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ABSTRACT

Treading barley (“Mugifumi” in Japanese) is a barley culturing process that is unique and indispensable in Japan. Gen-
erally, roller machines or human feet are used to tread young barley several times (Figure 1). As a model examination,
a stainless steel instrument was used for treading barley in this study (Figure 2(a)). Treading damages plants and de-
creases growth, such as the height and weight of aerial parts, which then recover gradually. In our study, the total amino
acid contents increased with the treading stress. The treading stress induced a 1.7-fold increase in aspartic acid contents
and an approximately 1.6-fold increase in glutamic acid, proline, cystine, and methionine contents. Isolation and purifi-
cation suggested that the main components of the methanol-eluted fraction from the young green barley were six known
phenolic compounds. Saponarin and lutonarin were the main components. The saponarin content was about 160 mg/g
(methanol-soluble fraction) at 10 days after germination. We found that the higher antioxidant activity was due to the
increased lutonarin/saponarin ratio from 10% to 24%. Therefore, our results suggest that treading stress is useful for

young green barley.
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1. Introduction

Barley (Hordeum vulgare L.) is a plant widely distrib-
uted and cultivated as cereal grain. Since it was one of
the earliest cultivated cereal grains, there have been
many reports about the effect of external stresses on bar-
ley growth, such as the soil mineral content, short-term,
drought, light, and harm from insects. In mineral defi-
ciency or mineral overload and culture media, the fol-
lowing has been reported regarding iron, manganese, and
cadmium.

Iron is very important for chlorophyll synthesis, and
plants subjected to iron deficiency exhibited severe chlo-
rosis, accompanied by a significant biomass reduction [1].
Iron chlorosis is very common in alkaline soils such as
calcareous ones, since iron availability is limited by high
pH. Plants growing in alkaline soils would thus be sub-
jected simultaneously to salinity and iron deficiency.
Whereas, for the barley in iron-limiting media, phyto-
siderophore release from the roots into the rhizosphere is
stimulated to dissolve soluble iron compounds and en-
hance iron uptake in the form of iron-mugineic acid
complex [2].
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Manganese toxicity (2.5 uM manganese) is expressed
as reduced dry matter yield, redistribution of growth,
mild interveinal chlorosis on younger leaves, brown
spots on older leaves and stems, phytosiderophore re-
lease from roots, gradual desiccation of older leaves, and
root browning. Application of additional iron (100 pM)
to manganese-stressed plants fully counteracted manga-
nese-induced iron deficiency symptoms, recovered total
dry matter yield partially, and changed the plant’s com-
position and accumulation of essential mineral nutrients
[31].

Cadmium is a widely spread environmental pollutant.
It has no biological function, but is easily assimilated by
plants and is toxic at even low concentrations. Cadmium-
induced membrane damages as well as changes in pro-
tein and free amino acids contents of barley plants have
been reported. The content of malondialdehyde equiva-
lents in both roots and leaves increased 2- to 3-fold, in-
dicating oxidative damage. Cadmium treatment en-
hanced membrane lipid peroxidation and potassium ion-
leakage from plant tissue, as well as decreasing the chlo-
rophyll content in barley plants. Cadmium also dimin-
ished the contents of both soluble protein and glutamic
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Figure 1. “Mugifumi” in Japan;
((A) http://lwww.monanooka.com/wp/?p=140;
(B) http://www.kurokihonten.co.jp/category/mugi_diary/).
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Figure 2. Treading instrument (a) and growth pot for im-
pact loading (b).

acid in leaves, as well as increasing the contents of as-
partic acid and several stress-related free amino acids [4].
Cadmium treatment caused a decrease in flavonoid con-
tent by more than 50% [5].

The alkali stress induced severe reductions in water
content, root system activity, and photosynthetic pigment
contents, and a sharp increase in the electrolyte leakage
rate. These results indicate that a high pH level from al-
kaline salts (NaHCO; and Na,CO;) might damage the
root structure and functions such as absorption of water
and ions and contents of photosynthetic pigments [6].

