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Abstract

Some smoke-based compounds were also confirmed to influence a variety of physiological and
developmental processes in plants. In this study, the influence of SSW (smoke-saturated water)
using rhizome soaking and foliar spraying on growth and physiological, biochemical characteristics,
glandular trichome, and final essential oil yield of Mentha arvensis L., a key economically important
aromatic plant is investigated. Healthy rhizomes were immersed in SSW at 1:125 v/v, 1:250 v/v,
1:500 v/v and 1:1000 v/v for 24 h prior to planting, and at different concentrations of foliar
treatments during crop growth. Both application strategies greatly improved plant height, biomass
accumulation, leaf area, and leaf yield in plants treated with SSW at a dilution of 1:500 (v/v)
compared with untreated controls. Increased chlorophyll fluorescence parameters, photosystem II
efficiency, and levels of chlorophyll, carotenoids revealed enhanced photosynthetic performance.
Moreover, SSW applied significant increases in the activities of the major metabolic enzymes
namely nitrate reductase and carbonic anhydrase. SSW treatment induced accumulation of phenolics
and flavonoids as well as marked enlargement of glandular trichomes. These physiological and
biochemical benefits were characterized up to a remarkable increase in essential oil content and
productivity, with higher concentrations of major molecules, i.e., menthol, menthone and menthyl
acetate. In general, the results indicated that the optimal use of smoke-saturated water application
of 1:500 (v/v) dilution of it (especially with optimum effectiveness) will be an eco-considerate
treatment for enhancing growth performance in Mentha arvensis L. and essential oil yield and
efficacy in Mentha arvensis L.
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1. Introduction

Medicinal and aromatic plants are an essential part of agriculture and pharmaceutical industries
across a wide range of different industries, with diverse uses in medicine, cosmetics, food flavoring
and traditional health systems (Rao, 2001; Verma et al., 2010). Of these, the genus Mentha L., a
member of the family Lamiaceae worldwide is popularly known for its aromatic quality and great
economic importance due to the existence of essential oils consisting of bioactive substances
(Lawrence, 2007). In the context of the genus Mentha, over 30 species can be observed in both
temperate and subtropical regions of the world, including many of them cultivated for commercial
essential oil extraction (Kokkini, 1992). Japanese mint (Mentha arvensis L.) (Fig 1) is one of the
widely cultivated mints and particularly in India, which is the top source of menthol-rich mint oil in
the world (Singh ef al., 2015). M. arvensis is extensively cultivated in northern Indian states like
Uttar Pradesh, Punjab, and Himachal Pradesh, where climatic and soil conditions are conducive to
high biomass and oil production (Chand ef al., 2004). In addition to the previously recorded oil
components of M. arvensis that have medicinal and commercial significance, they also incorporate
menthone, menthyl acetate, limonene, cineole, pulegone, menthofuran, and carvone (Lawrence,
2007; Verma et al., 2010).

Fig. 1. Mentha arvensis L. plants at the vegetative growth stage.

Environmental cues and chemical signaling molecules play significant roles in plant growth and
development that regulate physiological and metabolic activities (Taiz et al., 2015). In recent years,
smoke originating from the plants has become a significant ecological factor to the germination,
establishment of seedlings, and the growth of the plants in fire-prone ecosystems (Keeley and
Fotheringham, 1998; Van Staden et al., 2000). Following observed improvements in post-fires
regeneration, smoke appeared to be a source of biologically active extracts, which could induce
plant development (Brown and Van Staden, 1997). Subsequent investigations shown that these
growth promoting substances present in smoke are water soluble and can thus be trapped by aqueous
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solutions called smoke-saturated water (SSW) that retain the biological activity when applied as is
in plants (Van Staden et al., 2004; Light et al., 2009). The use of SSW has been shown to improve
seed germination, vegetative growth, photosynthetic efficiency and biomass accumulation in several
types of plants used in agriculture and healthcare (Jager et al., 1996; Kulkarni et al., 2011). Some
of these compounds are particularly interesting analytically, as they seem to exert a strong influence
on physiology and hormonal pathways in plants due to chemical and molecular signalling in the
biochemical pathway systems (Flematti et al., 2004; Nelson et al., 2012). Based on primary growth
responses on plants, smoke-derived treatments affect secondary metabolism and promote an
elevated production of phenolics, flavonoids and other bioactive compounds themselves (Kulkarni
et al., 2013). Essential oil biosynthesis and storage in aromatic plants is mainly carried out in
glandular trichomes on leaf surfaces, and those factors that promote trichome development and
metabolic activities directly contribute to the oil yield and quality (Gershenzon et al., 2000; Werker,
2000). The impact of smoke and smoke-derived solutions on perennial, rhizomatous aromatic crops
including Mentha arvensis remains poorly understood despite increasing evidence of their positive
impact. More specifically, the impact of SSW on physiological efficiency, metabolic enzyme
function, glandular trichome growth, and production for essential oil in mint are less well
characterized. Reflecting the high economic value of Mentha arvensis, and given the recent surge
of interest in eco-friendly growth modulators, the current study investigated impacts of smoke-
saturated water via rhizome soaking and foliar spraying. The objective of the study was to determine
growth attributes, physiological and biochemical responses, glandular trichome characteristics, and
essential oil yield and composition at various SSW concentrations and to develop a successful and
sustainable approach to mint growth and productivity.

