., 2009),
suggested that TIC62 acts as a redox sensor for the complex due to its
redox-dependent movement between the envelope and stroma, as
well as its specific interaction with the photosynthetic protein ferre-
doxin-NADP(H) oxidoreductase (FNR). In that regard, the high abun-
dance of cpHSC70-1 and CPN20 following lumichrome treatment
may have played a significant role in protein importation during an
impaired TIC/TOC complex.

4.4. Hormone signalling regulation in response to lumichrome
treatment

Lumichrome-related decreased transcriptional regulation of jasm-
onate biosynthesis has been previously reported in A. thaliana. This
was shown through downregulating LIPOXYGENASE 2, 3, and 6 (LOX2,
LOX3, LOX6) gene expression. Additionally, the downregulation of
JACALIN-RELATED LECTIN 34 (JAL34) and JASMONATE RESPONSIVE 1
(JR1) gene expression was also observed (Pholo et al., 2018). This
altogether suggested a substantive role of lumichrome in delayed
leaf senescence through the suppression of the effects of MeJa, such
as chlorophyll loss and decreases in RuBisCO and photosynthesis
(Pholo et al., 2018). In addition to the previously reported suppres-
sion of the jasmonate-related protein, our study demonstrated a
decrease in the expression of the Jasmonic acid (JA) biosynthesis-
related proteins, specifically the ALLENE OXIDE CYCLASE 2 (AOC2).
We also observed an opposing response in which the reduced AOC2
jasmonate-related protein was inversely correlated with the
increased abundance of the ABSCISCIC RESPONSE PROTEIN (ABR)
protein. Both the AOC2 and the ABR proteins have been reported to
play an essential role in the leaf senescence response mechanism
under environmental stress conditions in A. thaliana (Hu et al., 2017;
Su et al., 2016). Thus, an increase in the expression level of the AOC2
gene positively correlated with JA-promoted leaf senescence (He et
al., 2002), while the abr knockout mutant revealed that ABR is
involved in dark-induced leaf senescence in A. thaliana (Huang et al.,
2022). Therefore, we propose that the downregulated AOC2 protein
and the high abundance of ABR could have delayed both light and
dark-induced leaf senescence. The expression of these proteins with
a concomitant increase in chlorophyll a and b further suggested the
enhanced prevention of chlorophyll degradation and protection of pho-
tosynthesis proteins from aggregation caused by light deprivation (Su et
al., 2016). These probable jasmonate-related signals of delayed leaf
senescence might have contributed to the promotion of optimal light
absorption, energy transformation, and electron transfer capacity of
active PSII reaction (Gr€ubler et al., 2021; Papuga et al., 2010).

5. Conclusions

Proteomic analysis indicated that the lumichrome promotes A.
thaliana growth by enhancing multiple aspects of the photosynthetic
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process and altering carbon partitioning away from starch synthesis
to favour sucrose and reducing sugars. The promoted photosynthesis
rate following lumichrome treatment was probably due to an
increased stomal conductivity and transpiration rate that may have
subsequently enhanced the CO2 uptake.

The increase in chlorophyll a and b suggests better solar energy
capture and absorption, which likely helped move electrons to the
photosynthetic reaction centre. Proteomic profiling showed that the
improved photosynthesis rate could be attributed to an abundance of
proteins responsible for regulating the four major protein complexes
involved in photosynthesis: photosystem I (PSI), photosystem II
(PSII), cytochrome B6F, and ATPase. The high abundance of PSBQ-1
and PSBQ-2 likely enhanced the OEC required for PSII assembly, sta-
bility, and photoautotrophic growth. The abundance of these two
luminal PSBQ proteins may have compensated for the N-terminal
functional defect of PSBP in ensuring PSII stability. The low abun-
dance of PSAE1 and a lack of light green pigmentation might be due
to an efficient cyclic electron transport of PSI and dissipation of
excess heat through the NPQ mechanism, promoting an effective
photosynthesis rate.

In addition to the cyclic electron transport, lumichrome treatment
suggested that the high abundance of ATPD enhanced linear electron
transport with enhanced carbon assimilation and photosynthesis
efficiency. The ability to counteract the production of singlet oxygen
(1O2) at photosystem (PS) II and superoxide anion (O.�2) at PSI in
lumichrome-treated plants could be induced by the high abundance
of TRX-M1, TRX-M4, plastid PRX-IIE, and the cytosolic Ascorbate per-
oxidase 1 (APX1) proteins, thereby improving CO2 assimilation rate
and plant growth.

In addition, treatment with lumichrome suggested enhanced car-
bon partitioning metabolism related to FBA8, possibly through
sucrose biosynthesis. This process provided the cell with ATP and
NADH for plant growth. Lumichrome treatment also increased Pro-
teasome regulator1 (PTRE1), the proteasome related to ubiquitin pro-
tein degradation. In contrast, enhanced protein folding was suggested
by the rise in cpHSC70-1 and the co-chaperone CPN20 proteins. The
high abundance cpHSC70-1 suggested improved chloroplast import
and processing, compensating for the impaired TIC/TOC complex.

Regarding hormonal signalling, our study proposes that the
underrepresentation of the AOC2 protein and the high abundance of
ABR protein may have significantly delayed leaf senescence, includ-
ing the ABR gene’s dark-induced leaf senescence.

Altogether, the proteome profiling of lumichrome-treated A. thali-
ana has uncovered various regulatory mechanisms that could have a
profound impact on future research and applications in the field of
plant biology and biotechnology. However, future research involving
mutants or transgenic plants to either reduce or overexpress these
photosynthetic and other identified potential metabolism-related
candidate genes will help confirm the proposed lumichrome-associ-
ated modes of action.
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