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Abstract
Phytoremediation has been recognized to reduce particulate matter (PM) concentration in the air. Plant
stress response plays a crucial role in PM removal. In this study, six plants including ornamental and
perennial plants were exposed to PM from cigarette smoke for 24 hours. Ornamental plants were
Calathea makoyana, Sansevieria trifasciata, and Zamioculcas zamiifolia, where perennial plants Bauhina
purpurea, Tectona grandi, and Wrightia religiosa. The initial concentration of PM was 300–320, 400–450,
and 500–530 µg m− 3 for PM1.0, PM2.5, and PM10, respectively. The plant response of each plant was
compared to determine the plant response of each group and plant against PM stress. The results
showed that all plants have different protein expressions. Ornamental plants showed more enrichment in
photosynthesis and antioxidant enzymes, whereas perennial plants were in photosynthesis, an
antioxidant enzyme, and carbon metabolism. The results suggest the plant response of each plant of an
ornamental and perennial plant. This proteomics approach was useful for future studies, especially for
phytoremediation.

1. Introduction
Particulate Matter (PM), a primary air pollutant that has become one of the most critical air pollutants
worldwide. Today, almost all of the world's population is living in places with poor air quality leading the
World Health Organization (WHO) to consider air pollution as the biggest environmental health human
problem (Liang et al., 2016). Man-made sources contributing, vehicle exhaust, cement factories, and
industrial processors emit mainly PM directly (Urrutia-Mosquera and Flórez-Calderón, 2023). Secondary
particle reactions generate secondary PM in the atmosphere by the reaction of other toxic pollutants such
as nitrogen oxides (NOx), sulfur dioxide (SO2), ammonia, and volatile organic compounds (VOCs)
(Tajuelo et al. 2021). There are several deleterious PM effects, often forming a complex mixture with
highly toxic components, such as carcinogens. Kim et al. (2021) remarked PM in the atmosphere
responds to a high risk of adverse harmful effects to human health, chronic obstructive pulmonary
diseases (COPD) such as lung cancer and cardiopulmonary disease. People living in the fastest growing
cities in the world are exposed to pollution levels that are exceeded many times over. The WHO air quality
guidelines stated the mean limits for exposure to PM. This will cause great trouble in the future in terms
of public health with massive medical and social costs. For this reason, there is an emergency response
to address growing environmental problems and implement abatement related to air pollution (Jin et al.,
2021). PM pollution in cities is more likely to develop in winter from human activities such as industrial
facilities, and fossil fuel vehicles as well as in summer may also intensity PM concentrations due to open
burning of agricultural residues and forest fires for preparation of cropping areas (Tiyapairat, 2012).
Moreover, summer can increase secondary PM (Wang et al., 2016). Therefore, it is an emergency to
prepare to develop technology to cope with PM concentrations.

