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Abstract: Plant-derived smoke solution enhances soybean root growth; however, its mechanism
is not clearly understood. Subcellular proteomics techniques were used for underlying roles of
plant-derived smoke solution on soybean root growth. The fractions of membrane and nucleus were
purified and evaluated for purity. ATPase and histone were enriched in the fractions of membrane
and nucleus, respectively. Principal component analysis of proteomic results indicated that the
plant-derived smoke solution affected the proteins in the membrane and nucleus. The proteins in
the membrane and nucleus mainly increased and decreased, respectively, by the treatment of plant-
derived smoke solution compared with control. In the proteins in the plasma membrane, ATPase
increased, which was confirmed by immunoblot analysis, and ATP contents increased through the
treatment of plant-derived smoke solution. Additionally, although the nuclear proteins mainly
decreased, the expression of RNA polymerase II was up-regulated through the treatment of plant-
derived smoke solution. These results indicate that plant-derived smoke solution enhanced soybean
root growth through the transcriptional promotion with RNA polymerase II expression and the
energy production with ATPase accumulation.

Keywords: proteomics; soybean; membrane; nucleus; plant-derived smoke solution

1. Introduction

Plant-derived smoke is material for promoting plant growth/development and affects
plant species from various habitats [1]. Butanolides, including karrikins and cyanohydrin,
are the active compounds in plant-derived smoke [1]. Plant-derived smoke positively
affected post-germination growth of rice [2–4], wheat [5], maize [6], soybean [7–9], and
chickpea [10]. These findings clarified that stimulatory effects of plant-derived smoke
continue in plant growth and enhance the biomass of the crop. Studies on the post-
germination of crops treated with plant-derived smoke elucidate that its treatment affects
not only the seed-germination stage but also plant growth and development stages [11].
Although the functional mechanisms of plant-derived smoke in the seed-germination stage
were clarified with the discovery of karrikin [12], it is not elucidated for plant growth
stages.

Research at the protein level of response to plant-derived smoke solution was reported
using the proteomic technique, which elucidated proteasome-independent karrikin sig-
naling pathways and refined the emerging model of karrikin action in Arabidopsis [13].
In Arabidopsis, by analyzing the protein complexes to MAX2 (more axillary growth 2),
D14 (dwarf 14), and KAI2 (karrikin insensitive 2), PAPP5 (phytochrome-associated protein
phosphatase 5) as a new MAX2 interactor was revealed and provided another link with the
light pathway [14]. Proteomic analysis was performed for the identification of mechanisms
regulated by plant-derived smoke solution. Proteomic analysis indicated that the proteins
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related to glycolysis, sucrose synthesis, and signaling were regulated in chickpea [10]
and maize [5] by the application of plant-derived smoke solution. However, functional
mechanisms at the protein level in crops applied with plant-derived smoke solution are
still to be understood.

Plant-derived smoke solution enhanced the growth of soybean seedlings through the
ornithine-synthesis and ubiquitin-proteasome pathway [8]. A positive trend of soybean
seedlings was identified in flooding-stress tolerance, which involved an increased ATP
content and activation of ascorbate/glutathione cycle in response to plant-derived smoke
solution [9]. The supply of plant-derived smoke solution during flooding stress led to
the change of proteins related to the cell wall and the flooding recovery of soybean after
the removal of water [7]. In the present study, to clarify the role of plant-derived smoke
solution on soybean root growth, subcellular proteomic analyses were performed. Further-
more, results from proteomic analyses were confirmed with biochemical analyses such as
immunoblot analysis and gene-expression analysis.

2. Materials and Methods
2.1. Plant Material and Treatment

Plant-derived smoke solution was prepared as a previous report [15]. Seeds of soybean
(Glycine max L. cultivar Enrei) were sterilized with 2% sodium hypochlorite solution, rinsed
in water, and sown in silica sand in a seedling case. A total of 200 seeds were sown in
each case. Soybeans were grown at 25 ◦C and 70% humidity under white fluorescent
light (160 µmol m−2 s−1, 16 h light period/day). Two-day-old soybeans were treated with
2000 ppm plant-derived smoke solution for 2 days. As a control, 4-day-old untreated
soybeans were used. Root tip was collected as a sample for all experiments. Three
independent experiments were performed as biological replications for all experiments,
meaning that the seeds were sown on different days.

2.2. Isolation of Membrane Fractions

All purification procedures were carried out on ice. Membranes were isolated accord-
ing to the manufacturer’s instructions of Mem-PER™ Plus Membrane Protein Extraction
Kit (Thermo Fisher Scientific, San Jose, CA, USA) with some modifications (Table S1).

2.3. Isolation of Nuclear Fractions

All purification procedures were carried out on ice. Nuclei were isolated according to
the manufacturer’s instructions of the Plant Nuclei Isolation/Extraction Kit (Sigma-Aldrich,
St. Louis, MO, USA) with some modifications (Table S1).

2.4. Protein Concentration Measurement

The method of Bradford [16] was used to determine the protein concentration with
bovine serum albumin as the standard.

2.5. Immunoblot Analysis

SDS-sample buffer consisting of 60 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, and
5% dithiothreitol was added to protein extracts [17]. Immunoblot analysis was performed
as a previous report [18]. As primary antibodies, anti-ATPase (Agrisera, Vannas, Sweden),
anti-histone H3 (Abcam, Tokyo, Japan), anti-calnexin [19], and anti-ascorbate peroxidases
(APX) [18] antibodies were used (Table S1).