Water stress induced a reduction in relative water con-
tent, as well as an increase in proline content and en-
dogenous abscisic acid concentrations in all tested geno-
types. The lack of water led to a 2-fold increase in
proline content for H. vulgare var. rihane and a 5-fold
increase in endogenous abscisic acid for H. vulgare cv.
Ardhaoui [7]. While still being subjected to a lack of
water, young barley plants were subjected to osmotic
stress by treating their roots with 25% polyethylene gly-
col. Prior to stress imposition, roots were incubated in
nutrient solution containing proline or one of its meta-
bolic precursors, glutamate or ornithine. Foliar proline
levels showed a significant increase in ornithine- and
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proline-pretreated plants compared to the control [8].

Additionally, the spring barley carbohydrate metabo-
lism system takes part in the adaptive response to stress.
This is confirmed by an increased accumulation of mo-
nosugars in leaves resulting from a high temperature and
moisture deficit [9].

UV-B irradiation led to an increase of the amount of
UV-B-absorbing compounds, including flavonoids, mea-
sured in acidified methanol extract at 300 nm and of
UV-B-induced compounds, with maximum absorbance
at 438 nm, extracted in 0.1% trichloracetic acid. The
content of free proline, malondialdehide, and H,O, in-
creased as a result of 4 days of treatment with 150 mM
NaCl, KCI, or NaNOs. Salt pretreatment resulted in a
considerable decrease in the level of UV-induced and
UV-B-absorbing compounds measured 24 h after UV-B
irradiation [10]. While carotenoids are affected very little
by NaCl treatment, UV-B irradiation caused a 5% - 20%
increased in the carotenoid content of all cultivars [11].

Numerous studies indicate that natural plant flavor-
noids are important polyphenolic antioxidants, and they
are widely used in health food today. In particular, many
health food supplements prepared from young green bar-
ley are available in world markets. As the various func-
tion of young barley has become clearer [12-16] and the
use of barley has become more widespread, we focus on
the changes in amino acid contents, flavonoid contents,
and antioxidant activity in young green barley leaves
caused by treading stress.

Treading barley is a unique and important traditional
cultivation practice in Japan known as “Mugifumi” in
Japanese (Figure 1). The barley treaded lie down on the
ground, but rise up in several days, then another treading
is applied. This operation is repeated several times. The
objective of “Mugifumi” is to induce stress on young
green barley to make the stem thicker and the root
stronger than usual. This practice is especially effective
during cultivation in the rainy season [17]. Although
there have been reports about the effects of stress on
various plants, to our knowledge no study of the effects
of the stress of treading young barley (Mugifumi) has
been reported.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Two-rowed barley (H. vulgare f. distichon) Nishinohoshi
was harvested in 2011. Seeds were sown in planters (41
x 20 cm, soil area 820 cm?) containing organic fertilizers
(SHOEI, Myazaki, Japan) in a growth chamber at 15°C -
20°C, at 119.5 - 140.5 pmol m *s ' (rain or overcast
days) or about 1280 pmol m s (clear day) light inten-
sity, and 70% relative humidity.

Young green barley plants were divided into two
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groups, the control group (without treading) and the
treatment group (with treading). The control group was
harvested on the 5th, 10th, 15th, and 20th day after ger-
mination. Treading was applied to the treatment group on
the 5th, 10th, and 15th days after germination, and plants
were harvested 5 days after each treading stress (on the
10th, 15th, and 20th day after germination). In both
groups of young green barley, the plant height and
weight were quantified as growth parameters.

2.2. Stress Instrument and Treatment

Treading barley (“Mugifumi”) is a process for barley
culturing that is unique and indispensable in Japan. Gen-
erally, roller machines or human feet are used several
times to tread young barley. As a model examination, a
stainless steel instrument (250 g) was used for treading
barley in this study (Figure 2(a)). The instrument was
dropped from a height of 25 cm onto the surface of
planter soil as tread stress, 3 falls per 1 operation, and
this 1 operation was applied to young green barley on the
Sth, 10th, and 15th days after germination.

