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ABSTRACT: Elymus natans, a perennial gramineous grass, plays an important role in animal husbandry and environmental
sustenance in the Qinghai−Tibet plateau as a result of its high forage quality and good adaptability to the local environment. A
bioassay showed that the extracts of green grasses of E. natans (GG) exhibited stronger phytotoxic activities than withered grasses
(WG) against crops and grasses. In view of the secondary metabolites, which may be responsible for the resistance of the plant,
the chemical components of GG were investigated. The flavone tricin, E1, and 10 flavonolignans, E2−E11, including three new
flavonolignans, E2, E10, and E11, were isolated and identified. As far as we know, this is the first report on the chemical
constitutions of the plant until now. The contents of compounds E1 and E4−E7 in GG were significantly higher than those in
WG in high-performance liquid chromatography analysis, and they also showed observably phytotoxic activities against lettuce
and Festuca arundinacea.
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■ INTRODUCTION

The genus Elymus is the largest genus in the Triticeae family,
and there are approximately 150 species of this genus
distributed in most temperate regions of the world.1 Elymus
natans L. is a perennial typical gramineous grass in the genus,
which is widely used as important forage in natural grassland
and cultivated pastures, particularly in the Qinghai−Tibet
plateau, as a result of its excellent cold, salt, and drought
tolerance.2

It was reported that, for E. natans distributed in the Qinghai−
Tibet plateau, the biomass and nutritional values (contents of
crude protein, water-soluble carbohydrate, neutral detergent
fiber, and acid detergent fiber) were significantly different in
different regions or in different growth stages.2−4 The
secondary metabolites produced by plants play an important
role in the interaction of plants with their environment and, in
particular, with their biotic environment, where they may serve
as attractants for pollinators or seed dispersers, in defense
against natural enemies, or as allelochemicals against com-
petitors. Moreover, the natural compounds can have beneficial
or detrimental effects on the health of humans or livestock
upon ingestion and provide an important basis for
pharmaceutical research.5 However, to the best of our
knowledge, the phytochemical investigation of E. natans has
not been reported.
In light of the ecological benefits, the phytotoxic activities

and investigation of chemical constituents of E. natans were
processed in the study. A total of 11 flavonoids, E1−E11
(Figure 1), including three new flavonolignans, E2, E10, and
E11, were isolated from the green grasses of E. natans (GG).
Furthermore, the contents of isolated compounds were
analyzed, and their phytotoxic activities were evaluated. These
results would be helpful to understand how E. natans enhances
the competitive advantage of the plant against other plants in
nature.

■ MATERIALS AND METHODS
General Experimental Instrument Procedures. High-resolu-

tion electrospray ionization mass spectrometry (HRESIMS) was
performed with a Bruker APEX-II mass spectrometer (Bruker, Ltd.,
Karlsruhe, Germany), and results are presented in terms of m/z.
Infrared (IR) spectra were obtained with a Nicolet 360 FTIR
spectrometer (Thermo Nicolet, Inc., Waltham, MA, U.S.A.). Ultra-
violet (UV) spectra were obtained with a Shimadzu UV-260
spectrophotometer (Shimadzu Instruments Co., Ltd., Tokyo, Japan).
The high-performance liquid chromatography (HPLC) system used
was a Waters instrument (Waters, Milford, MA, U.S.A.), with a binary
pump (model 1525), a photodiode array detector (model 2998),
manual injector, and Waters Breeze workstation for identifications and
integrations of chromatography peaks. The chromatographic separa-
tion for sample preparation was performed on the Atlantis C18
column (10 μm, 150 × 10 mm inner diameter, Waters, Milford, MA,
U.S.A.). The XBridge C18 column (5 μm, 250 × 4.6 mm inner
diameter, Waters, Milford, MA, U.S.A.) was used for chromatographic
separation of analysis.

1H and 13C nuclear magnetic resonance (NMR) spectra were
determined with a Bruker AM-400BB (400 MHz) spectrometer
(Bruker, Ltd., Karlsruhe, Germany). Optical rotations were recorded
on a PerkinElmer 341 polarimeter (PerkinElmer, Ltd., Waltham, MA,
U.S.A.). Electronic circular dichroism (ECD) was determined with an
Olis DSM 1000 spectrometer (Olis, Atlanta, GA, U.S.A.). Column
chromatography employed silica gel (200−300 mesh, Qingdao Marine
Chemical Factory, China), HP-20 (Mitsubishi Chemical Corporation,
Tokyo, Japan), MCI gel (CHP20P, Mitsubishi Chemical Corporation,
Tokyo, Japan), RP-18 (Merck, Darmstadt, Germany), and Sephadex
LH-20 (Amersham Pharmacia Biotech, Tokyo, Japan). Thin-layer
chromatography (TLC) employed silica gel GF 254 plates (10−40
μm, Qingdao Marine Chemical Factory, China), and spots on the
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plates were observed under UV light of 254 nm and visualized by
spraying with 5% H2SO4 in EtOH (v/v), followed by heating.
Plant Material. Two kinds of plants of E. natans, green grass (GG)