2. Material and Methods —
2.1 Experimental site and growth conditions

The experiments (1 and 2) were conducted during the summer season under natural environmental
conditions in the net-house facility of the Department of Botany, AMU (Aligarh Muslim
University), Aligarh, India. Plants were grown in earthen pots sized (25 cm diameter % 25 cm height)
filled with a uniform mixture of garden soil and well-decomposed farmyard manure in a 5:1 ratio,
following standard pot culture practices for mint cultivation (Chand ef al., 2004). All pots were
maintained under uniform irrigation and cultural conditions throughout the experimental period.

2.2 Preparation of smoke-saturated water (SSW)

Smoke-saturated water was prepared following the standard procedure described by Van Staden et
al. (2004) with slight modifications. Dried wheat straw was combusted on a hot plate in a
borosilicate petri dish and covered with an inverted glass funnel (Fig 2). The funnel outlet was joined
via rubber tubing to a glass inlet tube inserted into a vacuum flask containing one litre of double-
distilled water (DDW). A vacuum pump was used to facilitate continuous bubbling of smoke into
the water.

Smoke generation was maintained by intermittently adding dried straw to ensure uniform
combustion. The degree of smoke saturation was monitored by withdrawing aliquots of water at
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regular intervals and recording absorbance at 330 nm using a UV—visible spectrophotometer, as
described earlier for smoke solutions (Kulkarni ef al., 2011). After approximately 45 minutes, the
water reached saturation and was designated as smoke-saturated water (SSW). The stock solution
was filtered and stored at room temperature until further use.

A

Rubber tubing ————» 4

Inverted i
funnel , i
Petri dish containing\‘
wheat straw

Glass tube
immersed in
distilled water

Hot plate

Fig. 2. Experimental setup specifically designed and assembled in the Advanced Plant Physiology
Laboratory, Department of Botany, AMU, Aligarh, for producing smoke-saturated water.

Four aqueous dilutions of SSW (1:125 v/v, 1:250 v/v, 1:500 v/v, and 1:1000 v/v) were prepared
using DDW. DDW alone served as the control treatment.

2.3 Plant material and treatment application

Healthy and uniform rhizomes of Mentha arvensis L. (var. Kosi) were selected for the experiment.
Prior to planting, rhizomes were surface-sterilized using 1% sodium hypochlorite solution
containing a few drops of Tween-20 for 10 minutes, followed by thorough rinsing with DDW to
remove residual sterilant (Rady et al., 2013).

Five rhizomes were planted equidistantly in each pot. Two separate treatment methods were
employed:

(1) Rhizome soaking, in which rhizomes were soaked for 24 h in different dilutions of SSW prior
to planting, and

(i1) Foliar application, in which plants were sprayed with the respective SSW dilutions after
establishment at appropriate growth stages.
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Control plants received only DDW in both experiments.
2.4 Measurement of growth parameters

Growth parameters including plant height, fresh biomass (FW), dry biomass (DW), leaf area (LA),
and leaf yield per plant (LYPP) were recorded at 100 days after planting (DAP), following standard
procedures used for mint growth assessment (Singh et al., 2015). Plants were carefully uprooted,
washed, and blotted dry. Plant height was measured using a measuring scale, while FW (fresh
biomass) was recorded using an analytical balance. Samples were oven-dried at 80°C for 24 h to
determine DW (dry biomass). LA (Leaf area) was measured using the graph paper method, and
LYPP (leaf yield per plant) was calculated by weighing detached leaves.

2.5 Physiological parameters
2.5.1 Chlorophyll fluorescence

Chlorophyll fluorescence parameters were measured on fully expanded leaves using a handy
chlorophyll fluorometer (PAM-2000, Walz, Germany) following the protocol described by Maxwell
and Johnson (2000). Leaves were dark-adapted for 30 minutes prior to measurement. Fv/Fm
(Maximum quantum efficiency of photosystem II), [Y(II)] (effective quantum yield), (qP)
(photochemical quenching), (qN) non-photochemical quenching, and ETR (electron transport rate)
were recorded under actinic light conditions.

2.5.2 Estimation of photosynthetic pigments

Total chlorophyll and carotenoid contents were estimated following the method of Lichtenthaler
and Wellburn (1983). Fresh leaf tissue was homogenized in 80% acetone, centrifuged, and
absorbance of the supernatant was recorded at appropriate wavelengths using a UV-visible
spectrophotometer. Pigment concentrations were calculated and expressed on a fresh weight basis.