2.6. Protein Enrichment, Reduction, Alkylation, and Digestion

Quantified proteins (50 µg) were adjusted to a final volume of 100 µL. Protein prepa-
ration for proteomic analysis was performed as a previous report [20] (Table S1).
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2.7. Protein Identification Using Nano-Liquid Chromatography Mass Spectrometry

The liquid chromatography (LC) conditions as well as the mass spectrometry (MS)
acquisition conditions were described in the previous study [7] with some modifications
(Table S1).

2.8. MS Data Analysis

The MS/MS searches were carried out using SEQUEST HT search algorithms against
the UniprotKB Glycine max (SwissProt TreEMBL, TaxID = 3847, version 25 October 2017)
using Proteome Discoverer (PD) 2.2 (version 2.2.0.388; Thermo Fisher Scientific). MS data
analysis was described in the previous study [7] with some modifications (Table S1).

2.9. Differential Analysis of Proteins Using MS Data

Label-free quantification was also performed with PD 2.2 using precursor ions quan-
tifiler nodes. For differential analysis of the relative abundance of peptides and proteins
between samples, the free software PERSEUS (version 1.6.14.0, Max Planck Institute of
Biochemistry, Martinsried, Germany) [21] was used. Differential analysis of proteins using
MS data as described in the previous study [7] with some modifications (Table S1).

2.10. Measurement of ATP Contents

ATP assay was performed according to the manufacturer’s instructions of ATP Colori-
metric/Fluorometric Assay Kit (Biovision, Milpitas, CA, USA) with some modifications
(Table S1).

2.11. Reverse Transcriptase-Polymerase Chain Reaction Analysis

A portion (0.5 g) of samples were quickly frozen in liquid nitrogen and ground
to powder with a mortar and pestle. Total RNAs were isolated according to the pre-
vious procedure [22]. First-strand cDNA was synthesized from total RNA (5 µg) us-
ing Superscript II reverse transcriptase (RT) (Stratagene, Cedar Creek, TX, USA). Gene-
specific primers for 18S rRNA (X02623) (F 5′-TGATTAACAGGGACAGTCGG-3′; R 5′-
ACGGTATCTGATCGTCTTCG-3′) and RNA polymerase II (GLYMA_10G238600) (F 5′-
GGATATCGACATGGGGTACG-3′; R 5′-TCAACCATGACAGGTGCATT-3′) were used to
amplify 200 and 300 bp regions, respectively. The polymerase chain reaction (PCR) cycling
was as follows: 2 min at 95 ◦C (one cycle); 30 s at 95 ◦C, 30 s at 60 ◦C; 1 min at 68 ◦C
(25 cycles); 7 min at 68 ◦C (one cycle).

2.12. Statistical Analysis

The statistical significance of data was analyzed by the Student’s t-test. A p-value of
less than 0.05 was considered statistically significant.

3. Results
3.1. Purification of Membrane and Nucleus Fractions in Soybean Root Tip

To investigate the subcellular function in soybean root tips treated with plant-derived
smoke, membrane and nuclear fractions were purified (Figure 1). Root tips of 4-day-
soybeans were collected and purified for each fraction. Proteins extracted from each
fraction were evaluated using immunoblot analysis.

In the immunoblot analysis, anti-ATPase antibody and anti-calnexin antibody, which
were used as marker proteins of membrane and endoplasmic reticulum, respectively.
anti-ATPase antibody and anti-calnexin antibody were cross-reacted with 90 kDa protein
and 63 kDa protein, respectively (Figure 2). The relative intensity of the corresponding
signal band significantly increased in the membrane-protein fraction compared to the
cytosolic fraction (Figure 2). To assess protein contamination from other organelles, protein
abundance of other subcellular markers in the cytosolic protein and purified membrane-
protein fractions were examined (Figure 2). Mitochondrial APX and cytosolic APX were
used as marker proteins of mitochondria and cytosol, respectively (Figure 2). The cytosolic
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fraction had a significantly higher accumulation of cytosolic APX compared with the
enriched membrane fractions (Figure 2).
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Figure 1. Experimental design for investigation of the subcellular mechanism in soybean treated with
plant-derived smoke solution. Two-day-old soybeans were treated with plant-derived smoke solution
for 2 days, and membrane and nuclear fractions were purified. After purity evaluation, proteins
were analyzed using proteomic techniques. Furthermore, proteomic results were confirmed with
biochemical experiments. All experiments were performed with 3 independent biological replicates.
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Figure 2. Purity of enriched membrane fractions obtained from soybean root tip. Proteins were
extracted from crude-membrane fraction and analyzed the purity. The obtained membrane-protein
fraction and cytosolic protein fraction were analyzed using immunoblot analysis. The abundance of
ATPase as a marker protein for membrane, calnexin as a marker protein for endoplasmic reticulum
membrane, mitochondrial APX, and cytosolic APX were used. Data are shown as means ± SD from
3 independent biological replicates. Asterisks indicate significant changes in the relative intensity of
signal band in the membrane fraction compared to cytosolic fraction according to Student’s t-test
(**: p < 0.01).
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In the immunoblot analysis, an anti-histone H3 antibody as a marker for nuclear
protein cross-reacted with a 16 kDa protein (Figure 3). The relative intensity of the corre-
sponding signal band significantly increased in the nuclear-protein fraction compared to
the cytosolic fraction (Figure 3). To assess protein contamination from other organelles,
protein abundance of other subcellular markers in the cytosolic protein and purified
nuclear-protein fractions were examined (Figure 3). Mitochondrial APX and cytosolic
APX were used as marker proteins of mitochondria and cytosol, respectively (Figure 3).
The cytosolic protein fraction had a significantly higher accumulation of cytosolic APX
compared with the enriched nuclear fractions (Figure 3). Based on the immunoblot anal-
ysis of subcellular-specific proteins, the fractions containing membrane and nuclei were
confirmed to be highly enriched for membrane and nuclear proteins and were not so much
contaminated with proteins from the cytosol.
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Figure 3. Purity of enriched nuclear fractions obtained from soybean root tip. Proteins were extracted
from crude-nuclear fraction and analyzed the purity. The obtained nuclear-protein fraction and
cytosolic protein fraction were analyzed using immunoblot analysis. The abundance of histone as a
marker protein for nucleus, mitochondrial APX, and cytosolic APX were used. Data are shown as
means ± SD from 3 independent biological replicates. Asterisks indicate significant changes in the
relative intensity of signal band in the nuclear fraction compared to cytosolic fraction according to
Student’s t-test (**: p < 0.01).
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3.2. Membrane Proteomics of Soybean Treated with Plant-Derived Smoke

