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Abstract
Introduction It is well known that plant-derived smoke stimulates seed germination and seedling growth in many plants. 
Although a number of transcriptomics and proteomics studies have been carried out to understand the mode of action of 
smoke, less is known about the biochemical alterations associated with smoke exposure in plants.
Objectives The aims of this study were (1) to determine the metabolic alterations in maize roots pre-treated with various con-
centrations of smoke solution, and (2) to identify the smoke-responsive metabolic pathways during early root growth period.
Methods Maize seeds were pre-treated with different concentrations of smoke solutions for 24 h and then grown for 10 days. 
600-MHz 1H NMR spectroscopy was performed on the aqueous root extracts of maize seedlings. The metabolite data 
obtained from the NMR spectra were analyzed by several statistical and functional methods, including one-way ANOVA, 
PCA, PLS-DA and pathway analysis.
Results Our study identified a total of 29 metabolites belonging to various chemical groups. Concentrations of 20 out of 
these 29 metabolites displayed significant (p < 0.05) changes after at least one smoke pre-treatment compared to the control. 
Moreover, functional analyses revealed that smoke pre-treatments markedly affected the carbohydrate- and energy-related 
metabolic pathways, such as galactose metabolism, glycolysis, glyoxylate metabolism, tricarboxylic acid cycle, and starch/
sucrose metabolism.
Conclusions To our knowledge, this is the first study that investigates smoke-induced biochemical alterations in early root 
growth period using NMR spectroscopy. Our findings clearly indicate that smoke either directly or indirectly influences 
many metabolic processes in maize roots.

Keywords Smoke · Root growth · NMR spectroscopy · Metabolomics · Maize

1 Introduction

Fire is one of the most important disturbance factors in ter-
restrial ecosystems, shaping composition and distribution 
of plant communities (Bond and Keeley 2005; Keeley et al. 
2012). Many plant species have evolved adaptive traits to 
increase their persistence after fire (Keeley et al. 2011; Nel-
son et al. 2012). The positive germination response to smoke 
is one of these traits, and has been demonstrated in numer-
ous plant species from a wide range of phylogenetic origins 
(Pierce et al. 1995; Adkins and Peters 2001; Moreira et al. 
2010; Çatav et al. 2014; Downes et al. 2015). In addition, 
it has been reported that smoke also triggers root growth 
(Kulkarni et al. 2006; Van Staden et al. 2006; Wang et al. 
2017), somatic embryogenesis (Senaratna et al. 1999; Mal-
abadi and Nataraja 2007), flowering (Keeley 1993; Light 
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et al. 2007), and pollen germination (Papenfus et al. 2014) 
in various plants.

There has been an increasing effort in recent years to 
understand the mode of action of smoke in germination and 
early seedling growth processes. Especially, a number of 
transcriptomics and proteomics studies have been conducted 
to determine the smoke and smoke-derived compounds [e.g. 
catechol, karrikinolide  (KAR1) and trimethylbutenolide] 
related responses in plants, such as Arabidopsis, chickpea, 
lettuce, maize, and wild tobacco (Soós et al. 2009a, 2010, 
2012; Nelson et al. 2010; Baldrianová et al. 2015; Wang 
et al. 2017; Rehman et al. 2018). The results of the tran-
scriptomics analysis of germinating maize seeds indicated 
that smoke induced the stress and ABA-related responses, 
promoted the ubiquitination of proteins, and activated the 
protein-degradation-related genes (Soós et al. 2009a, 2010). 
Moreover, a proteomics study on the smoke-enhanced root 
growth in chickpea has revealed that proteins related to 
amino acid metabolism, starch/sucrose synthesis, glyco-
lysis, tricarboxylic acid (TCA) cycle, nitrate pathway, and 
secondary metabolism are significantly changed after smoke 
treatment (Rehman et al. 2018). In addition to these com-
prehensive approaches, it has been shown that smoke treat-
ments can remarkably alter the contents of protein, total 
amino acid, total phenolics, photosynthetic pigments, and 
flavonoids in banana, bean, and Tulbaghia species (Aremu 
et al. 2012, 2014; Singh et al. 2014). However, so far there 
has been no comprehensive metabolomics evaluation of the 
effect of smoke on seedling growth.