and withered grass (WG), were collected in July and November 2014
from an alpine meadow (101° 53′ E, 33° 40′ N, with an altitude of
3534 m) in Maqu county in Gannan Tibetan autonomous prefecture,
Gansu, China. The voucher specimens (EnG-1 and EnG-2) were
deposited in the State Key Laboratory of Applied Organic Chemistry,
Lanzhou University. The seeds of wheat, rape, lettuce, Poa annua, and
Festuca arundinacea were bought from the seed market in Lanzhou.
Wheat, rape, and lettuce were the common crops in Tibet, and the
other plants were associated plants of E. natans.
Sample Preparation. The same weight (500 g) of GG and WG

was smashed and extracted with MeOH 3 times at room temperature,
respectively. The MeOH extracts were dried under reduced pressure at
35 °C to yield two brown syrups. To remove water-soluble
carbohydrate and protein, each of the concentrated brown syrup was
suspended in water and extracted with an equal volume of EtOAc 3
times. Then, two EtOAc extracts were separately dissolved with 100
mL of methanol in a volumetric flask and then filtered through a 0.45
μm filter membrane to be ready for biology assays and HPLC analysis.
Phytotoxicity Bioassay. Inhibitory activities on the growth of

crops and other plants were evaluated using the plate−culture
method.6 After the seed germinates for the tested plant, 3-day-old
seedlings of rape were transferred to 12-well plates (VWR Scientific,
Inc., Shanghai, China) supplemented with 1/2 MS liquid medium.
Then, extracts and compounds were diluted with ethyl alcohol and
added to each of the treated pores to prepare the final concentrations
of 200, 100, 50, and 25 μg/mL, respectively. Per treatment was
performed for 4 replicates. Then, the plants were in a constant
temperature humidity chamber at 22 °C for 4 days, under 16 h light/8
h dark photoperiod conditions. The root length, plant height, and
fresh weight were measured at the end of the experiment. The
inhibitory ratios (%) were calculated by reference to the control.
Control bioassays only contained the same amount of ethyl alcohol.
Significant differences were evaluated by Duncan’s test (p = 0.05).
Similar procedures were taken to evaluate the phytotoxic activities
against other plants. The 2-day-old seedlings of wheat and lettuce were

monitored for 3 days. The 6-day-old seedlings of F. arundinacea were
monitored for 5 days. The 14-day-old seedlings of P. annua were
monitored for 8 days.

Extraction, Isolation, and Purification Processes of the
Flavonolignans. The dried and powdered aerial parts of GG (11.8
kg) were extracted with MeOH 3 times at room temperature to yield
980 g of the crude extract. The crude extract was suspended in water
and extracted with EtOAc, acquiring 190 g of EtOAc extract.

The EtOAc extract was applied to a HP-20 column and eluted with
H2O/MeOH (70:30, 50:50, 20:80, and 0:100) to give four portions.
The H2O/MeOH (20:80) portion (40 g) was separated by MCI gel
with using a gradient of H2O/MeOH (70:30−10:90) to give four
fractions labeled fractions 1−4. Then, fraction 3 was chromatographed
on a silica gel (petroleum ether/acetone, 20:1−1:1) to yield four
subfractions 3a−3d.

Fraction 3d was separated by suction filtration, washing them with
methanol to give soluble and insoluble portions.

The soluble portion of fraction 3d was applied to Sephadex LH-20
gel and eluted with MeOH to yield compound E1 (20 mg). The
remaining part was subjected to silica gel column chromatography
(CHCl3/MeOH, 10:1) and HPLC eluted by H2O/MeOH (45:55) at
2.0 mL/min to produce compounds E2 (4 mg, 4.2 min) and E3 (3
mg, 5.7 min).

The insoluble portion of fraction 3d was separated by column
chromatography on a RP-18 column (H2O/acetone, 70:30−0:100) to
yield four fractions fractions 3d1−3d4. Fraction 3d2 was applied to a
silica gel column (CHCl3/MeOH, 10:1), preparative TLC (CHCl3/
MeOH, 10:1), and then preparative HPLC (H2O/MeOH, 0.9:1.1) at
2.0 mL/min to yield compounds E4 (9 mg, 13.5 min), E5 (9 mg, 9.1
min), E6 (10 mg, 10.0 min), and E7 (10 mg, 14.8 min). Fraction 3d3
was subjected to Sephadex LH-20 gel (CHCl3/MeOH, 1:1) and
preparative HPLC (H2O/CH3CN, 1.25:0.75) at 2.0 mL/min to obtain
the mixture of compounds E8 and E9 (12 mg, 10.2 min), compound
E10 (2 mg, 11.4 min), and compound E11 (2 mg, 8.6 min).

Natansin A (E2): [α]D
25 = −20.9 (c = 0.1, MeOH). UV (MeOH)

λmax: 272.3, 363.9 nm. HRESIMS m/z: 501.1152 [M + Na]+ (calcd for
C26H22O9Na, 501.1156).

1H and 13C NMR data are in Table 1.

Figure 1. Structures of compounds E1−E11 isolated from E. natans.
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Tricin-4′-O-[(7″R,8″R)-β-4″-hydroxyphenyl-(7″-O-methyl)-
glyceryl] ether (E10): [α]D

25 = +26.4 (c = 0.1, MeOH). UV (MeOH)
λmax: 269.9, 340.1 nm. HRESIMS m/z: 533.1414 [M + Na]+ (calcd for
C27H26O10Na, 533.1418).