To identify membrane proteins affected by plant-derived smoke solution in soybean,
a gel-free/label-free proteomic technique was used. Proteins were extracted from root tip
of 4-day-old soybeans treated without or with plant-derived smoke solution for 2 days.
The digested membrane proteins were analyzed using nanoLC−MS/MS (Thermo Fisher
Scientific, Waltham, MA, USA) (Figure 1). The identified proteins of soybean treated with
plant-derived smoke solution were compared with those of untreated soybean using SIEVE
software (Thermo Fisher Scientific). The proteomic data were estimated using principal
component analysis (PCA), which indicated the difference between control and treatment
(Figure 4A). To assess the quality of the proteomic data, quality control analysis was
performed. The median intra-group coefficient of variation distribution for each sample
was less than 10% (Figures S1 and S2).
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Figure 4. Overview of total proteomic data and functional categories of membrane proteins in
soybean treated with plant-derived smoke solution. (A) Overview of total proteomic data from
6 samples of membrane fractions of soybean based on PCA. Proteomic analysis was performed
with 3 independent biological replicates for each treatment. PCA was performed with PD 2.2.
(B) Functional categories of proteins with differential abundance in membrane fraction in soybean.
After proteomic analysis, significantly changed proteins (p < 0.05) in soybean-membrane fraction
were compared between with and without plant-derived smoke solution. Functional categories of
changed proteins were determined using GO analysis. White and black columns show increased and
decreased proteins, respectively.

Proteins with at least two matched peptides and a p-value less than 0.05 were identified
(Table S2). A total of 220 and 48 (Table S2) proteins significantly increased and decreased,
respectively, by treatment of plant-derived smoke solution compared to control. To better
understand the function of the identified proteins, the differentially accumulated proteins
were subjected to a gene ontology (GO) database (Figure 4B). Protein abundance in the
peroxisome, mitochondria, chloroplast, endoplasmic reticulum, and plasma membranes
mainly increased by treatment of plant-derived smoke solution compared with control
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(Figure 4B). In the proteins of the membrane, three catalase (B0M1A4, O48560, and P29756)
and peroxidase (A0A0R0GXD9) significantly decreased (Table S2).

3.3. Nuclear Proteomics of Soybean Treated with Plant-Derived Smoke

To identify nuclear proteins affected by plant-derived smoke solution in soybean, a
gel-free/label-free proteomic technique was used. Proteins were extracted from the root
tip of 4-day-old soybeans treated without or with plant-derived smoke solution for 2 days.
After digestion, nuclear proteins were analyzed using nanoLC-MS/MS (Figure 1). The
identified proteins of soybean treated with plant-derived smoke solution were compared
with those of untreated soybean using SIEVE software. The proteomic data were estimated
using PCA, which indicated the difference between control and treatment (Figure 5A). To
assess the quality of the proteomic data, a quality control analysis was performed. The
median intra-group coefficient of variation distribution for each sample was less than 10%
(Figures S3 and S4).

Proteomes 2021, 9, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 5. Overview of total proteomic data and functional categories of nuclear proteins in soybean 
treated with plant-derived smoke solution. (A) Overview of total proteomic data from 6 samples of 
nuclear fractions of soybean based on PCA. Proteomic analysis was performed with 3 independent 
biological replicates for each treatment. PCA was performed with PD 2.2. (B) Functional categories 
of proteins with differential abundance in a nuclear fraction in soybean. After proteomic analysis, 
significantly changed proteins (p < 0.05) in soybean-nuclear fraction were compared between with 
and without plant-derived smoke solution. Functional categories of changed proteins were deter-
mined using GO analysis. White and black columns show increased and decreased proteins, respec-
tively. 