2.6 Biochemical analyses

2.6.1 Nitrate reductase activity

Nitrate reductase activity was determined using the in vivo assay described by Jaworski (1971).
Fresh leaf samples were incubated in phosphate buffer containing potassium nitrate and isopropanol,
and nitrite formation was quantified spectrophotometrically. Enzyme activity was expressed as
nmol NO:~ g! fresh weight h™".

2.6.2 Carbonic anhydrase (CA) activity
Carbonic anhydrase (CA) activity was measured using the titrimetric method used by Dwivedi and

Randhawa (1974). Fresh leaf tissue was incubated with sodium bicarbonate and indicator solution,
and the amount of CO- released was determined by titration against standard acid.2.6.3
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Estimation of TPC (total phenolic content)

Total phenolic content was measured using the Folin—Ciocalteu method as described by Singleton
and Rossi (1965). Leaf extracts were reacted with Folin—Ciocalteu reagent and sodium bicarbonate,
and absorbance was recorded at 650 nm. Results were expressed as gallic acid equivalents.

2.6.4 Determination of flavonoid content

Total flavonoid content was determined using the aluminium chloride colorimetric method
following Chang et al. (2002). Absorbance was measured at 415 nm, and flavonoid concentration
was expressed as catechin equivalents.

2.7 Scanning electron microscopy (SEM)

The leaf samples were prepared for scanning electron microscopy using standard fixation and
dehydration methods (Werker, 2000). The samples were dehydrated using graded ethanol series and
gold-coated and analyzed by SEM (scanning electron microscope) at USIF (University
Sophisticated Instrumentation Facility), AMU, Aligarh. Image analysis software was used to
determine the size of the glandular trichome.

2.8 GC-MS analysis of Essential oil

In the fresh leaves, essential oil was extracted in a Clevenger-type apparatus after the
hydrodistillation process as recommended by Guenther (1972). Gas chromatography—mass
spectrometry (GC-MS) was employed to analyze oil composition. Following Adams (2007),
compounds were determined by using retention indices and mass spectral comparison with standard
libraries.

2.9 Statistical analysis

The experiment was presented in a completely randomized design with six replicates per treatment.
Statistical analyses were conducted with the software SPSS. Mean comparisons were conducted on
standardized variables based on Duncan’s multiple range test at p < 0.05, as found with Gomez and
Gomez (1984). Results were reported as mean + standard error.

3. Results

The effectiveness of the compounds on the growth performance, physiological efficiency,
biochemical indices, the properties of the glandular trichome and the yield of essential oil by plants
treated with SSW in different dilutions (1:500 — 1:500 diluted SSW) was compared between groups.
The detailed information of the various parameters is provided based on them the outcomes are
shown.
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3.1 Growth attributes

Foliar application of SSW and rhizome soaking promoted vegetative growth of Mentha arvensis
significantly bettered the vegetative growth of M. arvensis. SSW treatments resulted in significant
improvements for plant height, fresh biomass (FW), dry biomass (DW), leaf area (LA), and leaf
yield per plant (LYPP) values and in both the high-reaction indicated the highest level of response
from SSW treatment and maximum response of the plants grew at the 1:500 (v/v) concentration
(Table 1).

3.1.1 Plant height

On rhizome soaking procedure, it was shown that the treatment with SSW at 1:500 (v/v)
significantly increased plant height with an increase about 23% over control. Such a response was
statistically similar to the results of plants treated at 1:250 and 1:1000 (v/v). An increase of about
19.23% compared to untreated plants was observed with the foliar spray experiment at the same
concentration (Table 1).

3.1.2 Fresh weight

In both experimental approaches, fresh biomass accumulation was significantly influenced by their
application of SSW. Rhizome soaking with 1:500 (v/v) SSW yielded the sharp greatest increase
(23.3%) to fresh weight versus the control, and was statistically at par with 1:250 and 1:1000 (v/v)
treatments. Foliar application at the same concentration further showed a significant rise (19.30%)
in fresh weight relative to control plants (Table 1).

3.1.3 Dry weight

Subsequent studies showed the large response of dry biomass produced under the SSW treatment.
Regarding the rhizome soaking experiment, plants treated with SSW: 1:500 (v/v) increased dry
weight at a maximum of 44.4% over the control. The same trend was also seen in foliar: Treatment
with 1:500 (v/v), in which dry biomass was significantly improved by 35.36%. Responses were at
best significant on average with measurements taking 1:250 and 1:1000 (v/v).