1H and 13C NMR data are in Table 1.
Tricin-4′-O-[(7″R,8″S)-β-4″-hydroxyphenyl-(7″-O-methyl)glyceryl]

ether (E11): [α]D
25 = −46.2 (c = 0.1, MeOH). UV (MeOH) λmax:

269.9, 340.1 nm. HRESIMS m/z: 511.1596 [M + H]+ (calcd for
C26H22O9H, 511.1599).

1H and 13C NMR data are in Table 1.
HPLC Analysis. HPLC analysis was measured on a Waters HPLC

apparatus. UV spectra were recorded on 200−400 nm, and the
compounds were monitored at 275 nm. The mobile phase was
composed of (A) 0.1% aqueous acetic acid and (B) acetonitrile and
programmed with isocratic elution at 25% B. The flow rate was 1.0

mL/min with an injection volume of 20 μL at the temperature of 30
°C.

Identifications of the compounds in two kinds of E. natans were
completed by comparing the retention times and the UV spectra to
the standards of compounds E1−E7. The contents of compounds E2
and E3 were too low to be detected in the samples of GG and WG.
The quantitation of compounds E1, E4, E5, E6, and E7 was
performed by means of the one-point external standard method.
Standard stock solutions of these compounds with concentrations of
1.0 mg/mL were prepared. Then, five various concentrations of the
standard solutions were detected by continuous dilutions of the stock
solution. The amount of each compound was finally expressed as
milligrams per gram of dry weight (mg/kg).

Table 1. 1H and 13C NMR Data of Compounds E2a, E10,a and E11b

E2 E10 E11

number δH δC number δH δC δH δC

2 159.9 2 164.5 162.8
3 112.0 3 6.83 s 105.8 6.77 s 104.7
4 181.5 4 183.0 181.6
5 163.2 5 162.9 161.4
6 6.22 d (1.6) 99.5 6 6.28 br s 99.7 6.26 br s 99.5
7 164.8 7 164.9 166.0
8 6.55 d (1.6) 94.7 8 6.59 br s 94.9 6.55 br s 94.7
9 158.1 9 158.8 157.6
10 105.1 10 105.4 103.2
11 3.69 dd (10.4, 4.4) 62.6 1′ 126.9 125.5

3.23 t (10.4)
12 3.55 br dd (10.4, 4.4) 42.1 2′ 7.41 br s 105.0 7.35 br s 104.1
13 4.94 br s 36.7 3′ 154.4 153.0
14 138.8 4′ 141.6 139.0
15 6.88 d (8.4) 129.2 5′ 154.4 153.0
16 6.64 d (8.4) 115.9 6′ 7.41 br s 105.0 7.35 br s 104.1
17 156.6 3′,5′-OMe 4.00 s 56.8 3.94 s 56.3
18 6.64 d (8.4) 115.9 1″ 130.3 128.8
19 6.88 d (8.4) 129.2 2″ 7.23 d (8.4) 129.7 7.24 d (8.4) 128.6
1′ 118.8 3″ 6.84 d (8.4) 115.7 6.84 d (8.4) 114.7
2′ 128.6 4″ 157.9 156.8
3′ 147.1 5″ 6.84 d (8.4) 115.7 6.84 d (8.4) 114.7
4′ 148.8 6″ 7.23 d (8.4) 129.7 7.24 d (8.4) 128.6
5′ 144.7 7″ 4.62 d (6.8) 84.6 4.57 d (6.0) 82.1
6′ 7.51 s 103.6 8″ 4.38 m 87.0 4.30 m 85.2
3′-OMe 3.61 s 60.5 9″ 3.86 dd (11.6, 4.0) 62.0 3.86 dd (12.0, 4.0) 59.8

3.58 overlapped 3.60 dd (12.0, 2.8)
5′-OMe 4.00 56.7 7″-OMe 3.16 s 56.9 3.24 s 56.4
5-OH 13.02 s 5-OH 12.92 s 12.90 s

a1H (400 MHz) and 13C (125 MHz) NMR, TMS, were measured in acetone-d6.
b1H (400 MHz) NMR, TMS, was measured in acetone-d6, and

13C
(125 MHz) NMR was in DMSO-d6.

Table 2. Relative Inhibition Ratios of the Extracts of GG and WG on Root Lengths of Five Plantsa

sample concentration (μg/mL) lettuce F. arundinacea rape P. annua wheat

GG 25 12.76 ± 1.67 dA 12.13 ± 1.07 deA 13.59 ± 0.91 fA 8.75 ± 1.08 efB 7.10 ± 1.73 dB
50 16.78 ± 1.89 cdB 13.92 ± 0.62 cdBC 21.94 ± 1.63 cA 14.89 ± 1.88 cdBC 12.14 ± 1.37 cC
100 25.90 ± 2.75 bA 18.92 ± 2.22 bB 23.51 ± 0.91 bcA 16.31 ± 1.23 bcBC 14.88 ± 0.69 bC
200 33.53 ± 3.13 aA 25.35 ± 1.63 aB 27.42 ± 0.90 aB 21.04 ± 1.08 aC 19.69 ± 1.19 aC