Phytoremediation has been recognized as one of the most scientific technologies that have been made to
reduce PM for the well beings of humans, animals as well as plants (Paull et al., 2019; Popek et al.,
2015). Plant species play a significant role in the effect on its capability of reducing speed velocity and
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capturing PM (Nakazato et al., 2018) and complement air pollution mitigation by vegetated greenbelts
(Wang, 2011). As PM exposures on the aerial surfaces of plants, it has been exhibited to reduce
photosynthetic efficiency, affect physiological plant disorders, and increase the wax layer
(Treesubsuntorn et al., 2021). Leaf area directly affected accumulation, while petiole length and
internodal distance had opposite effects. The experimental site had significantly higher average
particulate deposits compared to the control site. 80.95% of species accumulated more particles in the
experimental site, while only 19.04% did so in the control site. Both parameters showed distinct seasonal
patterns. Butea monosperma, Tectona grandis, and Diospyros melanoxylon had high particle capture
capacities with efficiency rates of 48.44%, 41.71%, and 32.09% respectively (Sahu et al.. 2021). However,
PM stresses have distinguished effects on plant growth and the metabolic process (Rai, 2016). To
combat such stresses, plants have evolved complex but not well-understood responses. Thus, for
knowledge-based proving strategies for PM-tolerant plants, an understanding of the molecular PM-
tolerance mechanisms of plants is more required. This study used six plants, such as perennial trees
(including Bauhinia purpurea, Tectona grandi, and Wrightia religiosa) and ornamental plants (including
Calathea makoyana E.Morren, Sansevieria trifasciata Prain, and Zamioculcas zamiifolia (Lodd.) Engl).
The plants have reported good efficiency to remove PM2.5 and other VOCs in previous studies (Siswanto
et al., 2020; Sriprapat et al., 2014; Sriprapat & Thiravetyan, 2016; Treesubsuntorn et al., 2021). The plants
that are exposed to PM depend on phenotypic plasticity for remodeling during developmental or
facilitating survival under stressful environmental conditions changes (Swindell et al., 2007). Proteomics
is a high-throughput tool for investigating obtains qualitative and quantitative analyses of experimental
conditions of different biochemical pathways including plant stress-related responses (Shen et al., 2021;
Hong et al., 2020). Moreover, proteomics also serves as a vital tool in bridging the gap between
transcriptomics and metabolomics as it facilitates genomic studies. In particular, comparative proteomic
analysis of plant species exposed to PM stress conditions allows for the investigation of various
response-related mechanisms adopted by plants grown under these stress conditions (Cook et al., 2004).
Within the past few years, LC-MS/MS has become the method of choice for obtaining an insight into the
biochemical and proteome maps of plants (Rashid et al., 2013). Furthermore, differential proteomics
profiles could contribute to the identification and characterization of PM stress-responsive proteins that
could be used as biological markers for the study of a PM stress response.

In the previous work, plant species exhibited good PM and VOC remediation (Treesubsuntorn et al., 2021).
However, under highly concentrated stress exceeds, the plant has been demonstrated a reduction in
efficiency, and plant physiology is still unclear. In the present study, to further explore the plant-mediated
mechanism of PM response, which performed a proteomic level analysis of the raw proteomic data
again. To investigate the Plant-PM interaction, we conducted a proteomic analysis on perennial trees and
ornamental plants. The objectives of this research were to: (1) identify proteins expressed in protein
profile changed response to PM exposure in ornamental and perennial plants; (2) analyze the mechanism
undergone under PM stress in ornamental and perennial plants. The knowledge gained from this study
will be instrumental in understanding the molecular mechanisms involved in the response to PM
exposure.
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2. Materials and methods

2.1 Plant material and sample collection
This research is a study of the PM affect induced proteome changes in plant leaves related to plant
materials were collected from 3 perennial trees (including Bauhinia purpurea, Tectona grandi, and
Wrightia religiosa) and 3 ornamental plants (including Calathea makoyana E.Morren, Sansevieria
trifasciata Prain and Zamioculcas zamiifolia (Lodd.) Engl). All six plant species were selected based on
the good air pollutant removal from our previous reports at the Remediation Laboratory, King Mongkut’s
University of Technology Thonburi (KMUTT), Bangkok, Thailand. All species are common plants in
Thailand and are widely grown in urban areas. For each species, three similar individuals were used as
replicates for the experiment. Condition to grow plants before experimental initiation, all six plant species
were cultivated under natural environmental conditions at Remediation Laboratory, KMUTT, Bangkok,
Thailand. The trees were grown in loam soil supplemented by coconut coir which was purchased from
plant shops in Bangkok, Thailand. Plants were watered every other day with optimal tap water and
watered plants daily. Healthy and no sign of diseases plants were used for further experiment. The
responses of plant species growing in the PM exposure have generally been investigated in terms of
protein profiles obtained from potted plants.

2.2 PM exposure
The leaves of the test plant species were pretreated by washing with tap water and naturally dried, and
the pots were wrapped with aluminum foil. Each potted plant was placed inside the cleaned 1 m3 testing
chamber. Particulate matter was produced from cigarette smoke, Experiments were conducted by using a
vacuum pump to suck the smoke from the gas preparation chamber into the testing chamber. In addition,
plants without PM exposure served as control plants. PM was generated from cigarette smoke.
Experiments were carried out by using a vacuum pump to suck the smoke from the gas preparation
chamber and injected it into the testing chamber. The initial PM concentrations were 300–320, 400–450,
and 500–530 µg m− 3 for PM1.0, PM2.5, and PM10, respectively. The experiments were carried out in
triplicate under fluorescent light with a ~ 16 h photoperiod. Plants were maintained in a growth chamber
at 28 ± 3°C and 70% relative humidity under a 16:8 h photoperiod (day/night) for 24 h. the plant treatment
and control were harvested. To establish the proteomic analyses samples, plant leaves material of
approximately 500 mg was collected and frozen in liquid nitrogen. The samples were then ground using a
mortar and either stored at -80°C for further protein extraction.