3.4. ATPase Abundance and ATP Contents in Soybean Treated with Plant-Derived Smoke 
Based on proteomic results, some of the proteins were confirmed on the abundance 

level using biochemical techniques. To identify the function of the plasma membrane, the 
abundance of ATPase was analyzed using the immunoblot technique. The abundance of 
ATPase increased by treatment of plant-derived smoke solution (Figures 6A and S5). Ad-
ditionally, ATP contents were analyzed, and it increased by treatment of plant-derived 
smoke solution (Figure 6B). The proteins in the plasma membrane mainly increased (Fig-
ure 4B), and ATPase increased, which was confirmed by immune-blot analysis, as well as 
ATP contents increased by the treatment of plant-derived smoke solution (Figure 6). 

Figure 5. Overview of total proteomic data and functional categories of nuclear proteins in soybean
treated with plant-derived smoke solution. (A) Overview of total proteomic data from 6 samples of
nuclear fractions of soybean based on PCA. Proteomic analysis was performed with 3 independent
biological replicates for each treatment. PCA was performed with PD 2.2. (B) Functional categories
of proteins with differential abundance in a nuclear fraction in soybean. After proteomic analysis,
significantly changed proteins (p < 0.05) in soybean-nuclear fraction were compared between with and
without plant-derived smoke solution. Functional categories of changed proteins were determined
using GO analysis. White and black columns show increased and decreased proteins, respectively.
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Proteins with at least two matched peptides and a p-value less than 0.05 were iden-
tified (Table S3). A total of 29 and 144 (Table S3) proteins significantly increased and
decreased, respectively, by treatment of plant-derived smoke solution compared to control.
To better understand the function of the identified proteins, the differentially accumulated
proteins were subjected to the GO database (Figure 5B). In the nuclear proteins, Root hair
initiation protein (I1L3V3) and RNA polymerases II (I1LDU4) significantly increase by
plant-derived smoke solution compared to control (Table 1). On the other hand, four late
embryogenesis-abundant (LEA) proteins (Q9XET0, I1L957, I1M3M9, and I1LE41), importin
(I1MDN4), histone acetyltransferase (C6SWV3) significantly decreased by plant-derived
smoke solution compared to control (Table 1).

Table 1. List of changed nuclear proteins in soybean root tip treated with plant-derived smoke solution compared
with control.

No Accession Number Description Matched Peptides Ratio

Increased
1 I1L3V3 Root hair initiation protein root hairless 3 100
2 I1LDU4 RNA polymerases II 2 100
3 C6TGY7 Proliferating cell nuclear antigen 3 29.341

4 I1LHP2 Tyrosyl-tRNA synthetase/Nucleotidylyl
transferase 2 5.495

5 I1JJS2 WD repeats region domain-containing protein 3 5.458
6 C6TAF1 Nucleolar essential protein-like protein 2 5.391
7 I1JHW9 CBF domain-containing protein 10 5.143
8 C6TGI7 Leucine-rich repeat (LRR) family protein 2 5.688

Decreased
1 I1LP68 Bet v 1 domain-containing protein 2 0.174
2 K7LQ69 Poly (ADP-ribose) polymerase 4 0.155
3 Q9SWB4 Protein ADP-ribosyltransferase PARP3 3 0.126
4 Q9XET0 Seed maturation protein PM30 3 0.123
5 I1L957 Late embryogenesis abundant protein, 6 0.051
6 I1JFX0 Usp domain-containing protein 7 0.022
7 I1JFX0 Usp domain-containing protein 7 0.022
8 I1M3M9 Late embryogenesis abundant protein 11 0.010
9 I1L849 Late embryogenesis abundant protein D-34 10 0.010
10 I1LE41 Seed maturation protein 7 0.010
11 C6SWV3 Histone acetyltransferase 4 0.010
12 I1MDN4 Importin N-terminal domain-containing protein 2 0.010

3.4. ATPase Abundance and ATP Contents in Soybean Treated with Plant-Derived Smoke

Based on proteomic results, some of the proteins were confirmed on the abundance
level using biochemical techniques. To identify the function of the plasma membrane, the
abundance of ATPase was analyzed using the immunoblot technique. The abundance of
ATPase increased by treatment of plant-derived smoke solution (Figures 6A and S5). Addi-
tionally, ATP contents were analyzed, and it increased by treatment of plant-derived smoke
solution (Figure 6B). The proteins in the plasma membrane mainly increased (Figure 4B),
and ATPase increased, which was confirmed by immune-blot analysis, as well as ATP
contents increased by the treatment of plant-derived smoke solution (Figure 6).
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Figure 6. ATPase abundance and ATP contents of soybean treated with plant-derived smoke solution.
Two-day-old soybeans were treated without (Control) or with plant-derived smoke solution (Smoke)
for 2 days. (A) Proteins (10 µg) extracted from the root were separated on SDS-polyacrylamide gel
and transferred on to polyvinylidene difluoride membrane. The polyvinylidene difluoride membrane
was cross-reacted with an anti-ATPase antibody. (B) Metabolites were extracted from the root, and
ATP contents were measured for each sample. Data are shown as means ± SD from 3 biological
replicates (Figure S5). Student’s t-test was used to compare values between control and smoke groups.
Asterisk indicates a significant change (* p ≤ 0.05).