WG 25 16.96 ± 1.11 cdA 10.05 ± 1.87 eB 10.93 ± 1.89 gB 6.80 ± 0.78 fC 6.69 ± 1.02 dC
50 18.81 ± 2.30 cA 15.87 ± 1.652 cA 16.12 ± 1.25 eA 9.67 ± 1.19 eB 12.30 ± 2.01 cB
100 26.19 ± 1.69 bA 19.48 ± 1.65 bB 19.40 ± 1.25 dB 13.32 ± 0.45 dD 15.62 ± 0.00 bC
200 31.72 ± 2.30 aA 23.46 ± 0.63 aB 25.68 ± 1.25 abB 17.50 ± 1.19 bC 19.19 ± 0.77 aC

aEach value represents the mean ± standard deviation (SD) with 10 replicates. Means (±SDs) followed by the same lowercase letters are not
significantly different for each treatment concentration (p = 0.05) in Duncan’s test. The different capital letters indicate the significant difference for
each treatment plant (p = 0.05) in Duncan’s test.
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■ RESULTS AND DISCUSSION

Phytotoxic Effects of E. natans on Crops and Grasses.
Wheat and rape are common crops in the Tibet plateau. The
samples of GG and WG were assessed a phytotoxic effect
against crops (wheat, rape, and lettuce) and grasses (P. annua
and F. arundinacea). A bioassay showed that the extracts had
dose-dependently inhibited effects on seedling growth of the
receptor plants (Tables 2−4), indicating that sufficient
quantities of the secondary metabolites were produced by the
plant to influence other plants. Among five tested plant
treatment with the extracts of GG or WG, the activities on root
lengths were higher than those on plant heights and fresh
weights. Interestingly, it was found that the activities of GG on
plant heights and fresh weights were significantly higher than
those of WG at concentrations of 100 μg/mL or less. However,
there was no significant difference of inhibit effects on root
lengths between GG and WG, except the inhibit activities
against P. annua at greater than 50 μg/mL. In general, the
extracts of GG showed higher phytotoxic activities than those
of WG.
Phytotoxic Metabolites Isolated from E. natans. On

account of the higher phytotoxic activities than WG, the extract
of GG was subjected to multiple chromatographic steps to
afford three new flavonolignans (E2, E10, and E11), along with
tricin (E1) and seven known flavonolignans (E3−E9) (Figure
1). The structures of these obtained compounds were
determined by combining the extensive spectroscopic analysis,
optical rotation, circular dichroism (CD) analyses, and
comparison to the data in the literature.
Compound E2 was obtained as a yellow amorphous powder.

It exhibited a [M + Na]+ peak at m/z 501.1152 in HRESIMS
(calculated for 501.1156), corresponding to a molecular
formula of C26H22O9. The UV spectrum exhibited maxima at

272 and 364 nm, which was the typical characteristic of
flavonoid derivatives. The 1H and 13C NMR (Table 1) and
heteronuclear single-quantum correlation (HSQC) spectra data
indicated the presence of seven aromatic methine groups, two
methoxy groups, one oxygenated methylene group, and two
aliphatic methine groups. With comprehensive analysis of the
1H NMR spectrum, the signals at δH 13.02 (1H, s, 5-OH), 6.22
(1H, d, J = 1.6 Hz, H-6), and 6.55 (1H, d, J = 1.6 Hz, H-8)
indicated that the A ring of flavonoid was 5,7-dihydroxy-
substituted. The four aromatic signals at 6.88 (2H, d, J = 8.4
Hz, H-15 and H-19) and 6.64 (2H, d, J = 8.4 Hz, H-16 and H-
18) revealed the presence of a 4-hydroxyphenyl fragment. The
1H and 13C NMR spectra of compound E2 were similar to
those of compound E3,7 except lacking the signals of the
methoxy group and oxygenated aromatic quaternary carbon.
The compound E2 should have a skeleton that was based on a
flavonolignan-type flavonoid. Analysis of the 1H−1H correlation
spectroscopy (COSY) spectrum confirmed the correlations of
C(11a)H−C(11b)H, C(11a)H−C(12)H, C(12)H−C(13)H,
and C(15)H−C(16)H. In the heteronuclear multiple-bond
correlation (HMBC) spectrum, H-13 showed correlations with
C-11, C-15, C-1′, C-19, C-3′, C-12, C-2′, and C-14, whereas H-
12 showed correlations only with C-2, C-14, C-2′, and C-3.
Therefore, H-12 and H-13 should be differentiated. In addition,
the key correlations of H-6′ with C-2, C-5′, C-4′, and C-2′, 3′-
OCH3 (δH 3.61) with C-3′, and 5′-OCH3 (δH 4.00) with C-5′
in the HMBC spectrum were used to assigned H-6′ and two
methoxyl groups. Thus, the planar structure of compound E2
was constructed as a flavonolignan, in which the flavonoid and
phenylpropanoid moiety were linked by C-3 and C-2′,
respectively, to C-12 and C-13, to form a cyclohexane bridge.
The relative configuration of compound E2 was deduced

from NMR data. As a result of H-13 (δ 4.94) appearing as a

Table 3. Relative Inhibition Ratios of the Extracts of GG and WG on Plant Heights of Five Plantsa