Metabolomics (or metabonomics), defined as the quan-
titative measurement of low-molecular-weight metabolites 
(< 1500 Da) from various biological samples, has great 
potential to enhance our understanding of biochemical pro-
cesses in living systems (Fiehn 2002; Hall 2006; Farag et al. 
2012; Zhang et al. 2012). The analytical techniques, such 
as mass spectrometry (MS) coupled to gas and liquid chro-
matography (GC and LC), and nuclear magnetic resonance 
(NMR) spectroscopy have been commonly used in metabo-
lomics studies (Lin et al. 2006; Wu et al. 2008; Barding et al. 
2013). Identification and quantification of a large number of 
metabolites from different metabolic classes within a short 
time frame can be achieved with the help of these powerful 
techniques (Bino et al. 2004; Zhang et al. 2012).

NMR, although less sensitive than MS, is widely used 
due to its non-destructive nature and reproducibility (Bino 
et al. 2004; Pan and Raftery 2007; Emwas 2015). Further-
more, compared with MS-based analyses, the advantages 
of NMR technique are that it is rapid, and requires a sim-
ple sample preparation procedure (Krishnan et al. 2005; 
Zhi et al. 2012). Additionally, NMR is known to be more 
effective than GC– and LC–MS analyses in detecting com-
pounds from sugars and amines chemical groups (Wishart 
2008; Dai et al. 2010; Barding et al. 2013). Because of the 

features mentioned above, application of NMR has gained an 
increasing attention from many fields of research, including 
biomarker discovery, disease detection, nutritional studies, 
and plant stress physiology (Odunsi et al. 2005; Gavaghan 
et al. 2011; Savorani et al. 2013; Zhang et al. 2013).

The stimulatory effect of smoke on root growth of maize 
(Zea mays L.) has been demonstrated in several studies 
(Sparg et al. 2006; Van Staden et al. 2006; Aslam et al. 
2017). Moreover, as stated previously, the transcriptomic 
profile of germinating maize seeds was significantly altered 
after smoke treatments (Soós et al. 2009a, 2010). For these 
reasons, maize was chosen as the experimental material to 
shed more light on biochemical alterations associated with 
smoke exposure in plants. In the present study, we per-
formed a seedling growth experiment using maize seeds 
pre-treated with different concentrations of smoke solution, 
and employed 1H NMR spectroscopy to assess the metabo-
lite profile of maize root samples. We then utilized func-
tional analysis methods to determine the smoke-responsive 
metabolic pathways, and discuss their possible roles in root 
growth process. To the best of our knowledge, this is the first 
study that examines smoke-induced metabolic changes in 
root growth process using NMR-based metabolomics.

2  Materials and methods

2.1  Preparation of aqueous smoke solutions

The active compounds of smoke can be generated by sub-
jecting the plant materials or organic compounds (e.g. cel-
lulose, combination of amino acids and sugars) to dry heat 
(Van Staden et al. 2000; Light et al. 2005; Moreira et al. 
2010; Çatav et  al. 2014). We used the methodology of 
Jäger et al. (1996) in order to obtain the active compounds 
of smoke. Briefly, fresh needles of Pinus brutia were col-
lected from the field and broken into small pieces. Three 
5-g samples of this plant material were separately heated in 
closed glass flasks using a temperature-controlled oven at 
190 °C for 30 min. Following this process, 50 mL of distilled 
water was poured over the burnt material and the mixture 
was allowed to stand for 10 min. Finally, the mixtures were 
filtered using a Whatman filter paper (no. 1) and solutions 
obtained (hereafter called smoke solution, and considered 
as 100%) were placed into a bottle, and stored at 4 °C until 
used.