3.5. Expression of RNA Polymerase II in Soybean Treated with Plant-Derived Smoke

Based on proteomic results, the expression level was confirmed with RT-PCR analysis.
RT-PCR analysis of RNA polymerase II in soybean treated with plant-derived smoke
solution was performed (Figure 7). RNA polymerase II-specific oligonucleotides were used
to amplify transcripts of total RNA isolated from soybean root, and 18S rRNA was used
as an internal control. The expression level of 18S rRNA did not change between without
and with plant-derived smoke solution. However, RNA polymerase II was significantly
up-regulated by the treatment of plant-derived smoke solution (Figure 7). Although the
nuclear proteins mainly decreased (Figure 5B), the expression of RNA polymerase II was
up-regulated by the treatment of plant-derived smoke solution (Figure 7).
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Figure 7. Gene expression of RNA polymerase II of soybean treated with plant-derived smoke
solution. RT-PCR analysis of RNA polymerase II in soybean treated without (Control) or with
plant-derived smoke solution (Smoke) was performed. RNA polymerase II-specific oligonucleotides
were used to amplify transcripts from total RNA isolated from soybean root. 18S rRNA was used as
an internal control. Data are shown as means ± SD from 3 biological replicates. Student’s t-test was
used to compare values between control and smoke groups. Asterisk indicates a significant change
(** p ≤ 0.01).

4. Discussion
4.1. The Effect of Plant-Derived Smoke Solution on Membrane in Soybean Root

To identify for the first cell-regulatory event controlling proteins in soybean root tip
through plant-derived smoke solution, membrane-proteomic analysis, which can detect
low abundant proteins, was performed. In this study, three catalase (B0M1A4, O48560,
and P29756) and peroxidase (A0A0R0GXD9) decreased (Table S1) by plant-derived smoke
solution. The enzymatic antioxidative system is an essential mechanism for fine-tuning the
regulation of the level of reactive oxygen species (ROS) [23,24]. ROS produced in plants
is generally a superoxide anion, which is immediately converted to a less reactive form
of ROS and hydrogen peroxide by the action of superoxide dismutase. The superoxide
dismutase functions as the first line of defense against ROS [25]. Ascorbate peroxidase
and catalase subsequently detoxified the resulting hydrogen peroxide [26]. Excess soil
moisture conditions definitively increased oxidative damage through the decreased activity
of antioxidative enzymes and the consequent ROS accumulation at both the seedling
and vegetative stages. Additionally, increased antioxidative enzyme activity enhanced
scavenging excess ROS, reducing oxidative damage, and improving the tolerance to excess
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moisture [27,28]. This result with previous findings suggests that plant-derived smoke
solution might decrease ROS scavenging enzyme through reduction in stress such as
oxidative stress.

Proteins related to the mitochondrial electron transport chain decreased under flood-
ing stress. In contrast, these same proteins increased under the same conditions through
the addition of plant-derived smoke solution [9]. In this study, to understand the energy
changes in soybean root growth treated with plant-derived smoke, plasma membrane
ATPase abundance, and ATP content were measured. Even when there was no flooding
stress, ATPase abundance and ATP content increased with the treatment of plant-derived
smoke solution (Figure 7). ATP contents were higher in the actively growing cells of
cryotolerant algae [29]. The growth and development of living organisms were linked to
proper photosynthetic function, which is driven by the use of ATP [30]. These results with
previous reports suggest that plant-derived smoke solution might enhance soybean growth
through the increase in ATP content by activation of ATPase in the root.

4.2. The Effect of Plant-Derived Smoke Solution on Nucleus in Soybean Root

In order to identify the upstream-regulatory events that controlled proteins in soy-
bean root tips through plant-derived smoke solution, nuclear proteomic analysis was
performed. Transcription of protein-encoding genes starts with forming a pre-initiation
complex comprised of RNA polymerase II and several general transcription factors [31].
RNA polymerase II modifications play a critical biological function in fundamental cellular
processes. The C-terminal domain of the large subunit of RNA polymerase II contains
highly conserved heptad repeats, which are subjected to several post-translational mod-
ifications in the transcription cycle [32]. Histone acetyltransferase GCN5 is involved in
heat-stress responses, and it targets the heat-stress response genes, heat-stress transcription
factors 3, and UV-hypersensitive 6. Histone acetyltransferase GCN5 induced their expres-
sion, increasing RNA polymerase II engagement and H3K9/14 acetylation levels [33]. In
this study, RNA polymerase was up-regulated (Figure 7); however, histone acetyltrans-
ferase decreased in the nucleus through treatment of plant-derived smoke (Table 1). These
results with previous findings suggest that plant-derived smoke might be up-regulated by
plant-derived smoke, but protein modification is not vital for its function.

LEA proteins are localized in all cellular compartments, such as the nucleus [34],
chloroplast [35], mitochondria [36], endoplasmic reticulum [37], vacuole [38], cytoplasm [39],
and plasma membrane [40], where they are proposed to exert their protective function
acting as chaperones to repair improperly folded proteins [41]. LEA proteins accumulated
in the nucleus [42] or were translocated from the cytosol to the nucleus upon phosphoryla-
tion [43]. LEA proteins during desiccation tolerance reveal their role in the transportation
of nuclear-targeted proteins during stress [44], stabilizing membrane structures as antioxi-
dants by binding to metal ions, increasing cellular mechanical strength by the generation of
filaments [45], and the protection of cell membranes against desiccation [46]. In this study,
4 LEA proteins (Q9XET0, I1L957, I1M3M9, and I1LE41) decreased in the nucleus. On the
other hand, several LEA proteins increased in the membrane (Table S1). These results with
previous reports suggest that LEA proteins might transfer from nucleus to cytosol and/or
to membrane from cytosol with a treatment of plant-derived smoke solution.