sample concentration (μg/mL) lettuce F. arundinacea rape P. annua wheat

GG 25 12.42 ± 2.26 cAB 13.60 ± 0.61 dA 9.92 ± 0.82 cdCB 8.57 ± 1.35 fC 9.07 ± 1.26 dC
50 17.65 ± 1.96 bA 17.09 ± 1.60 cA 11.81 ± 0.82 cB 12.46 ± 2.02 deB 12.29 ± 0.60 cB
100 22.22 ± 1.31 aA 22.66 ± 3.77 bA 15.58 ± 0.82 bB 15.19 ± 0.67 cB 15.32 ± 1.60 bB
200 24.84 ± 2.26 aB 27.89 ± 2.09 aA 20.77 ± 0.00 aC 23.75 ± 0.67 aB 18.97 ± 0.61 aC

WG 25 8.35 ± 0.11 eAB 9.77 ± 1.59 eA 7.87 ± 3.21 dAB 7.71 ± 0.66 fAB 6.39 ± 0.79 eB
50 11.66 ± 1.12 cB 17.78 ± 1.59 cA 11.57 ± 2.12 cB 11.18 ± 1.34 eB 9.59 ± 1.37 dB
100 18.16 ± 1.95 bAB 20.22 ± 0.61 bcA 16.20 ± 0.80 bBC 13.50 ± 0.66 cdCD 15.07 ± 1.19 bD
200 22.71 ± 1.12 aB 27.19 ± 1.59 aA 17.59 ± 0.80 bD 20.45 ± 0.67 bBC 18.49 ± 1.81 aCD

aEach value represents the mean ± SD with 10 replicates. Means (±SDs) followed by the same lowercase letters are not significantly different for
each treatment concentration (p = 0.05) in Duncan’s test. The different capital letters indicate the significant difference for each treatment plant (p =
0.05) in Duncan’s test.

Table 4. Relative Inhibition Ratios of the Extracts of GG and WG on Fresh Weights of Five Plantsa

sample concentration (μg/mL) lettuce F. arundinacea rape P. annua wheat

GG 25 10.27 ± 1.70 eAB 12.21 ± 2.73 dA 8.19 ± 1.01 gB 7.74 ± 1.54 eB 9.94 ± 0.58 dAB
50 19.47 ± 2.79 cA 13.04 ± 1.31 dBC 10.78 ± 0.89 eBC 10.10 ± 1.75 dC 13.63 ± 1.10 cB
100 24.61 ± 1.19 bA 17.44 ± 1.98 cB 16.29 ± 1.09 cB 16.50 ± 0.58 bB 16.82 ± 0.98 bB
200 29.81 ± 1.18 aA 26.69 ± 0.35 aB 21.47 ± 0.14 aD 23.23 ± 1.01 aC 19.35 ± 1.28 aE

WG 25 9.69 ± 1.92 eB 12.59 ± 0.79 dA 7.04 ± 0.63 gC 7.25 ± 0.60 eC 9.73 ± 1.03 dB
50 15.78 ± 1.23 dA 13.81 ± 2.12 dA 9.56 ± 0.52 fB 10.36 ± 2.15 dB 13.47 ± 0.71 cA
100 18.83 ± 2.23 cA 17.30 ± 1.52 cAB 14.76 ± 0.29 dCD 13.46 ± 0.60 cD 16.12 ± 0.53 bBC
200 27.58 ± 0.13 abA 23.37 ± 1.03 bB 18.37 ± 0.38 bC 18.29 ± 0.00 bC 18.46 ± 1.07 aC

aEach value represents the mean ± SD with 10 replicates. Means (±SDs) followed by the same lowercase letters are not significantly different for
each treatment concentration (p = 0.05) in Duncan’s test. The different capital letters indicate the significant difference for each treatment plant (p =
0.05) in Duncan’s test.
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broad singlet, it was obvious that H-12 and H-13 were in the
same facial plane. The relative structure of compound E2 was
also in accordance with the known flavonolignan E3, which was
reported in literature isolated from Avena sativa, belonging to
the same family Gramineae.7 Furthermore, the absolute
configuration of compound E2 was determined by ECD
spectral analysis, applying the aromatic quadrant rule. The ECD
curve clearly showed a negative Cotton effect at 260 nm, which
was also similar to compound E3, whose absolute config-
urations were 12S and 13S. The ECD spectrum calculation
using the time-dependent density functional theory (TDDFT)
method at the B3LYP/6-311++G(d,p) level was used to
confirm this conclusion. The results showed that the
experimental ECD spectrum of compound E2 was similar to
the calculated spectrum of (12S, 13S) (Figure 2). Con-
sequently, the absolute configuration of compound E2 at C-12
and C-13 could both be determined to be S, as shown. Finally,
compound E2 was named as natansin A.