2.3 Proteomics sample preparation for proteomic analysis
To identify proteins involved in PM exposure, an optimized protein extraction method for gel-free
proteomic analysis was presented in this work. The total proteins were extracted for each of the three
biological replicates according to the Niu et al. method (2018). Briefly, the leaf powder was extracted by
resuspended fresh hypotonic cell lysis buffer (0.2% SDS, 20 mM DTT, 10 mM HEPES-KOH, pH 8.0 (1:5
w/v ratio)). The cell lysis solution was precipitated by 15% TCA/acetone precipitation at a 20:80 (v/v)
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ratio and washed with cold acetone (twice). After precipitation, the protein pellet was reconstituted in
0.25% RapidGest SF (Waters, UK) in 10 mM Ammonium bicarbonate (fresh prepared) to improve in-
solution protein digestion in terms of speed and peptide recovery. The Lowry assay (BSA as protein
standard) method was used to estimate total protein concentration. Next, the proteins 25 µg of protein
was subjected to gel-free based digestion. The reduction and alkylation of proteins were performed by
using 5 mM DTT and incubated at 80°C for 20 minutes and then alkylation of sulfhydryl groups by using
25 mM IAA was carried out at room temperature for 30 minutes in the dark. The solution was purified by
a 7 kDa molecular weight cut-off, 0.5 mL (Zeba™ Spin Desalting Columns, ThermoFisher, USA).
Proteolytic cleavage of digestive enzymes process by using 500 ng of sequencing grade trypsin
(Promega, Germany) was added to the protein solution and incubated at 37°C for 3 hours. The peptides
were redissolved in 0.1% formic acid/LC-MS water and transferred to a TruView LCMS vial (Waters, UK).

2.4 LC-MS/MS and data processing
The peptide mixture samples were analyzed in tandem mass spectrometers (Orbitrap HF hybrid mass
spectrometer combined with an UltiMate 3000 LC system) (Klein et al., 2016). Briefly, Peptides were
separated in reverse phase mode online using a C18 PepMap 100 trapping column, before being resolved
onto a C18 PepMap™ 100 capillary column with a 70-min gradient of acetonitrile, 0.1% formic acid, at a
flow rate of 300 nL/min. Peptides were analyzed by implementing a data-dependent standard top 15
method including a scan cycle initiated by a full scan of peptide ions in the Orbitrap analyzer,
accompanied by high-energy collisional dissociation and MS/MS scans on the 15 most abundant
precursor ions. Full scan mass spectra were acquired from m/z 400 to 1600 with an automatic gain
control (AGC) target set at 3 × 106 ions and a resolution of 60,000. MS/MS scan was initiated when the
ACG target reached 105 ions with a threshold intensity of 83,000 and potential charge states of 2+ and 3+.
Ion selection was accomplished by applying a dynamic exclusion window of 12 seconds (Trapp et al.,
2016).

2.5 Analysis of the differential abundance of proteins
acquired using mass spectrometry
All raw files were analyzed by the Proteome Discoverer software version for initial analysis. 2.4 (PD)
(Thermo Scientific) using the SEQUEST, Percolator, and Minora algorithms.