5. Conclusions

Plant-derived smoke solution enhances soybean root growth [8]. To understand the
role of plant-derived smoke solution on soybean root growth, subcellular proteomic tech-
niques were used. The main findings are as follows: (i) the membrane and nucleus of soy-
bean root tips were enriched in each fraction; (ii) PCA indicated that plant-derived smoke
solution affected proteins in the membrane and nucleus; (iii) in the plasma membrane,
ATPase and ATP contents increased through plant-derived smoke solution; (iv) although
the nuclear proteins mainly decreased, RNA polymerase II was expressed through plant-
derived smoke solution. These results suggest that plant-derived smoke solution improves
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the root growth of soybean through the transcriptional promotion with RNA polymerase II
expression and the energy production with ATPase accumulation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/proteomes9040039/s1, Table S1: Materials and methods. Table S2: List of changed membrane
proteins in soybean root tip treated with plant-derived smoke solution compared with control. Table
S3: List of changed nuclear proteins in soybean root tip treated with plant-derived smoke solution
compared with control. Figure S1: Differentially abundant membrane proteins under control and
plant-derived smoke solution treatment. Figure S2: Distribution of intra-group coefficient of variation
of membrane proteins in soybean treated with plant-derived smoke. Figure S3: Differentially
abundant nuclear proteins under control and plant-derived smoke solution treatment. Figure S4:
Distribution of intra-group coefficient of variation of nuclear proteins in soybean treated with plant-
derived smoke. Figure S5: Blots of the entire membrane with anti-ATPase antibody, which were used
in Figure 6.
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13. Baldrianova, J.; Černy, M.; Novak, J.; Jedelsky, P.L.; Diviškova, E.; Brzobohaty, B. Arabidopsis proteome responses to the
smoke-derived growth regulator Karrikin. J. Proteom. 2015, 120, 7–20. [CrossRef]

14. Struk, S.; De Cuyper, C.; Jacobs, A.; Braem, L.; Walton, A.; De Keyser, A.; Depuydt, S.; Vu, L.D.; De Smet, I.; Boyer, F.D.; et al.
Unraveling the MAX2 protein network in Arabidopsis thaliana: Identification of the protein phosphatase PAPP5 as a novel MAX2
interactor. Mol. Cell. Proteom. 2021, 20, 100040. [CrossRef] [PubMed]

15. Tieu, A.; Dixon, K.A.; Sivasithamparam, K.; Plummer, J.A. Germination of four species of native western Australian plant using
plant-derived smoke. Aust. J. Bot. 1999, 47, 207–219. [CrossRef]

16. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

17. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685.
[CrossRef] [PubMed]

18. Komatsu, S.; Yamamoto, A.; Nakamura, T.; Nouri, M.Z.; Nanjo, Y.; Nishizawa, K.; Furukawa, K. Comprehensive analysis of
mitochondria in roots and hypocotyls of soybean under flooding stress using proteomics and metabolomics techniques. J. Proteom. Res.
2011, 10, 3993–4004. [CrossRef]

19. Nouri, M.Z.; Hiraga, S.; Yanagawa, Y.; Sunohara, Y.; Matsumoto, H.; Komatsu, S. Characterization of calnexin in soybean roots
and hypocotyls under osmotic stress. Phytochemistry 2012, 74, 20–29. [CrossRef]

20. Komatsu, S.; Han, C.; Nanjo, Y.; Altaf-Un-Nahar, M.; Wang, K.; He, D.; Yang, P. Label-free quantitative proteomic analysis of
abscisic acid effect in early-stage soybean under flooding. J. Proteom. Res. 2013, 12, 4769–4784. [CrossRef]

21. Tyanova, S.; Temu, T.; Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun proteomics.
Nat. Protoc. 2016, 11, 2301–2319. [CrossRef]

22. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidium thiocyanate–phenol–chloroform extraction.
Anal. Biochem. 1987, 162, 156–159. [CrossRef]

23. Bailly, C.; El-Maarouf-Bouteau, H.; Corbineau, F. From intracellular signaling networks to cell death: The dual role of reactive
oxygen species in seed physiology. Comptes Rendus Biol. 2008, 331, 806–814. [CrossRef] [PubMed]

24. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373–399. [CrossRef] [PubMed]

25. Alscher, R.G.; Erturk, N.; Heath, L.S. Role of superoxide dismutases (SODs) in controlling oxidative stress in plants. J. Exp. Bot.
2002, 53, 1331–1341. [CrossRef]

26. Ahmad, P.; Jaleel, C.A.; Salem, M.A.; Nabi, G.; Sharma, S. Roles of enzymatic and nonenzymatic antioxidants in plants during
abiotic stress. Crit. Rev. Biotechnol. 2010, 30, 161–175. [CrossRef] [PubMed]

27. Liu, M.Y.; Sun, J.; Wang, K.Y.; Liu, D.; Li, Z.Y.; Zhang, J. Spermidine enhances waterlogging tolerance via regulation of antioxidant
defence, heat shock protein expression and plasma membrane H+-ATPase activity in Zea mays. J. Agron. Crop Sci. 2014, 200,
199–211. [CrossRef]