2.2  Plant material, growing conditions, 
and measurement of physical parameters

In this study, maize (genotype: Kompozit Arifiye) seeds 
were obtained from Institute of Maize Research, Sakarya. 
Seeds were sterilized with 3% (v/v) sodium hypochlorite and 
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0.1% (w/v) SDS for 10 min and rinsed with distilled water 
three times. Surface-sterilized seeds were then incubated in 
different concentrations of smoke solutions (1%, 2%, 10%, 
and 100%) for 24 h. Another group of maize seeds were also 
incubated in distilled water for 24 h and served as the control 
for the smoke treatments. After the treatments were applied, 
seeds were directly sown in trays containing perlite. Each 
treatment consisted of four replicates of 25 seeds. The trays 
were placed into a growth chamber adjusted to 25 °C with a 
16 h photoperiod (at a light intensity of 100 µmol  m−2 s−1) 
using a randomized complete block design. Quarter-strength 
Hoagland’s nutrient solution was used to supply essential 
macro- and micro-nutrients. Seedlings were harvested 
after 10 days of growth. One part of the fresh root samples 
was immediately frozen with liquid nitrogen and stored at 
− 80 °C until freeze-dried within 2 weeks. The photographs 
of the rest of the seedlings from control and smoke treat-
ments were taken using a digital camera. ImageJ analysis 
software (version 1.48) was used to measure the root and 
shoot lengths of each seedling. Furthermore, dry weight of 
roots and shoots was determined by drying samples in an 
oven at 70 °C for 48 h.

2.3  Sample preparation for NMR analysis

Approximately, 300 mg fresh root samples were freeze-dried 
and ground to a fine powder. 650 µL of 0.3 M phosphate 
buffer solution [in deuterium oxide  (D2O), pH: 7.0] con-
taining 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonic acid 
(DSS, 97%) was added to the samples. The extracts were 
sonicated and then centrifuged at 18,000×g for 20 min at 
room temperature. The supernatant of each extract (600 µL) 
was transferred to NMR tubes for NMR analysis (Gavaghan 
et al. 2011; Kim et al. 2011).

2.4  NMR spectroscopy

1D 1H NMR spectra were collected at the National Magnetic 
Resonance Facility at Madison (NMRFAM) on a Bruker 
Avance III instrument operating at 600 MHz equipped with 
a triple-resonance cryogenic probe (5 mm) and a Sample-
Jet sample changer. The SampleJet was set at 25 °C, and 
Topspin 3.2 (Bruker) and NMRbot were used to automate 
the data collection process (Clos et al. 2013). Moreover, a 
NOESY-PRESAT pulse sequence was applied to suppress 
the residual water signal (Kim et al. 2011). Each spectrum 
consisted of 128 scans of 65,536 complex data points with 
a spectral width of 9615.4 Hz and acquisition time of 3.41 s. 
Two spectra for each control sample were collected to evalu-
ate reproducibility and stability. The 1D 1H spectra were 
phased, baseline corrected, referenced to DSS, and analyzed 
using the Bruker Topspin 3.2 software.

2.5  Quantification of the metabolite concentrations

Quantification was performed using the 600 MHz library 
from Chenomx NMR suite professional software (version 
7.6), which uses the concentration of a known reference 
signal (DSS-d6) to assess the concentrations of individual 
metabolites (Weljie et al. 2006; Kim et al. 2011; Song et al. 
2013).

2.6  Data analysis

Growth and metabolite datasets were analyzed by one-way 
ANOVA followed by Tukey’s HSD multiple comparison 
test. Normality of data and homogeneity of variance were 
examined using the Shapiro–Wilk’s and Bartlett’s tests, 
respectively. When needed, data were subjected to square 
root or logarithmic transformation in order to meet para-
metric assumptions.

Principal component analysis (PCA) and partial least 
squares discriminant analysis (PLS-DA) of log-transformed 
and mean-centered metabolite data were performed using 
MetaboAnalyst 4.0 software (Xia and Wishart 2016). More-
over, contribution of variables to the principal components 
(PC) was analyzed using the “FactoMineR” and “factoextra” 
packages under the R software (3.4.2).

