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ABSTRACT 

This study is intended to measure variations of 
nutritional soil condition and mass spectromet- 
ric patterns to describe the specific effects of 
electric pulse charged to culture soil which in- 
duced an increase of lettuce growth. In a previ- 
ous study, lettuce cultivated in an electrically 
pulsed culture soil (EPCS) grew more actively 
than those in a conventional culture soil (CCS). 
Lettuce growth increased about 20% more in 
EPCS than CCS during cultivated for 21 days in 
this study. Content of nutrient salts and minerals 
varied in CCS and EPCS when assayed after the 
period of lettuce cultivation. Ammonium content 
in CCS was higher than that in EPCS but nitrate 
content was opposite of the ammonium. Inor- 
ganic N-compounds in EPCS was about 2.5 
times higher than that in CCS. Content of phos- 
phate in CCS increased greatly by lettuce culti- 
vation but was about 2 times lower than that in 
EPCS. Contents of minerals in EPCS were rela- 
tively higher than those in CCS excepting Fe. 
Patterns of chromatography and mass spec- 
trometry for water soluble compounds extracted 
from lettuces cultivated in EPCS were consid- 
erably different from those in CCS. Conclusively, 
electric pulse caused increased lettuce growth, 
improved nutritional soil conditions, and varied 
mass spectrometric patterns. 
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1. INTRODUCTION 

In previous research, we found a new phenomenon, that 
lettuce growth was significantly increased while rooting 

from branch cuttings of hot pepper plant was activated 
by the electric pulse charged to the culture soil [1]. 
Theoretically, electric pulse energy charged to soil influ- 
ences physiological function of some soil bacteria and 
induces a geochemical change of soil conditions for 
plants and bacterial communities. The diversity of soil 
bacterial community was not changed by the electric 
pulse, contrary to expectation [1-3]. Accordingly, the ef- 
fect of electric pulse on activation of lettuce growth may 
be unrelated to soil bacterial communities since bacterial 
communities inhabiting soil and rhizosphere improve 
nutritional conditions for plants [4-7].  

Exudates extracted from plant’s roots are nutrients for 
soil bacteria, growing cells of bacteria, and activate bio- 
logical weathering of soil particles. Electrochemical re- 
dox reaction generated by electric pulse charged to plant 
culture soil may activate physicochemical weathering to 
produce water-soluble minerals from soil particles [8,9]. 
Both water-soluble and water-insoluble ions may be in- 
fluenced by the electrochemical redox reaction with ac- 
companying migration of positive and negative electric 
charges [10]. Some of adsorbed organic and inorganic 
compounds onto soil particles may be desorbed in the 
pulsed electric field generated between anode and cath- 
ode [11-13]. While the electric pulse generated from 10 
V of electricity may be not enough to induce physiologi- 
cal function of soil bacteria to be activated or repressed, 
it may be enough to induce improvement of nutritional 
soil condition in EPCS by the physicochemical weather-
ing.   

A high intensity electric pulse generated from more 
than 1 kV·cm−1 of electric intensity has been known to 
irreversibly change cytoplasmic membrane of microor- 
ganisms [14,15] and completely inactivate both gram (+) 
and gram (−) bacteria [16,17]. High intensity electric 
pulses are useful for preservation of foods, sterilization 
of treated wastewater effluent, and sterilization of medi- 
cal apparatus. These pulses, however, are of limited ef- 
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fect and use for destruction of microorganism [18]. The 
low intensity electric pulse generated from 1.0 V·cm−1 of 
electricity didn’t inhibit bacterial growth or destroy bac- 
terial structure based on the TGGE patterns of bacterial 
communities grown in electric pulse but improved the 
environmental condition of the soil for lettuce growth 
[1].  

The goal of this study is to explore why lettuce growth 
was increased by the electric pulse charged to culture soil 
without accompanying change in the bacterial commu- 
nity. To this end the changes in inorganic nutrients and 
minerals in the two test soils prepared for lettuce growth 
were quantitatively compared, and organic compounds 
extracted from lettuces cultivated in those soils were 
qualitatively compared with liquid chromatography and 
mass spectrometry.  

2. MATERIALS AND METHODS 

2.1. Lab-Scale Farm Field 

The lab-scale farm field and culture soil used in the 
previous study was employed in this study without 
modification [1]. Ten V of electric pulse was charged to 
the lettuce culture soil (EPCS) but not to the control soil 
(CCS).  