28. Yiu, J.-C.; Liu, C.-W.; Yi-Tan Fang, D.; Lai, Y.-S. Waterlogging tolerance of Welsh onion (Allium fistulosum L.) enhanced by
exogenous spermidine and spermine. Plant Physiol. Biochem. 2009, 47, 710–716. [CrossRef]

29. Bajerski, F.; Stock, J.; Hanf, B.; Darienko, T.; Heine-Dobbernack, E.; Lorenz, M.; Naujox, L.; Keller, E.R.J.; Schumacher, H.M.;
Friedl, T.; et al. ATP content and cell viability as indicators for cryostress across the diversity of life. Front. Physiol. 2018, 9, 921.
[CrossRef]

30. De Col, V.; Fuchs, P.; Nietzel, T.; Elsasser, M.; Voon, C.P.; Candeo, A.; Seeliger, I.; Fricker, M.D.; Grefen, C.; Moller, I.M.; et al. ATP
sensing in living plant cells reveals tissue gradients and stress dynamics of energy physiology. eLife 2017, 6, 26770. [CrossRef]

31. Vlachonasios, K.; Poulios, S.; Mougiou, N. The histone acetyltransferase GCN5 and the associated coactivators ADA2: From
evolution of the SAGA complex to the biological roles in plants. Plants 2021, 10, 308. [CrossRef]

32. Hajheidari, M.; Koncz, C.; Eick, D. Emerging roles for RNA polymerase II CTD in Arabidopsis. Trends Plant Sci. 2013, 18, 633–643.
[CrossRef]

33. Hu, Z.; Song, N.; Zheng, M.; Liu, X.; Liu, Z.; Xing, J.; Ma, J.; Guo, W.; Yao, Y.; Peng, H.; et al. Histone acetyltransferase GCN5 is
essential for heat stress-responsive gene activation and thermotolerance in Arabidopsis. Plant J. 2015, 84, 1178–1191. [CrossRef]

34. Duan, J.; Cai, W. OsLEA3-2, an abiotic stress induced gene of rice plays a key role in salt and drought tolerance. PLoS ONE 2012,
7, e45117. [CrossRef]

35. Ndong, C.; Danyluk, J.; Wilson, K.E.; Pocock, T.; Huner, N.P.A.; Sarhan, F. Cold-regulated cereal chloroplast late embryogenesis
abundant-like proteins. Molecular characterization and functional analyses. Plant Physiol. 2002, 129, 1368–1381. [CrossRef]

36. Tolleter, D.; Hincha, D.K.; Macherel, D. A mitochondrial late embryogenesis abundant protein stabilizes model membranes in the
dry state. Biochim. Biophys. Acta 2010, 1798, 1926–1933. [CrossRef]

37. Ukaji, N.; Kuwabara, C.; Takezawa, D.; Arakawa, K.; Fujikawa, S. Cold acclimation-induced WAP27 localized in endoplasmic
reticulum in cortical parenchyma cells of mulberry tree was homologous to group 3 late-embryogenesis abundant proteins.
Plant Physiol. 2001, 126, 1588–1597. [CrossRef] [PubMed]

38. Heyen, B.J.; Alsheikh, M.K.; Smith, E.A.; Torvik, C.F.; Seals, D.F.; Randall, S.K. The calcium-binding activity of a vacuole-associated,
dehydrin-like protein is regulated by phosphorylation. Plant Physiol. 2002, 130, 675–687. [CrossRef]

http://doi.org/10.3390/ijms21207512
http://doi.org/10.1016/j.jprot.2015.02.011
http://doi.org/10.1074/mcp.RA119.001766
http://www.ncbi.nlm.nih.gov/pubmed/33372050
http://doi.org/10.1071/BT96119
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://doi.org/10.1021/pr2001918
http://doi.org/10.1016/j.phytochem.2011.11.005
http://doi.org/10.1021/pr4001898
http://doi.org/10.1038/nprot.2016.136
http://doi.org/10.1016/0003-2697(87)90021-2
http://doi.org/10.1016/j.crvi.2008.07.022
http://www.ncbi.nlm.nih.gov/pubmed/18926495
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://www.ncbi.nlm.nih.gov/pubmed/15377225
http://doi.org/10.1093/jexbot/53.372.1331
http://doi.org/10.3109/07388550903524243
http://www.ncbi.nlm.nih.gov/pubmed/20214435
http://doi.org/10.1111/jac.12058
http://doi.org/10.1016/j.plaphy.2009.03.007
http://doi.org/10.3389/fphys.2018.00921
http://doi.org/10.7554/eLife.26770
http://doi.org/10.3390/plants10020308
http://doi.org/10.1016/j.tplants.2013.07.001
http://doi.org/10.1111/tpj.13076
http://doi.org/10.1371/journal.pone.0045117
http://doi.org/10.1104/pp.001925
http://doi.org/10.1016/j.bbamem.2010.06.029
http://doi.org/10.1104/pp.126.4.1588
http://www.ncbi.nlm.nih.gov/pubmed/11500557
http://doi.org/10.1104/pp.002550


Proteomes 2021, 9, 39 14 of 14

39. Goyal, K.; Pinelli, C.; Maslen, S.L.; Rastogi, R.K.; Stephens, E.; Tunnacliffe, A. Dehydration-regulated processing of late
embryogenesis abundant protein in a desiccation-tolerant nematode. FEBS Lett. 2005, 57, 4093–4098. [CrossRef] [PubMed]