LC-MS spectrum protein database matches, and finally, non-redundant protein groups using the principle
of strict parsimony as defined by the UniProtKB reviewed database (11/01/2020). For protein
identification and quantification, the setting parameters were as follows: The following parameters were
applied for MS/MS spectra assignment: full-trypsin specificity, a maximum of two trypsin missed
cleavages were allowed with a precursor mass tolerance of 5 ppm on the parent ion and fragment mass
tolerance of 0.01 Da. A fixed modification, Carbamidomethylation Cysteine + 57.021 Da. and oxidized
Methionine + 15.995 Da. were selected as dynamic modifications. The False discovery rate (FDR) of
peptide and protein identification were both set to 0.05. The normalization of the relative protein
abundances ratio was operated by total peptide amount for each LC-runs (across all runs; n = 6) by the
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normalization algorithm of Proteome discoverer software. To assemble a differentially expressed protein
list, multiple consensus workflows were used to determine the differential protein expression of the
samples. The proteins identified data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXDxxxx (Vizcaino et al., 2013). Differential
expression proteins were determined by criteria, such as protein only found in all replicates (n = 3), p-
value < 0.05, and the abundance ratio of treatment per control for upregulated and downregulated were
above 1.5 and below 0.5, respectively. Proteins were categorized based on function using Hierarchical
clustering analysis and Gene Ontology (GO) analysis which are affected by PM stress. The functionally
annotated proteins from PM exposed and unexposed samples were categorized into GO terms (molecular
function, cellular function, biological function, and protein class) was performed with the set of all
protein-coding genes in the Arabidopsis genome, the pathway enrichment analysis was done using Kyoto
Encyclopedia of Genes and Genomes (KEGG) by using accession number as an ID (Raudvere et al.,
2019).

3. Results and discussion

3.1 Different responses of ornamental and perennial plants
under PM stress
Plant such as ornamental and perennial plants are exposed to PM with concentrations of 300–320, 400–
450, and 500–530 µg m− 3 for PM1.0, PM2.5, and PM10, respectively. After 24 hours of exposure, the leaf
samples of each plant were taken and determine the proteins. The result showed that ornamental and
perennial plants have different responses against PM (Fig. 1). Some plants’ proteins disappeared due to
static and criteria. Some ornamental plants tend more sensitive than perennial plants and are most active
in the photosynthesis process whereas some perennial plants are tended to mostly in carbon
metabolism. Based on the results, proteins in chloroplasts were more crucial and responsive than other
organelles.

3.2 Photosynthesis mechanism of ornamental and
perennial plants under PM stress
Both ornamental and perennial plants were exposed to PM stress from cigarette smoke. However, both
types of plants showed different expressions of photosynthetic proteins. Most plants showed an
increased abundance of oxygen-evolving complex proteins

(Tables 1 and 2). The protein was a key for redox catalyst and splitting of water when photosynthesis
occurs, located in the photosystem II complex (Gupta, 2020; Ifuku et al., 2010). The process generates
dioxygen and hydrogens which these hydrogens contribute to ATP phosphorylation (Gupta, 2020; Paul et
al., 2017). The results might also indicate both ornamental and perennial plants were more active in
water usage under PM stress to generate ATP and organic compounds. As theorized, water is an
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important factor in the plant process, especially in photosynthesis. The result might be consistent with a
previous study that found high water content giving positively correlated with plant health under PM
stress (Treesubsuntorn et al., 2021). Under PM conditions, photosystem I (PSI), II (PSII), and light-
harvesting complex (LHC) of C. makoyana showed downregulated. In contrast, Sansevieria trifasciata
uniquely expressed PSII and LHC under stress conditions. Zamioculcas zamiifolia is mostly enriched in
PSI, LHCI, and photosynthetic electron transport. The results might indicate that C. makoyana was more
sensitive to PM stress, while S. trifasciata and Z. zamiifolia might able to manage the stress and
maintain photosynthesis by increasing either one of the photosystem complex proteins. Similar to S.
trifasciata, B. purpurea and W. religiosa were enriched in PSII-related proteins, while Tectona grandi was
not shown enriched in photosynthesis. Both W. religiosa and B. purpurea enriched in the LHC part of PSII,
ATP synthase, and carbon fixation. Therefore, S. trifasciata, Z. zamiifolia, B. purpurea, and W. religiosa
might maintain and be more active in photosynthetic proteins under PM stress plants, while C. makoyana
and T. grandi might not focus on this reaction.
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Table 1
Photosynthetic proteins of ornamental plants under 24 h PM stress. Initial PM concentrations were 300–

320, 400–450 and 500–530 µg m− 3 for PM1.0, PM2.5 and PM10, respectively.