3.14 Leaf area

A significant effect was seen upon application of smoke saturated water through both rhizome
soaking and foliar spray means on the Leaf area of Mentha arvensis. In the experiment to soaking
the rhizomes, SSW was used in plants and the cells were watered with a dilution of 1:500 (v/v). This
was the maximum expansion compared to the control plant. This increase was, statistically, the
equivalent of plants treated at 1:250 and 1:1000 (v/v). Another positive response pattern was found
under foliar application, with the 1:500 (v/v) SSW treatment greatly increasing leaf area in
comparison to the untreated plants. Under optimal SSW treatment, however, leaf area increases,
reflecting improved vegetative growth and higher photosynthetically active surface (Table 1).
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3.1.5 Leaf yield per plant

In our experiments, there was a significant and concentration-dependent response in leaf yield per
unit of plant to SSW application. The leaf yield per plant was highest in this case of 1:500 (v/v)
SSW after the soaked rhizome and there was a significant improvement as compared to control. For
example, this treatment was statistically matched with the 1:250 and 1:1000 (v/v) concentrations.
Similarly, if SSW is added to the foliar spray experiment at 1:500 (v/v), leaf yield per plant increased
significantly compared with untreated plants. Under optimal SSW concentration, improved biomass
and leaf growth provide the basis of the improved leaf yield (Table 1).

Table 1. Effect of rhizome soaking and foliar application of smoke-saturated water (SSW) on growth
attributes of Mentha arvensis L. recorded at 90 days after planting (DAP).

SSW Shoot Plant fresh Plant dry Leaf number Leaf area plant! (cm?)
Treatments length (SL) weight weight plant™ (LA)

(Rhizome (cm) (FW) (DW) (LYPP)

Soaking) (8) (8)

Control 67.4£0.7¢  60.2+0.5¢  9.2+0.3° 89.0+0.5¢ 2848.6+24.5¢

Tl 72.240.9°  65.3+0.5¢ 10.240.2*  94.6+0.6¢ 3161+9.1¢

T2 77.1£0.4°  70+0.1° 12.4+0.7%  110+0.5° 3329.3+23.4°

T3 83+0.5? 7424037  13.3+0.3*  114.3+1.27  3610+20.4°

T4 76.13+£0.1°  69+0.1° 10.240.4*  100.6£0.8°  3176+16.3°

SSW Shoot Plant fresh Plant dry Leaf number Leaf area plant! (cm?)
Treatments length (SL) weight weight plant™! (LA)

(Foliar (cm) (FW) (DW) (LYPP)

Application) (8) (g)

Control 64.1+0.3°  59.2+0.4°  8.2+0.2°  85.6%+1.4¢ 2639+11.2¢

T1 68.2+0.4¢  63.5£0.3¢  8.7+0.2¢ 92.6+1.4° 2810+6.59

T2 70+0.5° 65.140.6°  9.46+0.2°>  100.3+1.4*  2990+17.6°

T3 76.4+0.5°  70.6:0.3*  11.1£0.2*  110+2.6* 3120+30.5°

T4 73.4+0.3>  68.3+0.4° 10.6+0.2°  105+2.1° 301046.3°

Each value represents the mean of six replicates = SE. Means within a column followed by the same
letter(s) do not differ significantly at p < 0.05. SSW = smoke-saturated water. Treatments: Tl =
1:125v/v, T2 = 1:250 v/v, T3 = 1:500 v/v, and T4 = 1:1000 v/v.

3.2 Physiological parameters

3.2.1 Chlorophyll fluorescence

Application of smoke-saturated water (SSW) significantly improved chlorophyll fluorescence
parameters in Mentha arvensis under both rhizome soaking and foliar spray treatments (Table 2).
The 1:500 (v/v) SSW treatment recorded the maximum enhancement in photosystem II efficiency.
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In the rhizome soaking experiment, Fv/Fm, qP, qN, Y(II), and ETR increased by approximately
10%, 15%, 43%, 23%, and 26%, respectively, compared to the control.

Similarly, foliar application of SSW at 1:500 (v/v) resulted in the highest improvement, with
increases 0f 12.10% in Fv/Fm, 26.93% in qP, 41.11% in N, 33.91% in Y(II), and 22.12% in ETR
over untreated plants.

Table 2 Effect of rhizome soaking and foliar application with SSW on chlorophyll fluorescence
(Fv/Fm) and the related parameters regarding Mentha arvensis at 90 DAP (days after planting).