2.3. Determination of Impact Loading

To determine the load for treading barley, we used a spe-
cific growth pot (13 c¢m in diameter, soil area 114 cm?,
Figure 2(b)) filled with the same organic fertilizers as
we usually use in cultivation. For this experiment, 20
seeds of barley were germinated in the pot. As a control,
an identical pot with the same conditions but without
sowing was used. The treading instrument (250 g, sur-
face area 56.7 cm®) was dropped from a height of 25 cm.
To determine the impact load from the falling instrument,
we used a load-cell, which was an elastic octagonal ring
with a strain gage attached to it. The load-cell’s output
was processed through a dynamic strain amplifier to de-
termine the dynamic load. With the output voltage of the
dead load (10.3 kg) as a standard criterion, the dynamic
load was estimated based on maximum voltage on the
oscillograph profile. The operation was performed 5, 10,
and 15 days after germination, 3 falls per day.

2.4. Determination of Amino Acid Compositions

Amino acids (except for tryptophan) in the young green
barley were determined by automatic amino acid analy-
zer JLC-500/V (JEOL Ltd., Japan), and tryptophan in the
young green barley was measured by an LC-20AD liquid
chromatography unit (Shimadzu Corporation, Ltd., Japan).
The sample of dry weight was 9.7 g from control plants
(n=412) and 11.1 g from treatment plants (n = 528) after
treading 2 times.

2.5. Extraction and Isolation of Compounds

The freeze-dried powder of young green barley (3.6 g)
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was extracted with methanol (180 ml) at 60°C for 1 h.
The water (10 ml) soluble part of this methanol extract
was subjected to MCI gel CHP-20P (75 - 150 pm, Mitsu-
bishi Kasei Co., Japan) column chromatography with 5
mL of methanol 6 times to afford extracts. Each extract
was analyzed by high performance liquid chromato-
graphy (HPLC) using a Waters TM 600 Controller,
Waters TM 486 Tunable Absorbance Detector, and
Waters 600 Multi-solvent Delivery System (Waters Co.,
Ltd., Japan) at a concentration of 2 mg/mL. Analytical
HPLC was conducted on a Wakopack Navi C18-5
column (4.6 i.d. x 150 mm, 5 pm, Wako Pure Chemical
Industries, Ltd., Japan) using an elution profile as follows:
10 min, 100% - 80% A and 0% - 20% B; 20 min, 80% -
70% A and 20% - 30% B; solvent A was 8.5 mM
phosphoric acid/methanol, 8:2, and solvent B was me-
thanol; flow rate was 1.0 mL/min; injection volume was
10 pL; detection wavelength was 190 nm - 500 nm.