Accession
number

Protein name Log2 fold change
(T/C)

Calathea makoyana

O62964 Ribulose bisphosphate carboxylase large chain 2.00

O65107 Photosystem I reaction center subunit N, chloroplastic 2.00

P93906 Ribulose bisphosphate carboxylase large chain 0.68

P05310 Photosystem I P700 chlorophyll a apoprotein A1 0.31

P26320 Oxygen-evolving enhancer protein 1, chloroplastic 0.28

Q9SAU2 Ribulose-5-phosphate-3-epimerase, chloroplastic 0.26

P59702 Cytochrome b559 subunit alpha -0.31

P12359 Oxygen-evolving enhancer protein 1, chloroplastic -0.33

P27522 Chlorophyll a-b binding protein 8, chloroplastic -0.34

A6YGB8 Photosystem II protein D1 -0.62

Q9SUI5 Photosystem I reaction center subunit psaK,
chloroplastic

-1.01

Q9SHE8 Photosystem I reaction center subunit III, chloroplastic -2.00

P41758 Phosphoglycerate kinase, chloroplastic -2.00

Q9XF89 Chlorophyll a-b binding protein CP26, chloroplastic -2.00

Sansevieria trifasciata

P12302 Oxygen-evolving enhancer protein 2, chloroplastic Unique

P20866 Chlorophyll a-b binding protein, chloroplastic Unique

P06260 NAD Unique

Q9M3C6 Photosystem I assembly factor PSA3, chloroplastic Unique

P48187 Photosystem II CP43 reaction center protein Unique

Q8M9W4 Photosystem II D2 protein Unique

P17067 Carbonic anhydrase, chloroplastic Unique

Zamioculcas zamiifolia  

A6H5G7 Photosystem II CP43 reaction center protein 0.85
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Accession
number

Protein name Log2 fold change
(T/C)

Q42029 Oxygen-evolving enhancer protein 2 − 1, chloroplastic 0.69

Q32RX2 Cytochrome f 0.63

P27522 Chlorophyll a-b binding protein 8, chloroplastic 0.55

A9L9A4 Ribulose bisphosphate carboxylase large chain 0.53

Q39654 Photosystem I reaction center subunit XI, chloroplastic 0.46

P27491 Chlorophyll a-b binding protein 7, chloroplastic 0.35

P08221 Chlorophyll a-b binding protein of LHCII type I,
chloroplastic

0.32

P12355 Photosystem I reaction center subunit III, chloroplastic 0.32

P09755 Chlorophyll a-b binding protein 2, chloroplastic 0.32

P10708 Chlorophyll a-b binding protein 7, chloroplastic 0.30

P23322 Oxygen-evolving enhancer protein 1, chloroplastic 0.29

Q40407 Oxygen-evolving enhancer protein 2, chloroplastic 0.27

Q9M158 Rhodanese-like domain-containing protein 4,
chloroplastic

0.27

O20250 Transketolase, chloroplastic 0.24

Q6ZFJ3 Ferredoxin–NADP reductase, leaf isozyme 2,
chloroplastic

0.24

P49107 Photosystem I reaction center subunit N, chloroplastic 0.19

P12360 Chlorophyll a-b binding protein 6A, chloroplastic 0.18

P22179 Photosystem I reaction center subunit VI, chloroplastic -0.31

Q5Z5A8 Photosystem II stability/assembly factor HCF136,
chloroplastic

-0.32

Q9BBQ5 Cytochrome b6-f complex subunit 4 -0.32

P54773 Photosystem II 22 kDa protein, chloroplastic -0.38

P81372 Ferredoxin-A -0.60

Q9BBQ7 Photosystem II reaction center protein H -0.64

P00221 Ferredoxin-1, chloroplastic -0.90
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Table 2
Photosynthetic proteins of perennial plants under 24 h PM stress. Initial PM concentrations were 300–

320, 400–450 and 500–530 µg m− 3 for PM1.0, PM2.5 and PM10, respectively.