The molecular backbone of this new flavonolignan is rather
rare. Before this study, there were only two natural compounds
of the type of skeleton with a tricin moiety and a coniferyl
alcohol moiety linked though a cyclohexane ring of C−C

bonds.7−9 Compound E2 will enter into the architectural
diversity of the flavonolignan family.
Compound E10 was obtained as a yellow amorphous

powder. It determined a molecular formula of C27H26O10 in
HRESIMS at m/z 533.1414 ([M+ Na]+ calculated for
533.1418) and was speculated to have 15 degrees of
unsaturation. UV absorption spectra exhibited maxima at
269.9 and 340.1 nm, which was the typical characteristic for
flavonoid derivatives. The 1H NMR spectra (Table 1) showed
signals at δH 12.95 (1H, s, 5-OH), 6.83 (1H, s, overlap, H-3),
6.28 (1H, br s, H-6), 6.59 (1H, br s, H-8), 7.41 (2H, br s, H-2′
and H-6′), 4.00 (6H, s, 3′, 5′-OCH3), and 3.16 (3H, s, 7″-
OCH3), indicating the presence of a tricin (E1) fragment with
notable differences in the higher chemical shifts of C-1′, C-3′,
and C-5′ found in compound E10. The other 1H NMR signals
at δH 7.23 (2H, d, J = 8.4 Hz, H-2″ and H-6″), 6.84 (2H, d, J =
8.4 Hz, H-3″ and H-5″), 4.62 (1H, d, J = 6.8 Hz, H-7″), 4.38
(1H, m, H-8″), 3.86 (1H, dd, J = 11.6 and 4.0 Hz, H-9″a), 3.58
(1H, dd, overlapped, H-9″b), and 3.16 (3H, s, 7″-OCH3) were
predicted to be 1-(4-hydroxyphenyl)propane-1-methoxy-2,3-
diol. The 13C NMR spectrum contained 27 signals, including a
conjugated ketonic carbon (δ 183.0), 20 aromatic/olefinic
carbons (δC 94.9−164.9), 3 methoxy carbons (δC 56.8, 56.8,
and 56.9), 2 oxygenated methine carbons (δC 87.0 and 84.6),
and an oxygenated methylene carbon (δC 62.0). Furthermore,
the 1H and 13C NMR chemical shifts of compound E10 were
found to show similarities with the known compound E8,10

except for the absence of a methoxy signal at C-3″. Above
evidence confirmed that compound E10 was a flavonolignan
that possessed a tricin and a 1-(4-hydroxyphenyl)propane-1-
methoxy-2,3-diol, which were linked by 4′-O-8″ to form an
ether. Moreover, the coupling constant between H-7″ and H-8″
was 6.8 Hz, corresponding to a threo form of chiral centers at
C-7″ and C-8″ based on empirical observation.11

Compound E11 had the same molecular formula as
compound E10, as C27H26O10 according to HRESIMS data
(m/z 511.1596 [M + H] +, calculated for C26H22O9H,
511.1599). Moreover, the 1H and 13C NMR spectroscopic
data of compound E11 (Table 1) were very similar to those of
compound E10, implying that compound E11 had the same
planar structure with a tricin and a 1-(4-hydroxyphenyl)-
propane-1-methoxy-2,3-diol. In further analysis of NMR data,
compound E11 was determined to be an erythro type rather

Figure 2. Experimental and calculated ECD spectra of E2.

Figure 3. Matrix of possible compound E10 and E11 configurations.
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than a threo type as a result of the coupling constant between
H-7″ and H-8″ being 6.0 Hz.
To determine the absolute configurations of compounds E10

and E11, the ECD spectra for (7″R,8″R)-E10a and (7″R,8″S)-
E11a as well as their enantiomers (7″S,8″S)-E10b and
(7″S,8″R)-E11b (Figure 3) were calculated using TDDFT at
the B3LYP/6-311++G(d,p) level and were compared to the
experimental data for compounds E10 and E11. The calculated
ECD curve for (7″R,8″R)-E10a agreed well with the
experimental spectrum for compound E10 (Figure 4), and

the calculated ECD curve for (7″R,8″S)-E11a agreed well with
the experimental spectrum for compound E11 (Figure 5).

Therefore, compound E10 was deduced to be tricin-4′-O-
[(7″R,8″R)-β-4″-hydroxyphenyl-(7″-O-methyl)glyceryl] ether,
and compound E11 was unambiguously assigned as tricin-4′-
O-[(7″R,8″S)-β-4″-hydroxyphenyl-(7″-O-methyl)glyceryl]
ether.
The other compounds were characterized by the spectropic

methods (MS and 1H and 13C NMR spectra). When the data
were analyzed and compared to related literature data, their
structures were identified as tricin, E1,12 E3,7 E4,11 E5,11 E6,13

E7,13 E8,10 and E9.10

Compounds E10 and E11, which comprised of a tricin
skeleton with a phenylpropanoid moiety linked by an ether
bond, were diastereomers of each other in the plant. This
phenomenon was usually found in other tricin-type flavonoli-
gnans (E4−E9) in reported literature.7,10,11 Maybe there was a
balance of the chemical reaction that two stereoisomers
transformed to each other because of their instabilities.
In addition, many of these compounds have several

pharmacological activities. Compound E1 was reported to
inhibit COX activity in mice, PGE2 generation in colon cells
and murine plasma, and adenoma formation.14 Compounds E4
and E5 showed significant vasodilatory potencies and potent
hydroxyl radical scavenging activities.11 Compound E9 showed
strong anti-inflammatory and antiallergic activities.10 These
results suggest these metabolites can be useful potential agents
for allergic inflammatory or other diseases, and E. natans was
ascertained as a possible therapeutic source for the first time.