2.2. Cultivation of Lettuces 

Fifteen lettuces that were previously germinated and 
then cultivated in a green house under sunlight for 10 
days were transplanted into CCS and EPCS of the pre- 
pared lab-scale farm field. The lettuces were cultivated 
for 21 days. Two L of water was sprayed on the soil in 
each culture soil at 3 - 4 day intervals. A plant growth- 
promoting lamp was used for lighting and adjusted to an 
illumination intensity of 20,000 lux measured at the sur- 
face of the compost soil. Air temperature around the 
lab-scale farm field was maintained at 18˚C - 25˚C and 
the dark-light interval was set to 12 hr. 

2.3. Preparation of Samples for Analysis 

Lettuces were cut at interface between stem and root 
and immediately weighed using a precision balance. All 
lettuces were lyophilized after weighing to prevent bio- 
chemical or chemical reactions from occurring. The 
completely dried lettuces were ground to fine powder. 
The lettuce powder was quantitatively extracted with 
double distilled water just before analyzed. After lettuces 
were harvested, culture soils were uniformly sampled at 
20 points in CCS and EPCS and immediately lyophilized 
to prevent biochemical reactions possibly generated by 
bacterial growth. The lyophilized soils were quantita- 
tively extracted with double distilled water just before 
analyzed. Fresh soil was not lyophilized because it was 

originally dried. 

2.4. Analysis of Inorganic Nutrients 

Nitrate, nitrite, and phosphate were analyzed using an 
ion chromatograph (Dionex DX-500, USA) equipped 
with an anion column (IonPac, Dionex AS14A). Mixture 
of 8.0 mM sodium carbonate and 2.0 mM sodium bicar- 
bonate was used as a mobile phase. Flow rates and col- 
umn temperature were adjusted to 0.5 ml/min and 30˚C, 
respectively. Ammonium was analyzed using an ion 
chromatograph (Dionex DX-500, USA) equipped with a 
cation column (IonPac, Dionex CS12A). 100% 20 mM 
methanesulfonic acid was used as a mobile phase. Col-
umn temperature and flow rate were adjusted to 35˚C 
and 0.8 ml/min.  

2.5. Analysis of Minerals 

Mineral content was analyzed using inductively cou- 
pled plasma (ICP) optic emission spectrometry (SPEC- 
TRO Analytical Instruments, Kleve, Germany). The ex- 
tract prepared for mineral analysis was directly injected 
into the ICP injector under specific wavelengths for Mg 
(279.079 nm), Na (589.592 nm), K (766.491 nm), Ca 
(396.847 nm), Mn (257.610 nm), Zn (213.856 nm), Al 
(167.080 nm), Cu (324.745 nm), and Fe (238.204 nm). 
The mineral concentrations were calculated based on the 
absorbance obtained with standard materials (AccuTrace 
Reference Standard; AccuStandard, New Haven, CT, 
USA) and dilution ratio.  

2.6. Liquid Chromatography and Mass 
Spectrometry 

A combined system of mass spectrometry (Thermo- 
Finnegan LTQ-Orbitrap instrument, Thermo Scientific, 
USA) and HPLC system (Dionex U3000, USA) was 
used for analysis of organic compounds extracted from 
the lettuces cultivated in CCS and EPCS. HPLC system 
was composed of a photodiode array detector (Dionex 
PDA 3000), an auto sampler (Dionex WPS3000SL), and 
a reversed phase column (U10, Imtakt Unison UK-C18, 
Scientific Instrument Services, USA). The injection 
volume was 10 mL and the flow rate 200 mL/min. Gra- 
dient elution of mobile phase consisted of 15% formic 
acid (A) and acetonitrile (B) was adjusted by time- 
coursed percentage balance between A and B as follows: 
95%A and 5%B at initial time, 70%A and 30%B from 
initial to 20 min, 20%A and 80%B from 20 to 24 min, 
and 95%A and 5%B from 24 to 30 min. Mass spectro- 
metric analysis were performed using a Thermo-Finne- 
gan LTQ-Orbitrap ion trap mass spectrometer with elec- 
trospray ionization (ESI) interface. The capillary tem- 
perature was maintained at 275˚C; the ion source voltage 
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was set at 5000 V and the nebulizer gas was set at 300 
units. The capillary voltage was set at 8 V to be analyzed 
in negative ionization mode. The collision energy was 
generally chosen in order to maintain about 35% abun- 
dance of the precursor ion. 