Accession
number

Protein name Log2 fold change
(T/C)

Bauhinia purpurea

Q9TL00 Photosystem II D2 protein 2.00

Q49CC1 Ribulose bisphosphate carboxylase large chain 0.85

P41758 Phosphoglycerate kinase, chloroplastic 0.51

P25856 Glyceraldehyde-3-phosphate dehydrogenase GAPA1,
chloroplastic

0.49

O62964 Ribulose bisphosphate carboxylase large chain 0.36

P09044 Glyceraldehyde-3-phosphate dehydrogenase B,
chloroplastic

0.36

P12468 Ribulose bisphosphate carboxylase small subunit,
chloroplastic 2

0.33

Q07473 Chlorophyll a-b binding protein CP29.1, chloroplastic 0.31

P22418 Fructose-1,6-bisphosphatase, chloroplastic 0.29

Q42796 Fructose-1,6-bisphosphatase, chloroplastic 0.27

Q9SAU2 Ribulose-5-phosphate-3-epimerase, chloroplastic 0.27

P12113 ATP synthase gamma chain, chloroplastic 0.21

P27522 Chlorophyll a-b binding protein 8, chloroplastic 0.20

P31186 Ribulose bisphosphate carboxylase large chain 0.19

P08221 Chlorophyll a-b binding protein of LHCII type I,
chloroplastic

0.18

Q49KW9 Photosystem II reaction center protein H -0.38

Q06SI3 Ribulose bisphosphate carboxylase large chain -0.82

Q9LD57 Phosphoglycerate kinase 1, chloroplastic -2.00

Q06SH5 Photosystem II D2 protein -2.00

Tectona grandi

Q41932 Oxygen-evolving enhancer protein 3 − 2, chloroplastic 0.36

Q07473 Chlorophyll a-b binding protein CP29.1, chloroplastic -0.45
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Accession
number

Protein name Log2 fold change
(T/C)

Q9SAU2 Ribulose-5-phosphate-3-epimerase, chloroplastic -0.62

Wrightia religiosa

Q06RA6 Photosystem II CP47 reaction center protein Unique

P26320 Oxygen-evolving enhancer protein 1, chloroplastic Unique

Q9BBQ5 Cytochrome b6-f complex subunit 4 Unique

Q42796 Fructose-1,6-bisphosphatase, chloroplastic Unique

Q09G20 Photosystem II CP47 reaction center protein Unique

Q49CC1 Ribulose bisphosphate carboxylase large chain 2.00

Q3BAK7 Cytochrome b6 0.78

O49079 Oxygen-evolving enhancer protein 1, chloroplastic 0.78

P27141 Carbonic anhydrase, chloroplastic 0.62

Q1ACK0 Ribulose bisphosphate carboxylase large chain 0.56

P43224 Ribulose bisphosphate carboxylase large chain 0.53

A0A364 Photosystem II reaction center protein H 0.48

Q9SHE8 Photosystem I reaction center subunit III, chloroplastic 0.48

A0A335 Photosystem I P700 chlorophyll a apoprotein A1 0.44

Q06RC1 Ribulose bisphosphate carboxylase large chain 0.41

P28407 Ribulose bisphosphate carboxylase large chain 0.41

A7M942 Photosystem I iron-sulfur center 0.40

P80471 Light-induced protein, chloroplastic 0.38

Q8S8X5 Photosystem I P700 chlorophyll a apoprotein A2 0.38

P85189 Oxygen-evolving enhancer protein 2, chloroplastic 0.38

P36494 Chlorophyll a-b binding protein CP24, chloroplastic 0.38

Q42961 Phosphoglycerate kinase, chloroplastic 0.34

P48693 Ribulose bisphosphate carboxylase large chain 0.32

P07371 Chlorophyll a-b binding protein AB80, chloroplastic 0.32

P25856 Glyceraldehyde-3-phosphate dehydrogenase GAPA1,
chloroplastic

0.32
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Accession
number

Protein name Log2 fold change
(T/C)