Quantitation of Compounds in GG and WG. To
understand the changes of the chemical components during
different growth stages, HPLC analysis was successfully used in
this study to identify these metabolites in the samples of GG
and WG. The chromatogram was measured at 275 nm, at
which most of the compounds had absorbance.
The results of the analysis indicated that the plant was rich in

compounds E1, E4, E5, E6, and E7. The contents of all five
compounds in GG were much higher than those in WG, which
demonstrate that these secondary metabolites were closely
linked with the resistance of the plant. It is noteworthy that the
concentration of tricin, E1, was highest among these
compounds in GG; maybe it was the precursor of the
biogenesis of other flavonolignans. It is very interesting to
note that the retention time of each erythro was earlier than
threo in HPLC chromatograms (Table 5), and the concen-

trations of each erythro were lower than those of threo in GG
and WG (E4 > E5 and E7 > E6). The optimal conformations
of the diastereomers were threo E4 and E7 with minimum
energies at 37.3037 and 38.2486 kcal/mol, respectively,
calculated using MM2 force field calculations for energy
minimization with the molecular modeling program Chem3D
Ultra 10.0.

Phytotoxic Activities of the Purified Metabolites.
Compounds E1, E4, E5, E6, and E7 isolated and purified
from E. natans were evaluated by the bioassays of the
phytotoxic activities against seedlings of rape and F.
arundinacea. No further bioactivity studies of other isolated
compounds could be performed as a result of the low yields.
Results indicated that the growths of the tested plant seedlings
were obviously suppressed by all five compounds to different
degrees (Table 6). The phytotoxic effects of these compounds
showed dose-dependent alterations. The seedlings of F.
arundinacea were more sensitive than rape, especially at low

Figure 4. Experimental ECD spectrum of compound E10 and
calculated ECD spectra of (7″R,8″R)-E10a and (7″S,8″S)-E10b.

Figure 5. Experimental ECD spectrum of compound E11 and
calculated ECD spectra of (7″R,8″S)-E11a and (7″S,8″R)-E11b.

Table 5. Contents of Five Compounds in the Extracts of GG
and WG

retention time
(min) compound

GG content
(mg/kg)

WG content
(mg/kg)

25.37 E1 37.94 12.81
28.55 E5 20.02 7.41
30.38 E6 22.49 16.02
35.88 E4 22.59 8.59
38.81 E7 29.94 18.63
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concentrations (≤50 μg/mL). The activities of flavonolignans
derived from tricin were stronger than tricin. The inhibitory
activities of each erythro were more or less stronger than those
of threo. For example, the inhibit effects of compound E6 on
root length and fresh weight against rape and F. arundinacea
were stronger than those of compound E7 at all testing
concentrations.
In addition, compounds E6 and E7 were more potent than

compounds E4 and E5, indicating that the additional 3″-
methoxyl group on the aromatic ring of the phenylpropanoid
moiety could enhance phytotoxic activities. It was reported that
the ortho-methoxyl group on the aromatic ring could increase
stabilities of the phenoxy radicals and terminate free radical
chain reactions by the electron-donating properties.11,15 These
findings are also consistent with previous reports on the
influence of the methoxyl group.16

It was found that these compounds did not kill other plants
but mainly inhibited the growths of their roots. These results
may be induced by these compounds through decreasing the
root activities or inhibiting the synthesis and transport of auxin,
which should be demonstrated by further studies.
E. natans is an important grass for livestock and the grassland

in the Tibet plateau. A bioassay showed that the extracts of GG
and WG exhibited observably phytotoxic activities. In the study,
the flavone tricin and 10 compounds belonging to two types of
flavonolignan skeleton were isolated from GG and elucidated
on the basis of spectroscopic analysis. It is well-known that
plants usually synthesize secondary metabolites used to adapt
to the environment and enable their survival and well-being.
However, the compounds of flavonolignan type were usually
reported to exhibit varied pharmacological activities, such as
anti-inflammatory and antiallergy activities.10 The phytotoxic
activities of compounds E4−E7 were reported for the first time
in this paper. The phytotoxic activities of compound E1 were
similar to the results in the literature,17,18 which was also
reported to exhibit strong fungicidal activities.17,19

The result of phytochemical investigation would furthermore
provide useful evidence for the chemotaxonomy research on
the genus Elymus. There were many controversial questions on
the definition and classification of the genus that needed be
cleared up.20