In order to transform the metabolites identified in our 
experiment into a set of meaningful biological terms (e.g. 
metabolism-related pathways), we performed two functional 
analysis using MBRole and MetaboAnalyst online analysis 
tools. Firstly, an overrepresentation (enrichment) analysis of 
metabolites, which were significantly affected after at least 
one smoke treatment, was performed with using pathway 
database of maize (KEGG) in MBrole 2.0. In this analysis, p 
values were calculated with the cumulative hypergeometric 
distribution function, and then adjusted for multiple testing 
using the false discovery rate (FDR) method (López-Ibáñez 
et al. 2016). Secondly, a quantitative pathway analysis was 
conducted for control and smoke pre-treatment (10%) data-
sets in MetaboAnalyst 4.0. We used the Oryza sativa (rice) 
metabolic pathway database (KEGG) as a reference for 
‘global test’ and ‘relative betweenness centrality’ algorithms 
(Xia and Wishart 2016).

For all statistical analyses, the significance level was set 
at 0.05.

3  Results

3.1  Effect of smoke pre‑treatments on seedling 
growth

Effect of pre-treatment of maize seeds with various concen-
trations of smoke solution on root and shoot growth is shown 
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in Fig. 1. Root length and root dry weight of seedlings pre-
treated with 10% and 100% smoke solutions were markedly 
(p < 0.05) increased in comparison with the control (Fig. 1a, 
b). Furthermore, smoke pre-treatment at the concentration 
of 10% resulted in a significant enhancement in the number 
of seminal roots (Fig. 1e). On the other hand, none of the 
smoke pre-treatments remarkably affected the shoot length 
and shoot dry weight (Fig. 1c, d). Our results also indicated 
that root/shoot ratio increased almost linearly with the 
increasing concentration of smoke solution (Fig. 1f).

3.2  Identification and quantification of NMR data

Comparison of representative 1H NMR spectra (600 MHz) 
obtained from extracts of control and smoke pre-treat-
ment (10%) root samples is shown in Fig. 2. A total of 29 

metabolites, which belonged to various chemical groups 
such as alcohols, amino acids, organic acid derivatives, 
and sugars, were identified in these NMR spectra (Table 1). 
While sugar peaks were primarily observed between 3.00 
and 5.50 ppm, most of the amino acids peaks were seen in 
the aliphatic region (about 0.50–3.00 ppm).

Of the 29 metabolites quantified, 20 showed significant 
(p < 0.05) changes in concentration after at least one smoke 
pre-treatment compared to control (Table 1). Smoke pre-
treatments led to significant increases in the levels of metab-
olites such as alanine, isoleucine, leucine, valine, glucose, 
fructose, and methanol in root tissue of maize seedlings. 
On the other hand, the levels of N-acetyltyrosine, sarcosine, 
sucrose, galactitol, lactate, and ethanol were significantly 
decreased in most of the smoke pre-treatment samples 
(Table 1).

Fig. 1  Effect of smoke pre-
treatments on a root length, b 
root dry weight, c shoot length, 
d shoot dry weight, e seminal 
root number, and f root/shoot 
ratio. Different letters on the 
error bars indicate significant 
differences (p < 0.05) according 
to Tukey’s HSD test. Results 
are presented as mean (n = 4 
replicates of 18 samples per 
treatment) ± standard error
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3.3  Multivariate analyses of metabolite data

In the PCA analysis, the first three components, which had 
eigenvalues greater than 1, accounted for 37.5%, 26.9%, and 
14.5% of the total variation in the metabolite data, respec-
tively. The PCA scores plot in Fig. 3a shows that 10% and 
100% smoke pre-treatments, which significantly enhance 
root growth, are closely clustered, while control and rest of 
the smoke pre-treatments (1% and 2%) are separated. Moreo-
ver, the PCA loadings plot indicates that lactate, methanol, 
sucrose, sarcosine, galactitol, N-acetyltyrosine, and isole-
ucine are the main metabolites responsible for separation 
between the groups (Fig. 3b).