40. Danyluk, J.; Perron, A.; Houde, M.; Limin, A.; Fowler, B.; Benhamou, N.; Sarhan, F. Accumulation of an acidic dehydrin in the
vicinity of the plasma membrane during cold acclimation of wheat. Plant Cell 1998, 10, 623–638. [CrossRef] [PubMed]

41. Reddy, P.S.; Reddy, G.M.; Pandey, P.; Chandrasekhar, K.; Reddy, M.K. Cloning and molecular characterization of a gene encoding
late embryogenesis abundant protein from Pennisetum glaucum: Protection against abiotic stresses. Mol. Biol. Rep. 2012, 39,
7163–7174. [CrossRef]

42. Borrell, A.; Cutanda, M.C.; Lumbreras, V.; Pujal, J.; Goday, A.; Culiáñez-Macià, F.A.; Pagès, M. Arabidopsis thaliana atrab28: A
nuclear targeted protein related to germination and toxic cation tolerance. Plant Mol. Biol. 2002, 50, 249–259. [CrossRef]

43. Riera, M.; Figueras, M.; López, C.; Goday, A.; Pagès, M. Protein kinase CK2 modulates developmental functions of the abscisic
acid responsive protein Rab17 from maize. Proc. Natl. Acad. Sci. USA 2004, 101, 9879–9884. [CrossRef] [PubMed]

44. Goday, A.; Jensen, A.B.; Culiáñez-Macià, F.A.; Mar Albà, M.; Figueras, M.; Serratosa, J.; Torrent, M.; Pagès, M. The maize abscisic
acid-responsive protein Rab17 is located in the nucleus and interacts with nuclear localization signals. Plant Cell 1994, 6, 351–360.

45. Tunnacliffe, A.; Wise, M.J. The continuing conundrum of the LEA proteins. Naturwissenschaften 2007, 94, 791–812. [CrossRef]
[PubMed]

46. Tolleter, D.; Jaquinod, M.; Mangavel, C.; Passirani, C.; Saulnier, P.; Manon, S.; Teyssier, E.; Payet, N.; Avelange-Macherel,
M.H.; Macherel, D. Structure and function of a mitochondrial late embryogenesis abundant protein are revealed by desiccation.
Plant Cell 2007, 19, 1580–1589. [CrossRef] [PubMed]

47. Vizcaíno, J.A.; Côté, R.G.; Csordas, A.; Dianes, J.A.; Fabregat, A.; Foster, J.M.; Griss, J.; Alpi, E.; Birim, M.; Contell, J.; et al. The
PRoteomics IDEntifications (PRIDE) database and associated tools: Status in 2013. Nucleic Acids Res. 2013, 41, D1063–D1069.
[CrossRef] [PubMed]

48. Okuda, S.; Watanabe, Y.; Moriya, Y.; Kawano, S.; Yamamoto, T.; Matsumoto, M.; Takami, T.; Kobayashi, D.; Araki, N.; Yoshizawa,
A.C.; et al. jPOSTTrepo: An international standard data repository for proteomes. Nucleic Acids Res. 2017, 45, D1107–D1111.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.febslet.2005.06.036
http://www.ncbi.nlm.nih.gov/pubmed/16023104
http://doi.org/10.1105/tpc.10.4.623
http://www.ncbi.nlm.nih.gov/pubmed/9548987
http://doi.org/10.1007/s11033-012-1548-5
http://doi.org/10.1023/A:1016084615014
http://doi.org/10.1073/pnas.0306154101
http://www.ncbi.nlm.nih.gov/pubmed/15159549
http://doi.org/10.1007/s00114-007-0254-y
http://www.ncbi.nlm.nih.gov/pubmed/17479232
http://doi.org/10.1105/tpc.107.050104
http://www.ncbi.nlm.nih.gov/pubmed/17526751
http://doi.org/10.1093/nar/gks1262
http://www.ncbi.nlm.nih.gov/pubmed/23203882
http://doi.org/10.1093/nar/gkw1080
http://www.ncbi.nlm.nih.gov/pubmed/27899654

	Introduction 
	Materials and Methods 
	Plant Material and Treatment 
	Isolation of Membrane Fractions 
	Isolation of Nuclear Fractions 
	Protein Concentration Measurement 
	Immunoblot Analysis 
	Protein Enrichment, Reduction, Alkylation, and Digestion 
	Protein Identification Using Nano-Liquid Chromatography Mass Spectrometry 
	MS Data Analysis 
	Differential Analysis of Proteins Using MS Data 
	Measurement of ATP Contents 
	Reverse Transcriptase-Polymerase Chain Reaction Analysis 
	Statistical Analysis 

	Results 
	Purification of Membrane and Nucleus Fractions in Soybean Root Tip 
	Membrane Proteomics of Soybean Treated with Plant-Derived Smoke 
	Nuclear Proteomics of Soybean Treated with Plant-Derived Smoke 
	ATPase Abundance and ATP Contents in Soybean Treated with Plant-Derived Smoke 
	Expression of RNA Polymerase II in Soybean Treated with Plant-Derived Smoke 

	Discussion 
	The Effect of Plant-Derived Smoke Solution on Membrane in Soybean Root 
	The Effect of Plant-Derived Smoke Solution on Nucleus in Soybean Root 

	Conclusions 
	References