Of particular interest is the observation that the contents of
flavonolignans E6 and E7 were over 2 times flavonolignans E4
and E5 without the 3″-methoxyl group, especially in the sample
of WG. Additionally, compounds E6 and E7 exhibited stronger
inhibit effects than compounds E4 and E5. The replacement of
the methoxyl group at the C-3″ position would improve the
stabilities and enhance phytotoxic activities for the type of
flavonolignans with the 4′-O-8″ ether linkage between
flavanone and phenylpropanoid units. Moreover, stereo
conformation also has an impact on the stabilities and
phytotoxic activities. The inhibitory activities of each erythro
were stronger than those of threo, although less stable than
threo. The phytotoxic activity of erythro flavonolignan E6 was
strongest, although the content of diastereomer E7 was the
highest.
There was 16 mg of EtOAc extract in 1 g of GG of E. natans,

which is usually the major dominant species in the
Qinghai−Tibet plateau. It is easy to reach up to 200 μg/mL
in nature. The high contents and phytotoxic activities of the
extracts and main ingredients were useful to improve the
population competitions, indicating that sufficient quantities of
the secondary metabolites produced by the plant may
participate in the defense against other plants and patho-
gens.17−19
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Table 6. Phytotoxic Effects of Five Compounds Isolated from E. natans on Rape and F. arundinaceaa

root length plant height fresh weight

sample concentration (μg/mL) rape F. arundinacea rape F. arundinacea rape F. arundinacea

E1 25 8.89 ± 2.56 j 16.34 ± 2.26 h 7.16 ± 0.00 j 11.85 ± 0.74 j 11.10 ± 1.66 m 10.65 ± 1.04 m
50 17.28 ± 1.13 hi 22.22 ± 1.49 fg 11.58 ± 0.96 ghi 19.75 ± 1.13 h 15.61 ± 1.86 k 16.21 ± 1.33 k
100 21.48 ± 3.22 fg 27.78 ± 3.71 de 14.90 ± 0.96 def 22.96 ± 0.74 fg 22.56 ± 1.95 gh 19.80 ± 1.65 gh
200 27.90 ± 1.86 cd 28.43 ± 0.98 de 18.77 ± 3.31 c 26.17 ± 1.54 de 27.97 ± 0.58 de 21.56 ± 1.00 de

E4 25 9.56 ± 0.75 j 17.56 ± 1.72 h 7.47 ± 1.37 j 14.54 ± 1.62 i 12.78 ± 2.69 lm 10.45 ± 2.24 lm
50 15.34 ± 1.15 i 23.52 ± 1.99 fg 10.14 ± 0.00 hij 19.47 ± 1.96 h 16.88 ± 1.49 jk 17.49 ± 0.99 jk
100 23.37 ± 2.65 ef 29.15 ± 2.86 cd 13.35 ± 0.00 efg 24.93 ± 0.89 ef 23.24 ± 1.09 fgh 19.84 ± 3.54 fgh
200 28.90 ± 1.74 c 30.47 ± 1.72 cd 22.63 ± 2.45 b 28.30 ± 2.81 cd 28.66 ± 2.02 cd 24.33 ± 0.91 cd

E5 25 10.65 ± 1.13 j 18.25 ± 0.58 h 7.59 ± 1.62 j 15.25 ± 0.00 i 10.85 ± 2.80 m 13.88 ± 3.52 m
50 15.60 ± 0.43 i 24.33 ± 2.11 fg 11.91 ± 0.94 fgh 20.90 ± 1.76 gh 17.63 ± 1.79 ijk 15.82 ± 1.57 ijk
100 24.76 ± 1.13 e 27.37 ± 1.17 de 14.07 ± 2.81 efg 25.71 ± 0.98 de 23.56 ± 1.00 fg 20.86 ± 1.81 fg
200 30.20 ± 1.28 bc 31.77 ± 1.54 bc 23.80 ± 1.62 b 29.10 ± 1.29 bc 30.02 ± 0.40 bcd 25.69 ± 0.93 bcd

E6 25 16.96 ± 1.53 hi 21.53 ± 0.60 g 8.27 ± 0.95 j 19.29 ± 1.23 h 17.67 ± 1.20 ijk 14.05 ± 1.42 ijk
50 19.17 ± 2.25 gh 27.78 ± 2.40 de 12.69 ± 0.95 fgh 26.00 ± 0.80 de 22.52 ± 0.57 gh 19.66 ± 0.31 gh
100 32.68 ± 0.42 b 30.21 ± 1.80 cd 18.77 ± 1.66 c 28.41 ± 1.61 cd 25.70 ± 1.65 ef 22.84 ± 2.07 ef
200 37.84 ± 1.13 a 36.46 ± 1.04 a 29.27 ± 0.95 a 32.43 ± 1.61 a 34.19 ± 0.34 a 31.62 ± 0.99 a

E7 25 14.88 ± 1.14 i 18.67 ± 1.53 h 10.05 ± 0.91 hij 16.61 ± 1.65 i 16.12 ± 1.21 k 13.79 ± 0.93 k
50 17.52 ± 0.86 hi 25.33 ± 0.58 ef 13.76 ± 2.42 efg 19.25 ± 1.37 h 20.38 ± 2.42 hi 17.29 ± 1.83 hi
100 20.59 ± 0.86 g 28.00 ± 1.00 de 17.46 ± 2.75 cd 27.43 ± 0.46 cde 24.80 ± 2.03 fg 22.74 ± 1.96 fg
200 36.97 ± 0.42 a 34.67 ± 1.15 ab 25.40 ± 1.58 b 31.92 ± 0.79 a 32.42 ± 1.65 ab 29.47 ± 0.47 ab

aValues are presented as a percentage of the mean compared to the control (n = 10). Each value represents the mean ± SD. Means (±SDs) followed
by the same letters are not significantly different for each treatment concentration (p = 0.05) in Duncan’s test.
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