The scores plot of PLS-DA (Fig.  4a) reveals a clear 
separation between the groups suggesting that metabolite 
changes are unique to each smoke pre-treatment  (R2 = 0.960, 
 Q2 = 0.842, p < 0.001 by permutation test). Furthermore, 
the variables important in projection (VIP) scores plot in 
Fig. 4b demonstrates that lactate, methanol, galactitol, sarco-
sine, glucose, isoleucine, and N-acetyltyrosine are the most 
important metabolites in group differentiation.

3.4  Smoke‑responsive metabolic pathways

The common results of overrepresentation and pathway 
analyses showed that smoke pre-treatments markedly 
affected the galactose metabolism, glycolysis/gluconeo-
genesis, starch/sucrose metabolism, and branched-chain 
amino acid (BCAA) biosynthesis in maize roots (Table 2; 
Fig. 5, Table S1). The pathway analysis results also sug-
gested that pyruvate metabolism, glyoxylate/dicarboxylate 
metabolism, glycerolipid metabolism, and TCA cycle might 
be significantly influenced by smoke pre-treatments (Fig. 5, 
Table S1).

4  Discussion

It is well recognized that smoke and smoke-derived com-
pounds stimulate both root and shoot growth in many plants 
from different ecological and taxonomic groups (Kulkarni 
et al. 2006; Van Staden et al. 2006; Moreira et al. 2010; 
Yearsley et al. 2018). It has also been shown that smoke is 

Fig. 2  Comparative 1D 1H NMR spectra obtained from extracts of a control and b smoke pre-treated (10%) root samples
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more effective in enhancing root growth relative to shoot 
growth (Brown and Van Staden 1997; Moreira et al. 2010; 
Wang et al. 2017; Çatav et al. 2018). The results of our study 
are consistent with those findings, and indicate that smoke 
pre-treatments significantly stimulate the primary and semi-
nal root growth in maize in a concentration-dependent man-
ner (Fig. 1). This is very important because primary and 
seminal roots play a key role in water and nutrient uptake, 
especially in early seedling stages (Zhu et al. 2006; Singh 
et al. 2010). Therefore, our findings suggest that smoke pre-
treatments may provide an advantage to seedling establish-
ment rate in maize.

Our study identified a total of 14 metabolites belonging 
to amino acid and amine groups in maize root samples. 
Concentrations of 8 out of these 14 metabolites displayed 

significant (p < 0.05) changes after smoke pre-treatments 
(Table 1). Especially, the levels of amino acids, such as 
alanine, isoleucine, leucine, and valine, in root samples 
were markedly increased in most of the smoke pre-treat-
ments. Moreover, functional analyses revealed that smoke 
pre-treatments remarkably affected the valine, leucine, and 
isoleucine biosynthesis in maize roots (Table 2; Fig. 5, 
Table S1). Our findings support previous studies show-
ing that smoke treatments affect the amino acid metabo-
lism, and change the free amino acid content (Singh et al. 
2014; Rehman et al. 2018). In addition, an increase in 
the free amino acid content may partially be explained by 
enhanced protein degradation (Chyliński et al. 2007). It 
has been suggested that in germinating maize seeds, smoke 

Table 1  Concentrations (mM) of the identified metabolites in the control and in the smoke treatments

Results are presented as mean (n = 3) ± standard error. Values with different superscript letters in the same raw are significantly different 
(p < 0.05, Tukey’s HSD test)
CG chemical group (ALC alcohols, A&A amino acids and amines, OAD organic acid derivatives, S&SA sugar and sugar alcohols)

Metabolite CG Control Concentration of smoke pre-treatment (%)

1 2 10 100

Ethanol ALC 0.024 ± 0.003c 0.014 ± 0.002ab 0.018 ± 0.001ac 0.023 ± 0.003bc 0.012 ± 0.001a

Methanol ALC 0.027 ± 0.003a 0.050 ± 0.006a 0.037 ± 0.001a 0.133 ± 0.018b 0.113 ± 0.019b

1-Methylhistidine A&A 0.023 ± 0.003a 0.027 ± 0.003ab 0.033 ± 0.003ab 0.050 ± 0.010b 0.024 ± 0.000a