SSW Chlorophyll  gP gN Y(I) ETR
Treatments fluorescence

(Rhizome (Fv/Fm)

soaking)

Control 0.7340.034 0.7240.02¢ 0.10£0.03°  0.54+0.05¢  28.440.37¢
Tl 0.75+0.05¢ 0.74+0.05¢ 0.12+0.04¢  0.56+0.04°  30.1+0.23¢
T2 0.78+0.03" 0.8540.03¢ 0.13£0.04°  0.59+£0.02°  32.840.25¢
T3 0.81+0.042 0.93+0.04*  0.15+0.05*  0.66+0.08*  35.8+0.05"
T4 0.75+0.05¢ 0.89+0.06°  0.14+0.03°>  0.57+0.04°  33.6+0.28°
SSW Chlorophyll  qP gN Y(ID) ETR
Treatments fluorescence

(Foliar (Fv/Fm)

Application)

Control 0.724+0.001¢  0.67+0.003°  0.09+0.005¢ 0.51+0.004¢ 25.9+0.234
Tl 0.76+0.002¢  0.72+0.006¢  0.09+0.002¢ 0.56+0.004¢ 26.1£1.09°
T2 0.7940.002°  0.81+0.004°  0.10+0.005° 0.61+0.003¢ 27.6+0.61°
T3 0.81+0.004*  0.85+0.002*  0.12+0.004* 0.69+0.003* 31.6+0.24*
T4 0.80+0.002°  0.84+0.005°  0.11£0.002° 0.66+0.004° 29.2+0.41°

Each value represents the mean of 6 replicates with +SE. Means within a column followed by the
same letter(s) are not significantly different (p< 0.05). SSW —smoke-saturated water, qP —
photochemical quenching, gN — non-photochemical quenching, Fv — variable fluorescence, Fm —
maximum fluorescence, Y(Il) — effective quantum yield of photosystem II, ETR — electron transport
rate. (T1-1:125 v/, T2 — 1:250 v/, T3 — 1:500 v/v, T4 — 1:1000 v/v).

3.2.2 Total chlorophyll and carotenoid content
Total chlorophyll content increased significantly following SSW application in both experiments

(Figure 3). Rhizome soaking with 1:500 (v/v) SSW enhanced chlorophyll content by approximately
30%, while foliar application resulted in a 25.70% increase compared to the control.
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Fig. 3. Effect of rhizome soaking and foliar application of smoke-saturated water (T5 = 1:1000, T4
=1:500, T3 = 1:250, T2 = 1:125 v/v, and T1 = Control) on total chlorophyll content (mg g~ FW)
in Mentha arvensis L. (A and B).

Carotenoid content also showed a positive response to SSW treatment (Figure 4). In the rhizome
soaking experiment, carotenoid levels increased by about 22% at 1:500 (v/v) SSW, whereas foliar
application of the same concentration resulted in a higher increase of approximately 29.77% over
the control. Other concentrations produced moderate but statistically comparable responses.
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g ' FW) in Mentha arvensis L.
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3.3 Biochemical parameters
3.3.1 Nitrate reductase activity

The nitrate reductase activity increased remarkably after the application of smoke-saturated water
(SSW), in both experimental designs (Figure 5). In rhizome soaking (RS) experiment, 1:500 (v/v)
SSW treatment exhibited an increased rate of 15.96% compared with control. In a different vein, in
the foliar spray (FS) experiment, treated plants at the same concentration showed a similar increase
of approximately 15.63% compared to untreated plants. Other SSW concentrations exhibited
moderate increases but showed statistical comparability to the ideal treatment.
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Fig. 5. Effect of rhizome soaking and foliar application of smoke-saturated water (TS5 = 1:1000,
T4 =1:500, T3 = 1:250, T2 = 1:125 v/v, and T1 = Control) on nitrate reductase activity (nmol
NO:" g leaf FW h™) in Mentha arvensis L. (A and B).

3.3.2 Carbonic anhydrase activity

Carbonic anhydrase activity was shown to respond substantially to treatment with SSW in both
experiments (Figure 6). In the RS experiment, the application of 1:500 (v/v) SSW increased enzyme
activity by about 18.75% compared to the control. Likewise, in the FS experiment, a similar increase
of ~19.23% was observed at the same concentration. The lower and higher concentrations resulted
in smaller but significant increases.
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Fig. 6. Effect of rhizome soaking and foliar application of smoke-saturated water (TS5 = 1:1000, T4
=1:500, T3 =1:250, T2 = 1:125 v/v, and T1 = Control) on carbonic anhydrase activity (umol CO:
kg™ leaf FW s7') in Mentha arvensis L. (A and B).
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3.3.3 Total phenolic content

The total phenolic contents of the sample increased markedly with SSW treatment for both
experimental methods (Figure 7). In RS, the 1:500 (v/v) treatment produced a maximal increase of
around 35.71% from the control. Likewise, phenolic content of FS improved by approximately
36.36% at the same concentration during the FS experiment. Other SSW treatments also exhibited
moderate, statistically similar improvements. SSW application in both experiments showed a
positive response to flavonoid accumulation (Figure 8).
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Fig. 7. Effect of rhizome soaking and foliar application of smoke-saturated water (TS5 = 1:1000, T4
=1:500, T3 = 1:250, T2 = 1:125 v/v, and T1 = Control) on total phenol content (mg GAE 100 g™’
FW) in Mentha arvensis L. (A and B).