The dried powder of young green barley (245 g) was
extracted two times with methanol (4 L) at 60°C for 5 h.
Evaporation of the solvent under reduced pressure pro-
vided the methanol extract (42 g). The water-soluble part
of this methanol extract (22 g) was subjected to MCI gel
CHP20P column chromatography [250 mL; ultrapure
water (500 mL)—40% methanol (300 mL)—60%
methanol (300 mL)—80% methanol (300 mL)—
methanol (300 mL)] to give fractions 1 - 10. Fraction 2
(721 mg) was separated by Chromatrex ODS column
chromatography [20% methanol—30% methanol] to give
compound 1 (17 mg). Fraction 3 (594 mg) was separated
by Chromatrex ODS column chromatography [40%
methanol—50% methanol] to give compound 2 (25 mg).
Fraction 5 (326 mg) was given as crystal and re-
crystallized by methanol to give compound 3 (210 mg).
Fraction 7 (150 mg) was separated by Chromatrex ODS
column chromatography [50% methanol—70% methanol]
to give compound 4 (15 mg). Fraction 8 (130 mg) was
separated by Chromatrex ODS column chromatography
[50% methanol—70% methanol] to give compound 5 (35
mg) and compound 6 (9 mg). The structure of each
compound was identified by 'H- and *C-NMR spectral
data, and the compounds were confirmed to be 3-O-
feruloylquinic acid 1) [18], lutonarin 2) [18,19], sapona-
rin 3) [18,19], isovitexin 4) [18], isooreintin-7-O-[6-
feruloyl]-f-glucopyranoside 5)[18], and isooreintin-7-O-
[6-sinapoyl]-f-glucopyranoside 6)[18]. TLC was perfor-
med on pre-coated TLC plates with Silica gel 60 F,s4 (0.2
mm, ordinary phase, Merck KGaA, Darmstadt, Ger-
many), and detection was achieved by spraying with 10%
aqueous H,SO, followed by heating. To obtain physical
data, we used a '"H-NMR spectrometer (JEOL, 500 MHz)
and a *C-NMR spectrometer (JEOL, 125 MHz), with
tetramethylsilane (TMS) as an internal standard. The
experimental conditions mentioned above were used for
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chromatography (30 - 50 um, Fuji Silysia Chemical, Ltd.,
Japan).

2.6. Determination of Antioxidant Activity

Antioxidant activity was determined by the method of
1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scaveng-
ing assay as described previously by Shimamura et al.
[20], with minor modifications. The sample was first
dissolved in ethanol or dimethylsulfoxide (DMSO, Wako
Pure Chemical Industries, Ltd., Japan). The reaction mix-
ture contained 1000 pl of 0.2 mM DPPH (Tokyo Chemi-
cal Industry Co., Ltd., Japan) in ethanol, 800 pl of 0.1 M
Tris-HCI buffer (pH 7.4 ), and 200 pl of sample solution
in ethanol or DMSO. After the reaction was carried out at
room temperature for 30 minutes, the free radical scav-
enging activity of the sample was quantified by the de-
colorization of DPPH at 517 nm.

2.7. Statistical Analysis

Data were analyzed using Student’s #-test. The results are
given as means =+ standard deviation, significantly dif-
ferent at “p < 0.01 or 'p < 0.05.

3. Results
3.1. Model Examination of Impact Load

We used an impact test to determine the energy absorbed
in fracturing of a test piece at high velocity. The main
purposes of “Mugifumi” are: 1) to increase the yield, as
“Mugifumi” makes the stems and roots thicker, and pro-
motes tillering; 2) to solidify the soil which is loosened
with frost in the case of autumn-seeded barley. Generally,
roller machines or human feet are used to tread young
barley. To date, the impact of treading on barley has not
been reported. Therefore, we approached the determina-
tion of impact load as a model examination. Table 1
shows result of the impact loads of the treading stresses
on young barley performed three times. The table indi-
cates that the loading weight of each impact was ap-
proximately 30 kg on the barley. On each cultivation day,
the impact loads were small on the st fall of the machine,
because the young green barley adsorbed energy from
the loading. The impact loads on the 2nd fall were
greater, and those on the 3rd fall were almost the same as
in the case of the control. The results show that with 3
falls, the soil was solidified to the level of the control,
and we thus decided the treading time should be three
falls per 1 operation as the model of “Mugifumi”. The
decreased impact loads on the 15th day after germination
were due to the growth of barley leaves, which cushion
the fall and absorb energy. The pictures of this examina-
tion are shown in Figure 3.
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Table 1. The impact load by treading instrument for model
examination of treading young green barley three times.

Culture days after Impact load weight (kg) by falling value (v)

germ in ation

Ist fall 2nd fall 3rd fall
Control 373 37.9 37.9
5 27.8 35.0 37.5
10 29.4 36.4 374
15 21.0 33.6 34.1

Figure 3. Extermination of impact loading. ((A) Before the
treading; (B) Right afer the treading; (C) 5 days afer the
treading).