Alanine A&A 0.059 ± 0.011a 0.102 ± 0.001b 0.098 ± 0.003b 0.097 ± 0.007ab 0.083 ± 0.013ab

Dimethylglycine A&A 0.002 ± 0.000a 0.003 ± 0.000a 0.006 ± 0.001b 0.003 ± 0.000a 0.004 ± 0.000ab

Glycine A&A 0.182 ± 0.004a 0.218 ± 0.012a 0.218 ± 0.014a 0.213 ± 0.013a 0.218 ± 0.015a

Histamine A&A 0.022 ± 0.002a 0.013 ± 0.003a 0.013 ± 0.001a 0.020 ± 0.000a 0.013 ± 0.002a

Isoleucine A&A 0.019 ± 0.003a 0.035 ± 0.004ab 0.054 ± 0.003b 0.050 ± 0.003b 0.047 ± 0.007b

Leucine A&A 0.035 ± 0.005a 0.062 ± 0.005b 0.091 ± 0.005c 0.047 ± 0.003ab 0.060 ± 0.006b

N-Acetyltyrosine A&A 0.038 ± 0.004b 0.028 ± 0.003ab 0.017 ± 0.002a 0.024 ± 0.003a 0.020 ± 0.001a

Phenylalanine A&A 0.028 ± 0.002a 0.031 ± 0.001a 0.031 ± 0.002a 0.030 ± 0.001a 0.024 ± 0.002a

Putrescine A&A 0.061 ± 0.009a 0.050 ± 0.001a 0.045 ± 0.002a 0.043 ± 0.007a 0.041 ± 0.003a

Pyroglutamate A&A 0.131 ± 0.012a 0.133 ± 0.012a 0.084 ± 0.007a 0.126 ± 0.007a 0.123 ± 0.030a

Sarcosine A&A 0.012 ± 0.001b 0.006 ± 0.001a 0.003 ± 0.000a 0.004 ± 0.000a 0.005 ± 0.000a

Tyrosine A&A 0.030 ± 0.004a 0.044 ± 0.003a 0.046 ± 0.003a 0.025 ± 0.003a 0.045 ± 0.009a

Valine A&A 0.027 ± 0.004a 0.039 ± 0.004ab 0.050 ± 0.002b 0.050 ± 0.003b 0.054 ± 0.005b

2-Hydroxy-phenylacetate OAD 0.035 ± 0.004ab 0.033 ± 0.003ab 0.032 ± 0.002ab 0.047 ± 0.006b 0.020 ± 0.001a

3-Methylglutarate OAD 0.025 ± 0.004a 0.040 ± 0.006ac 0.048 ± 0.003bc 0.060 ± 0.006c 0.034 ± 0.003ab

Cis-aconitate OAD 0.016 ± 0.001a 0.021 ± 0.001ab 0.043 ± 0.003d 0.035 ± 0.001 cd 0.027 ± 0.003bc

Lactate OAD 0.547 ± 0.007b 0.660 ± 0.061b 0.860 ± 0.032c 0.303 ± 0.032a 0.153 ± 0.006a

Malonate OAD 0.090 ± 0.006b 0.047 ± 0.003a 0.153 ± 0.003c 0.065 ± 0.005ab 0.087 ± 0.009b

Pyruvate OAD 0.020 ± 0.001a 0.025 ± 0.004a 0.025 ± 0.002a 0.027 ± 0.002a 0.021 ± 0.003a

Fructose S&SA 0.917 ± 0.101a 1.110 ± 0.078ab 1.590 ± 0.076bc 1.677 ± 0.148c 1.557 ± 0.147bc

Galactitol S&SA 0.189 ± 0.016 cd 0.213 ± 0.015d 0.103 ± 0.009ab 0.140 ± 0.010bc 0.073 ± 0.012a

Glucose S&SA 2.960 ± 0.091a 2.977 ± 0.133a 4.450 ± 0.266b 6.650 ± 0.029c 6.083 ± 0.060c

Glycerol S&SA 0.096 ± 0.008a 0.130 ± 0.006a 0.127 ± 0.015a 0.173 ± 0.003b 0.123 ± 0.009a