Q42676 Transketolase, chloroplastic 0.31

Q9S841 Oxygen-evolving enhancer protein 1–2, chloroplastic 0.30

P49107 Photosystem I reaction center subunit N, chloroplastic 0.30

A9L9C2 Photosystem II CP47 reaction center protein 0.29

P48688 Ribulose bisphosphate carboxylase large chain 0.28

Q9SAU2 Ribulose-5-phosphate-3-epimerase, chloroplastic 0.28

P05435 ATP synthase gamma chain, chloroplastic 0.26

P25857 Glyceraldehyde-3-phosphate dehydrogenase GAPB,
chloroplastic

0.25

A4GGA1 Photosystem II CP43 reaction center protein 0.25

P69568 Ribulose bisphosphate carboxylase large chain 0.24

A0A348 Cytochrome f 0.24

Q9XFT3 Oxygen-evolving enhancer protein 3 − 1, chloroplastic 0.23

P27494 Chlorophyll a-b binding protein 36, chloroplastic 0.22

A6YGB8 Photosystem II protein D1 0.22

Q06FL3 Cytochrome f 0.22

A6YG76 Photosystem II D2 protein 0.21

Q9SYW8 Photosystem I chlorophyll a/b-binding protein 2,
chloroplastic

0.20

Q32701 Ribulose bisphosphate carboxylase large chain 0.20

P08221 Chlorophyll a-b binding protein of LHCII type I,
chloroplastic

0.19

A6MM49 Cytochrome f -0.33

Q10HD0 Chlorophyll a-b binding protein, chloroplastic -0.41

P27522 Chlorophyll a-b binding protein 8, chloroplastic -0.41

Q9SUI4 Photosystem I reaction center subunit XI, chloroplastic -0.42

P46486 Photosystem I reaction center subunit III, chloroplastic -0.44

P43229 Ribulose bisphosphate carboxylase large chain -0.48
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Accession
number

Protein name Log2 fold change
(T/C)

Q8VXQ9 Glyceraldehyde-3-phosphate dehydrogenase A,
chloroplastic

-0.51

P12353 Photosystem I reaction center subunit II, chloroplastic -0.58

Q9S7N7 Photosystem I reaction center subunit V, chloroplastic -0.69

3.3 Antioxidant protein involved in ornamental and
perennial plants under PM exposure
Ornamental plants showed less expressed antioxidant proteins than perennial plants (Fig. 2). The
antioxidant enzymes, peroxiredoxin (Q6ER94 and Q9SDD6) and superoxide dismutase (O65175) in C.
makoyana were not expressed under PM exposure. In contrast, under PM exposure, S. trifasciata has
upregulated peroxiredoxin and superoxide dismutase. Most of the antioxidant enzymes of Z. zamiifolia
plant showed downregulated under PM exposure, only ascorbate peroxidase (Q05431) and catalase
(P07145) were upregulated. Antioxidant enzymes play role in oxidative stress scavenging. Downregulated
antioxidant enzymes will accumulate reactive oxygen species (ROS) that will damage the plant cells
(Foyer, 2018). Different from ornamental plants, most perennial plants’ antioxidant-related proteins
showed upregulated. This showed that in general, perennial plants are more resilient than ornamental
plants against PM stress from cigarette smoke. Plants like S. trifasciata, B. purpurea, and W. religiosa that
enriched to photosynthesis process under PM exposure, showed upregulated specialized antioxidants in
chloroplasts, such as superoxide dismutase, ascorbate peroxidase, and peroxiredoxin-type. The results
might indicate that the plants tend to prevent oxidative damage from active photosynthesis under PM
stress in the crucial site. As theorized in the previous studies that ROS can be generated in abundance by
photosynthesis, therefore, the presence of antioxidants is necessary for chloroplasts (Foyer, 2018;
Tripathy & Oelmüller, 2012; Xiong et al., 2021). In chloroplast, photosynthesis produces singlet oxygen at
PSII, the superoxide is changed to hydrogen peroxide (H2O2) by superoxide dismutase, therefore, H2O2 is
converted to water by ascorbate peroxidase and peroxiredoxin (Foyer, 2018).