3. RESULTS 

3.1. Variation of Lettuce Growth 

Lettuces were cultivated in CCS and EPCS under con- 
trol of temperature and lighting intensity for 21 days, a 
relatively short period of time intended to compare elec- 
tric pulse effect on lettuce growth without interference 
from effects such as natural withering of leaves, shading 
of light by upper leaves, exhaustion of soil nutrients, and 
environmental variation. The mean weight of lettuces 
cultivated in CCS and EPCS was about 20.5 and 24.5 g, 
respectively, as shown in Table 1. Lettuce growth in 
EPCS was 20% higher than those in CCS based on the 
weight of the edible part of fresh lettuce without roots. A 
difference of 20% is enough to evaluate effect of the 
electric pulse.  

3.2. Variation of Nutrient Salts in Culture 
Soil 

Content of ammonium, nitrate, nitrite, and total nitro- 
gen in fresh soil was 0.64, 12, 0.15, and 12.8 mg/Kg, 
which was increased or decreased in CCS and EPCS for 
21 days as shown in Table 2. Nutrient salts may be gen- 
erally decreased in proportion to the content consumed 
by growing lettuces based on the total nitrogen contents; 
however, ammonium and nitrite were increased in CCS 
but decreased in EPCS. This may result from biochemi- 
cal or chemical reactions of nitrogen ions catalyzed by 
bacterial metabolism or induced by electrochemical re- 
dox reaction. Phosphate content was greatly increased by 
lettuce cultivation and more than double in EPCS than in 
CCS. This may be caused by bacteriological and elec- 
trochemical weathering.  

3.3. Variation of Minerals Content in Culture 
Soil 

Minerals content in soil can exist as free ions or ad- 
sorbed ion in proportion to the solubility in water. Ac- 
cordingly, the content of water-soluble minerals may 
decrease in proportion to the lettuce growth. As shown in 
Table 3, content of minerals extracted from lyophilized 
soils by water were generally decreased in both CCS and 
EPCS except Fe. However, contents of most minerals 
was a little or significantly higher in EPCS than those in 
CCS. This phenomenon may be caused by an increase of 
water soluble ions. Metal ions can be chemically sepa- 
rated from vermiculite, zeolite and perlite by weathering,  

Table 1. Weight of lettuces cultivated in conventional culture 
soil (CCS) and 10 V of the electrically pulsed culture soil 
(EPCS) for 21 days after young lettuce saplings were trans- 
planted. 

Crop No. CCS EPCS 

1 32.46 32.52 

2 27.62 32.33 

3 25.37 30.16 

4 24.45 28.40 

5 23.78 28.35 

6 23.64 27.95 

7 23.52 27.39 

8 19.72 27.33 

9 19.41 26.11 

10 18.53 22.31 

11 17.24 22.27 

12 15.85 20.71 

13 15.73 15.85 

14 13.44 15.24 

15 6.67 10.96 

Mean ± STD 20.49 ± 6.14 24.52 ± 5.18 

 
Table 2. Contents of water-soluble nutrient salts in conven- 
tional culture soil (CCS) and 10 V of the electrically pulsed 
culture soil (EPCS) measured at 21st day after young lettuce 
saplings were transplanted. 

Salts (mg/Kg) Fresh soil CCS EPCS 

4NH -N  0.64 ± 0.01 1.08 ± 0.03 0.51 ± 0.02 

3NO -N



  12.0 ± 0.3 2.4 ± 0.1 8.3 ± 0.2 

2NO -N  0.15 ± 0.001 0.18 ± 0.001 0.03 ± 0.001 

Total nitrogen 
contents 

12.79 ± 0.31 3.66 ± 0.13 8.84 + 0.22 

3

4PO   4.6 ± 0.7 32.5 ± 1.2 70.3 ± 1.6 

 
Table 3. Contents of minerals in conventional culture soil (CCS) 
and 10 V of the electrically pulsed culture soil (EPCS) meas- 
ured at 21st day after young lettuce saplings were transplanted. 

Minerals 
(mg/Kg) 

Fresh soil CCS EPCS 

K 80.20 ± 2.2 50.64 ± 1.7 55.39 ± 1.8 

Mg 51.90 ± 1.5 19.05 ± 0.8 44.73 ± 1.4 

Ca 54.03 ± 1.5 22.74 ± 1.1 46.13 ± 1.5 

Mn 0.33 ± 0.01 0.03 ± 0 0.13 ± 0.01 

Fe 0.53 ± 0.01 0.57 ± 0.01 0.54 ± 0.01 

Zn 0.09 ± 0.01 0.03 ± 0.01 0.15 ± 0.01 
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which may be activated by electrochemical redox reac- 
tion in pulsed electric field.  