Sucrose S&SA 0.360 ± 0.010c 0.163 ± 0.009ab 0.120 ± 0.010a 0.257 ± 0.037b 0.440 ± 0.021c

Choline Others 0.090 ± 0.010a 0.107 ± 0.003a 0.107 ± 0.010a 0.083 ± 0.009a 0.087 ± 0.011a

Xanthosine Others 0.007 ± 0.001a 0.011 ± 0.001a 0.011 ± 0.001a 0.019 ± 0.001b 0.011 ± 0.001a
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Fig. 3  a PCA scores plot obtained from the metabolite data of maize 
root samples subjected to different smoke pre-treatments. b PCA 
loadings plot for the selected PCs. The circles indicate the most 

important metabolites responsible for separation of treatment groups. 
The abbreviations represent the concentrations of the smoke pre-
treatments (Sm1 = 1%, Sm2 = 2%, Sm3 = 10%, and Sm4 = 100%)

Fig. 4  a PLS-DA scores plot obtained from the metabolite data of 
maize root samples subjected to different smoke pre-treatments. b 
The most important metabolites responsible for the group separa-
tion ranked by the PLS-DA VIP (variable importance in projection) 

scores. The heat map on the right shows the relative concentrations 
of the corresponding metabolite in each treatment group. The abbre-
viations represent the concentrations of the smoke pre-treatments 
(Sm1 = 1%, Sm2 = 2%, Sm3 = 10%, and Sm4 = 100%)
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also promotes the ubiquitination of proteins, and activates 
protein-degradation-related genes (Soós et al. 2010).

Soluble sugars (e.g. fructose, glucose, and sucrose) play a 
major role in regulating many processes in plants, including 
growth, development, and stress tolerance (Smeekens and 
Rook 1997; Couée et al. 2006; Rolland et al. 2006; Rosa 
et al. 2009). Moreover, sucrose-cleaving enzymes, such 
as invertase and sucrose synthase are known to have piv-
otal functions in these regulatory mechanisms (Sturm and 
Tang 1999; Koch 2004). For instance, it has been suggested 
that invertase-mediated glucose signaling can induce the 

expression of genes associated with cell cycle, cell divi-
sion, and auxin biosynthesis, which directly influence the 
growth rate in plants (LeClere et al. 2010; Ruan 2012). Our 
results reveal that the levels of glucose and fructose show an 
upward trend in response to smoke pre-treatments, while that 
of sucrose shows a relative declining trend, except for 100% 
concentration of smoke pre-treatment (Table 1). This finding 
suggests that conversion of sucrose to hexoses may be pro-
moted by smoke in early root growth period. Furthermore, 
both pathway and overrepresentation analyses indicated that 
smoke pre-treatments significantly influenced the sucrose 
metabolism in maize roots (Table 2; Fig. 5, Table S1). A 
similar result was also obtained by Rehman et al. (2018), 
who found that smoke treatment triggered the sucrose syn-
thase activity, and increased the total soluble sugar content. 
In the light of these data, it seems possible that smoke may 
affect the activity of sucrose-cleaving enzymes that have 
important roles in regulating plant growth and development. 
In addition to these, functional analysis demonstrated that 
smoke pre-treatments had the highest impact on galactose 
metabolism (Table 2; Fig. 5). Sugar alcohols, such as galac-
titol and glycerol are substantial components of this metabo-
lism, and their concentrations were remarkably changed by 
smoke pre-treatments. Taken as a whole, our results provide 
evidence that changes in sucrose and galactose metabolisms 
take an important place in smoke-stimulated root growth in 
maize.