3.4 Carbon fixation, pentose phosphate pathway and
photorespiration in ornamental and perennial plants
Ornamental and perennial plants under PM stress are enriched in carbon metabolism. Based on the
results, most protein-related in C. makoyana were downregulated (Fig. 3). Plant W. religiosa and B.
purpurea became the most active carbon fixation mechanism (Fig. 3). Plant Z. zamiifolia and W. religiosa
were enriched in the non-oxidative pentose phosphate pathway (PPP). Interestingly, two plants
upregulated transketolase (AT2G45290) in the mechanism. The enzyme plays role in catalyzing the
carbon-carbon bond in the keto sugars (Henderson & Toone, 1999). The pentose phosphate shunt is used
to generate pentose phosphate for nucleic acid and amino acid formation (Henderson & Toone, 1999).
Photorespiration was enriched by both ornamental and perennial plants, except C. makoyana.
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Interestingly, the conversion of glycolate to glyoxylate generates H2O2, this lead to antioxidant enzymes
specialized in peroxisome being upregulated (Fig. 2). Moreover, Z. zamiifolia, B. purpurea, and T. grandi
might convert glycine to ammonia (NH3), in contrast, S. trifasciata might convert glycine to serine,
whereas W. religiosa might involve in both processes (Fig. 4). The results might assume that plants
generated ammonia and used it for glutamate synthesis and other N-related metabolites as found from
the results that glutamate synthase (GLU1) was upregulated in W. religiosa. In contrast, S. trifasciata and
W. religiosa might use serine to generate phosphoglycerate, NADH, and other amino acids and
metabolites (Fig. 4). Based on protein expression patterns, the pathway was involved in the
interconversion between tetrahydrofolate (THF) and 5-10-methylene-THF. A previous study explained that
the major of the one-carbon folate cycle (C1) was involved in photosynthesis and photorespiration for
biosynthetic or regulatory functions (Loizeau et al., 2007). For example, 5-10-methylene-THF is required
for the conversion of glycine to serine, thymidylate, and pantothenate synthesis. The methyl group of the
compound also is used as a donor for methionine synthesis (Gorelova et al., 2017; Loizeau et al., 2007).
Interestingly, all plants except C. makoyana are involved in the conversion of glycine to serine or NH3

through the folate cycle. Therefore, W. religiosa was shown, might be the most active in the mechanism,
such as the Calvin cycle, pentose phosphate pathway, and photorespiration under PM stress (Fig. 4).

4. Conclusions
In conclusion, the data show the changes in protein profile under PM exposure from cigarette smoke to
perform a comparative proteomic analysis of six plant species. Ornamental and perennial plants showed
different responses against PM stress. Plants tend to focus on photosynthesis reaction, carbon fixation,
and photorespiration mechanisms under PM stress. Most plants are involved in glycine conversion
through the folate cycle. Therefore, W. religiosa became the most responsive plant in these mechanisms
against the PM. This study has identified a set of potential candidates whose identities may help to
further understand the intricate regulatory network regulated by the plant in response to PM. The study
suggests the network mechanism in the ornamental and perennial plants against PM pollution from
cigarette smoke. However, the study needs to confirm in the future. Therefore, the knowledge was
necessary to improve plant defense mechanisms and efficiency for phytoremediation against PM stress.
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Figure 1

Gene ontology (GO) for biological process, molecular function, and cellular component of ornamental
and perennial plants under PM stress from cigarette smoke. Initial PM concentrations were 300-320, 400-
450 and 500-530 μg m−3 for PM1.0, PM2.5 and PM10, respectively. Calathea makoyana are not able to
classify due to not significant GO enrichment.
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Figure 2

Antioxidants expressed in ornamental and perennial plants under control and PM exposure. (a) Calathea
makoyana, (b) Bauhina purpurea, (c) Sansevieria trifasciata, (d) Tectona grandi, (e) Zamioculcas
zamiifolia, (f) Wrightia religiosa. The bar graph represents a mean with CV (n=3). Initial PM
concentrations were 300-320, 400-450 and 500-530 μg m−3 for PM1.0, PM2.5 and PM10, respectively
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Figure 3

Heatmap of protein expression in ornamental and perennial plants under PM stress. Initial PM
concentrations were 300-320, 400-450 and 500-530 μg m−3 for PM1.0, PM2.5 and PM10, respectively.
Reddish color represents a more upregulated protein, while the blueish color represents a more
downregulated protein.

Figure 4

Upregulated proteins related to carbon fixation, pentose phosphate pathway, and photorespiration of
Wrightia religiosaunder PM stress. The red color text represents upregulated proteins, the red arrow is the
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pentose phosphate pathway, the green arrow is the Calvin cycle, the gray arrow is the photorespiration
pathway, part of folate cycle is in conversion of tetrahydrofolate (THF) to 5-10-methylene THF.