3.4. HPLC and Spectrometry Patterns of 
Lettuce Extract 

Water extract of lettuces can contain a great variety of 
water-soluble metabolites and hormones produced and 
synthesized by growing lettuces. The concentration of 
lettuce extract was precisely adjusted in order to compare 
chromatographic pattern for extract of lettuces cultivated 
in CCS and EPCS. As shown in Figure 1, a chroma- 
togram obtained in HPLC for compounds extracted from 
lettuces cultivated in EPCS (EPCS-extract) was signifi- 
cantly different from that in CCS (CCS-extract). The 
compounds detected at 1.74 min of retention time (RT 
1.74), RT 6.70, RT 8.78, RT 10.87, RT 12.06, RT 12.99, 
RT 15.35, RT 22.92, and RT 23.25 in the chroma-
tographic analysis for EPCS-extract were considerably 
higher than those in the chromatographic analysis for 
CCS-extract, caused perhaps by the difference in meta-
bolic activity between lettuces cultivated in CCS and 
EPCS. The differences of chromatographic patterns and 
peak heights in HPLC for CCS- and EPCS-extract may 
be a clue that the lettuce growth is intimately related with 
metabolic activity. The compounds detected in box I, II, 
and III indicated in chromatograms were analyzed by 
mass spectrometry to estimate character of compounds 

fractionated by HPLC based on the released database of 
plant hormones [19,20].   

3.5. Mass Spectrometric Patterns of Lettuce 
Extract 

Compounds fractionated at retention time within range 
from 0.95 to 2.37 min, 8.77 to 15.97, and 20.87 to 23.61 
(box I, II, and III in Figure 1) were fragmented by elec- 
trospray ionization in mass spectrometry as shown in 
Figures 2-4, respectively. Precursor ion and product ions 
generated by electrospray ionization and collision can’t 
be concretely characterized based on the molecular 
weight because a single specific compound detected in 
HPLC was not separately analyzed by mass spectrometry, 
and plant metabolites have not been listed in the database. 
However, plant hormones can be estimated based on the 
mass-to-charge ratio (m/z) of precursor ion and produc- 
tions fragmented in mass spectrometry. The m/z of pre- 
cursor ion and product ions of standard materials of ab- 
scisic acid, indole-3-acetic acid, cytokinin, and gibberel- 
lin A4 fragmented by electrospray ionization in the mass 
spectrometry performed in the negative ionization mode 
(Table 4) was not identified with the m/z of precursor 
ion or product ions fragmented by the mass spectrometry 
of lettuce extract performed in the negative ionization 
mode (Figures 2-4). These results may mean that the 
content of hormones in the lettuce extract are lower than  

 

 

Figure 1. HPLC pattern of water-extracted compounds from lettuces that were grown in conventional culture soil (CCS) and electri-
cally pulsed culture soil (EPCS) for 21 days and then harvested and lyophilized immediately. 
 
Table 4. Molecular weight (MW) of precursor ion ionized generated by electrospray ionization and product ions generated by elec-
trospray collision and ionization in mass spectrometry of representative plants’ hormones [References]. 

Product ions (m/z) 
Plant hormones precursor ion (m/z) 

I II III IV V VI VII 

Abscisic acid 263 111 153 163 204 219   

Indole-3-acetic acid 174 128 130      

Cytokinin 220 136 148 185 202    

Gibberellin A4 331 213 225 240 257 269 287 313 
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Figure 2. Fragmentation patterns for water-extracted compounds of lettuce detected at retention time from 0.95 to 2.37 min (Figure 
1, box I) in HPLC. 
 
detectable limits because the extract was 100 times di- 
luted for control of HPLC peak area, or the concentration 
of hormones produced by lettuce may be relatively lower 
than other metabolites to be separately detected by 
HPLC. The m/z 191 (Figure 2), m/z 179, 225, 277, 311, 
339, 431, 471, 540, and 702 (Figure 3), and m/z 327, 
481, and 655 (Figure 4) in fragmentation patterns for 
water extract of lettuces cultivated in EPCS was signifi- 
cantly different from those in CCS, indicating that pro- 
duction of specific metabolites may change with varia- 
tion of soil conditions induced by electric pulse or di- 
rectly influenced by the electric pulse. 