Gene expression and proteomics analyses revealed that 
metabolic pathways such as glycolysis and TCA cycle may 
be affected by smoke and  KAR1. For instance, Soós et al. 
(2009b) demonstrated that smoke led to induction in the 
expression of pyruvate kinase, a key enzyme of glycolysis, 
in germinating lettuce seeds. Moreover, a significant effect 
of  KAR1 on TCA cycle-related proteins was detected in 
Arabidopsis seedlings (Baldrianová et al. 2015). Addition-
ally, Rehman et al. (2018) reported that in chickpea roots, 
the abundance of proteins, which were related to glycolysis 

Table 2  Summary of the smoke-responsive metabolic pathways obtained from MBRole 2.0 by overrepresentation (enrichment) analysis

In the table, “total” is the total number of metabolites in the relevant pathway; “hits” is the actually matched number of metabolites from the 
uploaded data set. For more details, see Sect. 2.6

Pathway name KEGG pathway code Total Hits Statistics

p Value FDR correction

Galactose metabolism zma00052 18 5 < 0.0001 < 0.0001
Metabolic pathways zma01100 18 15 0.0007 0.0043
Aminoacyl-tRNA biosynthesis zma00970 18 4 0.0006 0.0043
Glycolysis/gluconeogenesis zma00010 18 3 0.0005 0.0043
Valine, leucine and isoleucine biosynthesis zma00290 18 3 0.0004 0.0043
Valine, leucine and isoleucine degradation zma00280 18 3 0.0013 0.0067
Starch and sucrose metabolism zma00500 18 3 0.0022 0.010
Biosynthesis of secondary metabolites zma01110 18 8 0.167 0.235

Fig. 5  Schematic presentation of smoke-responsive metabolic path-
ways obtained from quantitative pathway analysis. For details, see 
Table S1
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and TCA cycle, was markedly altered in response to smoke 
treatment. Our results also support these findings by show-
ing that glycolysis and TCA cycle were responsive to smoke 
pre-treatments in metabolite level (Fig. 5).

Our pathway analysis results suggest that glyoxylate 
and dicarboxylate metabolism was also affected by smoke 
(Fig. 5, Table S1). The glyoxylate cycle, an anaplerotic path-
way, allows bypassing the two decarboxylation steps of the 
TCA cycle, resulting in the conversion of two-carbon acetyl 
units into four-carbon units (succinate) for energy production 
(Eastmond et al. 2000; Berg et al. 2002). In many seeds, this 
cycle provides energy for germination and seedling growth 
via conversion of storage triacylglycerols to sugars (East-
mond and Graham 2001; Cornah and Smith 2002). There-
fore, changes observed in the levels of soluble sugars might 
also be associated with induction of this pathway by smoke 
(Table 1). To sum up, on the basis of the results of our study 
and the previous research mentioned above, it seems reason-
able to conclude that plant-derived smoke can influence the 
various energy-related pathways during seedling establish-
ment and growth.

One interesting finding of this study was that smoke 
pre-treatments at concentrations of 10% and 100%, which 
stimulated root growth, resulted in a significant increase in 
methanol content of maize roots (Table 1; Fig. 1). It has 
been demonstrated that methanol accumulation in plants is 
highly correlated with increasing activity of pectin methy-
lesterase (PME), a cell-wall-bound enzyme (Micheli 2001; 
Komarova et al. 2014; Kohli et al. 2015). Moreover, PME-
mediated changes in cell wall are known to play a crucial 
role in diverse physiological processes, including seed ger-
mination, root elongation, and fruit ripening (Pelloux et al. 
2007; Wolf et al. 2009). In view of these arguments, it can 
be proposed that PME activity may be affected by smoke 
pre-treatments in a concentration-dependent manner. How-
ever, further evidence-based studies are required to verify 
this assumption.

5  Conclusion

The results of present study indicate that smoke pre-treat-
ments (1) stimulate root growth in maize in a concentration-
dependent manner, (2) significantly alter the levels of most 
of the identified metabolites in maize roots, and (3) mark-
edly affect the carbohydrate- and energy-related metabolic 
pathways. Furthermore, multivariate analyses suggest that 
metabolites such as lactate, methanol, sarcosine, galactitol, 
isoleucine, and N-acetyltyrosine can be potential biomark-
ers for smoke-stimulated root growth. In conclusion, we 
strongly believe that further studies using a combined omics 
approach are required to improve our understanding of the 
mechanisms underlying smoke-stimulated seedling growth.
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