3.3.4 Total flavonoid content

The RS experiment showed that plants, treated in SSW at 1:500 (v/v), increased total flavonoid level
by around 36.00% versus controls. In the FS experiment, the percentage of increase was higher,
reaching approximately 36.84% at the same concentration. Remaining treatments also exhibited
significant but lower increases (Fig 8).
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3.4 Scanning electron microscopy (SEM) analysis

Changes in glandular trichome characteristics of Mentha arvensis leaves induced by smoke-
saturated water (SSW) applied were observed on the SEM (Figure 9). Rhizome soaking (RS)
showed an increase of approximately 24.75% compared to the control when the plant was soaked
with 1:500 (v/v) SSW. Moderate increases were obtained in other concentrations, but they were
statistically similar to the best treatment. The application of 1:500 (v/v) SSW in the foliar spray (FS)
experiment had a significant increase in trichome size of about 14.00% relative to untreated plants.
Smaller responses were observed with lower and higher concentrations. Overall, SSW
supplementation improved glandular trichome growth, although a stronger effect was observed
under rhizome soaking.
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Fig. 9. Effect of smoke-saturated water (SSW) through rhizome soaking and foliar application on
the size of leaf glandular trichomes in Mentha arvensis L., observed under a scanning electron
microscope: (a) Control, (b) 1:500 (v/v) SSW — rhizome soaking, and (c) 1:500 (v/v) SSW — foliar
application.

3.5 Essential oil content and yield

The amount and yield of essential oil were positively and significantly affected by SSW treatment
in both experimental strategies (see Table 3, Fig 10). As noted above, the RS treatment with 1:500
(v/v) SSW led to a maximum level of improvement of 21.60% in the essential oil contents when
compared with the control. This improvement was statistically equivalent to plants treated at 1:250
and 1:1000 v/v (Table 3). The essential oil content in the FS experiment increased by approximately
18.30% at 1:500 (v/v) in comparison to untreated plants. Other SSW treatments improved oil content
similarly to the aforementioned, but only to a moderate degree.
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Fig. 10. Effect of rhizome soaking and foliar application of smoke-saturated water (T5 = 1:1000,
T4 =1:500, T3 = 1:250, T2 = 1:125 v/v, and T1 = Control) on essential oil content (%) in Mentha
arvensis L. (A and B).

3.6 Essential oil composition

Both qualitative and quantitative changes were observed in essential oil composition after SSW
treatments (Table 4) by GC-MS analysis. In both RS and FS experiments, plants treated with SSW
1:500 (v/v) reported an increase in core constituents (especially menthol, menthone, and menthyl
acetate) in comparison with control. For minor constituents, slight changes were also seen without
any effects on quality of oil. In the rhizome soaking experiment, the improvement in essential oil
composition was more significant than foliar application.
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Fig. 12. Optimal SSW concentration (1:500 v/v), applied through rhizome soaking and foliar
spraying, enhanced menthol, menthyl acetate, and menthone contents compared with the control.
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4. Discussion