4. DISCUSSION 

Biogeochemical condition of culture soil for growth of 
each lettuce may not be very different but may be 
changed by electric pulse based on the weight difference 
of lettuces cultivated in CCS and EPCS. Twenty percent 

increase of crop weight in EPCS may be caused by im- 
provement of nutritional soil condition for lettuce growth 
or physiological activation of lettuces by the electric 
pulse. Ammonium and nitrate are commonly absorbable 
nutrient ions by plants but nitrite is not [21,22]. However, 
nitrite can be chemically and biochemically oxidized to 
nitrate and biochemically reduced to ammonium [23-25]. 
Electrochemical redox reactions induced by the electric 
pulse may activate oxidation of nitrite to nitrate [26]. 
Total nitrogen contents may thus be useful to estimate 
nutritional soil condition for lettuce growth. The total 
nitrogen content in EPCS was more than double that in 
CCS, reciprocally proportional to weight of lettuces. In- 
organic nitrogen may be more effectively generated from 
soils composed of organic and inorganic nitrogen com- 
pounds by biochemical and chemical reaction in EPCS 
than CCS. Phosphate has a strong tendency to be ad- 
sorbed onto soil particles and readily becomes a water- 
insoluble salt. However, phos e may be desorbed by  phat  
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Figure 3. Fragmentation patterns for water-extracted compounds of lettuce detected at retention time from 8.77 to 15.97 min (Figure 
1, box II) in HPLC. 
 

 

Figure 4. Fragmentation patterns for water-extracted compounds of lettuce detected at retention time from 20.87 to 23.61 min (Fig- 
re 1, box III) in HPLC. u  
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biological weathering induced by bacterial metabolites 
and exudate secreted by roots of plants [27-29]. Higher 
phosphate in EPCS than CCS may be caused by addi- 
tional weathering induced by the electric pulse [30]. 
Minerals also may be dissolved in watered soil by the 
biochemical weathering induced by microbial metabo- 
lism, roots of plants [31] and chemical weathering in- 
duced by electric pulse [32]. Nutrient salts and minerals 
are essential factors for plant growth, which may be 
more effectively balanced or increased for lettuce growth 
in EPCS than CCS [33].  

Nutritional soil conditions were improved by the elec- 
tric pulse. However, the improvement of nutritional soil 
condition may not have increased lettuce growth based 
on the difference of HPLC and mass spectrometry pat- 
tern for water extract of lettuces cultivated in CCS and 
EPCS. Difference of peak patterns in HPLC and frag- 
mentation patterns in mass spectrometry for lettuces cul- 
tivated in CCS and EPCS are an indicator that some or- 
ganic compounds produced by lettuces are directly in- 
fluenced by the electric pulse or indirectly by variation of 
nutritional soil condition induced by the electric pulse. 
Metabolites produced by growing lettuces may be sugars, 
organic acids, amino acids, nucleic acids, and fatty acids. 
Practically, most of the metabolites produced in cells of 
lettuces grown for 21 days may be converted to structural 
polymers. Metabolite concentrations may be difficult to 
measure without separate purification. However, the dif- 
ferences of metabolites of hormones produced by let- 
tuces grown in CCS and EPCS can be compared using 
patterns of HPLC and mass spectrometry. Hormones 
produced by lettuces can be identified using the frag- 
mentation (m/z) pattern of precursor ions and product 
ions generated by electrospray ionization of standard 
hormones. The m/z patterns of organic compounds con- 
tained in lettuce extract were compared with the mass 
spectrometric database obtained using the standard hor- 
mones [19,20]. The m/z patterns obtained in mass spec- 
trometry for the lettuce extract were not identified with 
the m/z pattern for the standard hormone (Table 4 and 
Figures 2-4). Variation and difference of m/z pattern in 
the mass spectrometry for lettuce extract can be an indi- 
cator to clearly show difference of metabolites produced 
by lettuces grown in CCS and EPCS. The difference of 
peak height and m/z pattern in the mass spectrometry for 
the lettuce extract does not predict whether the electric 
pulse charged to lettuce culture soil directly or indirectly 
activates lettuce growth by improvement of nutritional 
soil condition. Conclusively, the low intensity electric 
pulse charged to the culture soil for lettuce cultivation 
influenced improvement of nutritional soil condition for 
the water-soluble nutrient salts and minerals and increase 
of some organic compounds contained in lettuce extract. 
The relatively higher content of water-soluble organic 

compounds, of which molecular weight is possible to be 
minimally 133 (Figure 2) and maximally 711 (Figure 3) 
based on the m/z measured by the mass spectrometry, 
may be a clue that building blocks for biosynthesis of 
structural compounds may be more actively produced.  
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