3.2. Growth Parameters

The height (cm) and weight (g) of young green barley
during our test period are shown in Figures 4 and 5. The
height and weight of barley increased significantly from
5 days to 15 days after germination for both the control
and treatment groups. However, the results indicate that
barley growth was heavily damaged at 5 days after the
first treading, when the height was reduced by 37%
compared to the control. However, this ratio went down
to 18% at 10 days after treading twice, and to 17% at 15
days after treading thrice, as the damage was gradually
repaired. In the same way, the reduction in weight was
24% at 5 days but recovered to 16% at 10 days and13%
at 15 days. Treading barley damages plants and decreases
growth, such as height and weight of the aerial parts, but
the plant improves gradually as the cultivation proceeds.

3.3. Amino Acid Composition

Treading as a stress treatment was applied to barley on
the 5th and 10th days after germination, and then plants
were harvested 5 days later to determine the amino acid
compositions. The results are shown in Table 2. The
total amino acid contents increased with the treading
stress. The treading stress induced a 1.7-fold increase in
aspartic acid content and an approximately 1.6-fold
increase in glutamic acid, proline, cystine, and methio-
nine contents. The present results indicate that the tread-
ing stress influences the amino acid compositions in
young green barley.
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Figure 5. The effect of treading on the growth of young
green barley (n = 20, mean * standard deviation, signifi-
cantly different at “p < 0.05 according to t-test).

3.4. Phenolics and Flavonoid Contents

The results of isolation and purification suggest that the
main components of the methanol-soluble fraction from
the young green barley are six well-known compounds,
including 3-O-feruloylquinic acid 1), isoorientin-7-O-
glucoside (lutonarin) 2), isovitexin-7-O-glucoside (sapo-
narin) 3), isovitexin 4), isooreintin-7-O-[6-feruloyl]-
f-glucopyranoside 5), and isooreintin-7-O-[6-sinapoyl]-
[S-glucopyranoside 6). Of these, saponarin and lutonarin
were the main components. The present results were
similar to those presented in previous reports [21]. The
quantification of saponarin was achieved based on the
absorbance recorded in chromatograms, applying the
external standard calibration method and using peak
areas. In this quantification, methanol-soluble fraction
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Table 2. Amino acid compositions of young green barley.

Amino acid contents(g/100 g dry weight)

B/A

Without treading (A) With treading twice (B) /
Arginine 0.75 1.15 1.5
Lysine 0.89 1.34 1.5
Histidine 0.31 0.47 1.5
Phenylalanine 0.73 1.09 1.5
Tyrosine 0.49 0.74 1.5
Leucine 1.13 1.69 1.5
Isoleucine 0.57 0.86 1.5
Methionine 0.24 0.39 1.6
Valine 0.79 1.19 1.5
Alanine 0.93 1.38 1.5
Glycine 0.77 1.14 1.5
Proline 0.67 1.04 1.6
Glutamic acid 1.43 2.22 1.6
Serine 0.63 0.98 1.5
Threonine 0.66 0.99 1.5
Aspartic acid 1.27 2.16 1.7
Tryptophan 0.29 0.43 1.5
Cystine 0.19 0.31 1.6
Total weight (g) 12.7 19.6 1.5

Table 3. Quantification of the saponarin from the methanol
extract of young green barley.

Culture days after Saponarincontent mg/g (vs. methanol extract)

germination
Without treading With treading
5 103
10 166 161
15 109 99
20 239 172

of young green barley was applied to an MCI gel column
and eluted with water and methanol. The methanol eluted
fraction was then subjected to HPLC. Table 3 shows the
quantification of the saponarin content in the methanol-
fraction. There was no significant difference between the
treatment group and the control group, both of which had
a saponarin content of about 160 mg/g (methanol-soluble
fraction). Saponarin and lutonarin are known as potent
antioxidants. Two treading treatments significantly in-
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creased the lutonarin/saponarin ratio (Figure 6).