A summary of the present study reveals that smoke-saturated water (SSW) exhibited a significant
and favorable regulatory effect on growth, physiology, biochemical status as well as essential oil
production of Mentha arvensis L, whereas the markedly improving of plant height, biomass
accumulation, leaf appearance, leaf characteristics and overall growth performance of the plants,
specially at dilution of 1:500 (v/v), all these data demonstrate that SSW is an extremely effective
growth boosting plant. These tendencies are similar to previous studies which showed a potent
vegetative, vigour and growth enhancer effect in smoke or smoke-bioactive-based formulations in
vegetative growth, vigor and development in several plant species by virtue of bioactive signalling
compounds such as smoke-based bioactive compounds (Keeley and Fotheringham, 1998; Van
Staden et al., 2000; Kulkarni ef al., 2011). The enhancement of photosynthetic efficiency achieved
in the present study also enhances the support for the beneficial effect of SSW. The greatly improved
chlorophyll fluorescence parameters, coupled with increased concentrations of chlorophyll and
carotenoid indicate a photochemical improvement in effectuation and efficient light energetics.
Higher Fv/Fm, Y(II), qP, and ETR values indicate better PSII activity, and electron transport in
optimal SSW treatment may be effective. Comparable improvement of photosynthetic machinery
in smoke solution has been also hinted on previous studies in which smoke-based compounds
increased the capacity for light harvesting and photosynthetic capacity (Light ef al., 2009; Taiz et
al.,2015). Elevation in photosynthetic pigments may also signify enhanced chloroplast stability and
metabolic competence (Lichtenthaler and Wellburn, 1983). These biochemical changes from in the
current work corroborate the growth-promoting characteristics of SSW. Increased nitrate reductase
and carbonic anhydrase activities indicate better nitrogen assimilation and carbon metabolism
driving enhanced biomass composition. Similar physiological triggering under smoke exposure has
been described previously, in which smoke compounds affected enzymes responsible for growth
and metabolism (Rehman et al., 2018). Furthermore, the substantial increase in phenolic and
flavonoid content indicates augmented secondary metabolic activity, thus potentially resulting in
better stress tolerance and antioxidative ability (Kulkarni ef al., 2013). An important result from this
work is the stimulatory action of SSW on glandular trichomes development, as evidenced via SEM.
Optimal concentration of enlarged peltate glandular trichomes would account for a structural
increase in essential oil production, as these glandular trichomes are the major sites for essential oil
biosynthesis and storage in mint species (Werker, 2000; Tiwari, 2016). Similarly, essential oil
formation, production and the amount of main constituents (menthol, menthone, and menthyl
acetate) were also more effective under SSW treatment. The enhanced profile is reminiscent of
previous studies reporting that physiological level and metabolic regulation have a direct impact
influencing the accumulation and quality of essential oil in Mentha species (Verma et al., 2010;
Taftrihi et al.,2021). The study also shows that Mentha arvensis responds to SSW in a concentration-
dependent way. Although all concentrations had positive effects, 1:500 (v/v) showed the greatest
improvements in all growth, physiological, biochemical and oil parameters tested both in the case
of thizome soaking and as a matter of foliar spray. The study underlines the value of making the
application strength more efficient, since the same effect of low or high quantities could not be
obtained at low or large concentrations. Doses associated with comparable amount-dependent
effects are already reported in a wider range of smoke-water studies by Van Staden and others (Van
Staden et al., 2004; Kulkarni et al., 2011). In conclusion, SSW is recognized as an alternative
biostimulant agent capable of facilitating primary growth processes and increase the secondary
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metabolite production in Mentha arvensis; It is also cost-effective and environmentally friendly and
economic to manufacture. For Mentha arvensis production with the benefit of environmentally
friendly benefits, SSW application as an initial strategy based on simplicity, as well as simple,
inexpensive, low-cost, and sustainable, it is a probable good choice for increasing the quality of
essential oil and yield of menthol mint. Field-scale trials and molecular studies must thus be
performed to validate these effects and understand the exact pathways through which smoke
regulates physiological function.

5. Conclusion

The findings in this study demonstrate that smoke-saturated water (SSW) is an effective
biostimulant compound that promotes growth and physiological function including biochemical
metabolism and essential oil development in Mentha arvensis L. The application of SSW,
particularly at 1:500 (v/v), also led to significantly raised plant height, biomass, photosystem
efficiency, pigment level, enzyme activities and secondary metabolites accumulation. Enlargement
of glandular trichomes post-SSW treatment resulted in structural enhancement in essential oil yield
and quality (including significant increases in major ingredients, menthol, menthone, menthyl
acetate). SSW is overall a cost-effective, sustainable and accessible technology that has promise for
enhancing productivity and essential oil profile in menthol mint cultivation. Field-scale
investigation and molecular-level characterization of smoke-modulated regulation will add a further
layer of value to its application to sustainable agricultural systems.

Declarations —

Competing Interest

There is no conflict of interest among the authors.
Author’s contributions —

SS drafted the original manuscript. ASC, SS and UHB prepared the draft of methodology of
manuscript. MU and MMAK supervise and edited the final version of the manuscript figures and
tables. All authors read and approved the final manuscript.

Funding —

Sarika Singh acknowledges the receipt of Senior Research Fellowship awarded by the Council of
Scientific and Industrial Research (CSIR), Government of India, New Delhi.

References

1. Adams, R. P. (2007). Identification of essential oil components by gas chromatography/mass
spectrometry (4th ed.). Allured Publishing.

2. Akeel, A., Khan, M. M. A., Jaleel, H., & Uddin, M. (2019). Smoke-saturated water and
karrikinolide modulate germination, growth, photosynthesis and nutritional values of carrot
(Daucus carota L.). Journal of Plant Growth Regulation, 38(5), 1387-1401.
https://doi.org/10.1007/s00344-019-09941-w PubMed

3. Brown,N. A. C., & Van Staden, J. (1997). Smoke as a germination cue: A review. Plant Growth
Regulation, 22(2), 115-124.

28


https://doi.org/10.1007/s00344-019-09941-w
https://pubmed.ncbi.nlm.nih.gov/37152142/?utm_source=chatgpt.com

S. Singh et al. Biospectrum Horizons, Vol.no. 1, Issue no 1, Page No. 13-30, July - December, 2025

4.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Chang, C., Yang, M., Wen, H., & Chern, J. (2002). Estimation of total flavonoid content in
natural products by a colorimetric method. Journal of Food and Drug Analysis, 10(3), 178—
182.

Gershenzon, J.,, McConkey, M. E., & Croteau, R. (2000). Regulation of monoterpene
accumulation in leaves of peppermint. Plant Physiology, 122(1), 205-214.

Gomez, K. A., & Gomez, A. A. (1984). Statistical procedures for agricultural research (2nd
ed.). John Wiley & Sons.

Jaworski, E. G. (1971). Nitrate reductase assay in intact plant tissues. Biochemical and
Biophysical Research Communications, 43(6), 1274-1279.

Keeley, J. E., & Fotheringham, C. J. (1998). Smoke-induced seed germination in California
chaparral. Ecology, 79(7), 2320-2336. https://doi.org/10.1890/0012-
9658(1998)079[2320:SISGIC]2.0.CO;2 journal.uni-mate.hu

Kulkarni, M. G., Light, M. E., & Van Staden, J. (2011). Plant-derived smoke: Old technology
with possibilities for economic applications in agriculture and horticulture. South African
Journal of Botany, 77(4), 972-979. https://doi.org/10.1016/1.sajb.2011.08.006

Lawrence, B. M. (2007). Mint: The genus Mentha. CRC Press.

Light, M. E., Daws, M. 1., Van Staden, J., & Pritchard, H. W. (2009). Smoke-derived
karrikinolide and glyceronitrile are synergistic in stimulating seed germination. Seed Science
Research, 19(2), 157-162.

Lichtenthaler, H. K., & Wellburn, A. R. (1983). Determinations of total carotenoids and
chlorophylls a and b of leaf extracts in different solvents. Biochemical Society Transactions,
11(5), 591-592.

Maxwell, K., & Johnson, G. N. (2000). Chlorophyll fluorescence — A practical guide. Journal
of Experimental Botany, 51(345), 659-668.

Nelson, D. C., Flematti, G. R., Ghisalberti, E. L., Dixon, K. W., & Smith, S. M. (2012).
Regulation of seed germination and seedling growth by chemical signals from burning
vegetation. Annual Review of Plant Biology, 63, 107-130. https://doi.org/10.1146/annurev-
arplant-042811-105545

Rady, M. M., Bhavya, V., & Howladar, S. M. (2013). Common bean seedlings grown under
salinity stress respond to CaCl: application. Journal of Stress Physiology & Biochemistry, 9(3),
357-378.

Rehman, R. U., Shah, S. H., & Ahmad, J. (2018). Plant-derived smoke enhances growth and
physiological attributes of crop plants. Journal of Plant Interactions, 13(1), 68-75.

Singh, M., Pandey, R. K., Singh, V. P., & Singh, D. V. (2015). Menthol mint cultivation in
India: A success story. Indian Journal of Agricultural Sciences, 85(7), 897-904.

Singleton, V. L., & Rossi, J. A. (1965). Colorimetry of total phenolics with phosphomolybdic-
phosphotungstic acid reagents. American Journal of Enology and Viticulture, 16(3), 144—158.
Soltanbeigi, A., Ozgiiven, M., & Hassanpouraghdam, M. B. (2021). Planting date and cutting
time affect the growth and essential oil composition of Mentha piperita and Mentha arvensis.
Industrial Crops and Products, 170, Article 113790.
https://doi.org/10.1016/j.indcrop.2021.113790

Taiz, L., Zeiger, E., Moller, 1. M., & Murphy, A. (2015). Plant physiology and development
(6th ed.). Sinauer Associates.

29


https://journal.uni-mate.hu/index.php/tl/en/article/view/3787?utm_source=chatgpt.com
https://doi.org/10.1016/j.sajb.2011.08.006

S. Singh et al. Biospectrum Horizons, Vol.no. 1, Issue no 1, Page No. 13-30, July - December, 2025

21. Tafrihi, M., Imran, M., Tufail, T., Gondal, T. A., Caruso, G., Sharma, S., ... Rauf, A. (2021).
Menthol-based therapeutic agents: A review. Phytotherapy Research, 35(1), 123—-140.

22. Tiwari, R. (2016). Glandular trichomes: Structure, function and role in plant defense. Journal
of Applied and Natural Science, 8(4), 1363—1370.

23. Van Staden, J., Jager, A. K., Light, M. E., & Burger, B. V. (2004). Isolation of the major
germination cue from plant-derived smoke. South African Journal of Botany, 70(4), 654—659.

24. Van Staden, J., Brown, N. A. C., Jager, A. K., & Johnson, T. A. (2000). Smoke as a germination
cue. Plant Species Biology, 15(2), 167-178.

25. Verma, R. S., Rahman, L., Verma, R. K., Chauhan, A., Yadav, A., Singh, A., ... Khanuja, S. P.
S. (2010). Essential oil composition and antioxidant activity of Mentha arvensis L. Industrial
Crops and Products, 32(3), 577-582.

26. Werker, E. (2000). Trichome diversity and development. Advances in Botanical Research, 31,
1-35.

30