3.5. Antioxidant Activity

The antioxidant activity of each methanol-soluble frac-
tion of young green barley was evaluated by the DPPH
method. Figure 7 shows the results of DPPH radical
scavenging activity (% vs. control) on each methanol-
soluble fraction. Methanol-soluble fractions showed
antioxidant activities, particularly at 10 days after ger-
mination after one treading treatment, which resulted in
62.8% activity, while that of the methanol-soluble frac-
tion without treading was 49.5%.

4. Discussion

Young green barley is one of the most important func-
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tional foods in the United States, Europe, and Japan, and
the manufacture and sale of young barley has been in-
creasing. We focused on young green barley as a func-
tional food. Our previous studies demonstrated that
young green barley possesses certain bioactive compo-
nents that are beneficial to health, including antihyper-
tensive activity, improvement of red cell deformability,
antioxidant activity, and antihypercholesterolemia active-
ity [13-16]. Since the beneficial effect of barley leaves
was determined through the presence of potent antioxi-
dants, barley has received much attention as a useful
food supplement for humans to help prevent various dis-
eases.

Our main purpose was to evaluate the effect of tread-
ing on the morphology and composition of aerial parts of
young green barley. Regarding the morphology, the
treading caused obvious stress that affected the height
and weight of barley. This temporary suppression works
to prevent spindly growth, and to make young green bar-
ley more resistant to cold and frost damage and show
increased lodging resistance.

Regarding amino acid composition, our results showed
that glutamine, asparagine, and leucine were high in bar-
ley with or without treading. Although, the amino acid
levels are influenced by the condition of cultivation, such
as soil, fertilizers, temperature, and so on, these high
concentrations of 3 kinds of amino acid in our test were
the same as those reported previously [22]. Urquhart and
Joy’s [23] reported that asparagic acid promotes the me-
tabolism of aged leaves in leguminous plants such as
Pisum sativum. In our study, the asparagic acid content
was greatly increased, suggesting that asparagic acid is
involved in the repair of plants subjected to treading
stress. The changes appeared in amino acids in response
to treading stress, indicating that different stress factors
are important for plant metabolism as they are precursors
of both proteins and nucleic acids. Two earlier studies
showed only the changes in proline content by the stress
of heavy metal [24,25], but other studies showed that
water stress induced a remarkable accumulation of free
amino acids, such as histidine, valine, isoleucine, leucine,
tyrosine, phenylalanine, and especially praline and as-
paragine [26]. We speculate that the barley treading
treatment significantly promoted the synthesis of amino
acids, due to the increase in asparagic acid and the in-
crease in the total amount of amino acids produced to
promote metabolism to resist the stress.

Six known phenolic compounds were previously iso-
lated and identified from young green barley [18,27-29].
The saponarin content was about 160 mg/g (metha-
nol-soluble fraction). Recently, several reports have been
published about the composition of barley [18,27-29].
Phenolic compounds with antioxidant activity were con-
firmed, and possible mechanisms for the protective role
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of antioxidants, including flavonoids, phenolic com-
pounds, and other phytochemicals, in plant foods against
various stresses were summarized [30].

We evaluated the antioxidant activity of methanol-
soluble fractions from young green barley with treading
stress. With or without treading, each methanol-soluble
fraction showed antioxidant activity. The extract from
the 10th day (5 days after the first treading) showed
higher antioxidant activity than those of the other ex-
tracts. We found that this higher level of antioxidant ac-
tivity was due to the increase of the lutonarin/saponarin
ratio from 10% to 24% (Figure 6). Saponarin and luton-
arin were previously reported to be antioxidant com-
pounds [21]. We conjecture that the antioxidant compo-
nents such as lutonarin and saponalin help to scavenge
free radicals [31] and to ease the damages caused by
treading.
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