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a b s t r a c t

Phytochemical investigation of Idesia polycarpa (Salicaceae) resulted in the structure elucidation of nine
previously undescribed phenolic natural products along with six known compounds. The compounds are
structurally related to salicinoids that are known defense compounds from Salix and Populus species. The
I. polycarpa diet was toxic, as shown in feeding experiments with larvae of Lymantria dispar, an her-
bivorous broadleaf tree generalist insect, and with larvae of Cerura vinula, a specialist adapted to poplar.
The survival rate and mass gain of larvae was significantly lower when they fed on I. polycarpa leaves,
compared to larvae fed on Populus nigra leaves. Potential reasons for the poor performance of both
herbivores on I. polycarpa leaves are discussed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Idesia polycarpa is a deciduous tree of the Salicaceae family and
the only species of the monotypic genus Idesia. Originally native to
East Asia, it is now a common ornamental tree worldwide. It forms
edible orange berry-like fruits that remain on the tree after leaf
senescence. The fruits have been phytochemically investigated, and
a variety of compounds, including phenolic glycosides such as
idesin, idescarpin (15), idesolide, salirepin and phenazine de-
rivatives, were isolated (Chou et al., 1997; Kim et al., 2005;Moritake
et al., 1987). Most previous studies focused on pharmaceutical ap-
plications. Extracts of I. polycarpa were reported to show anti-
oxidant, anti-inflammatory and depigmenting effects (Baek et al.,
2006; Ye et al., 2014), inhibition of platelet aggregation (Chou
et al., 1997), apoptosis induction (Jung et al., 2010), nitric oxide
production (Hwang et al., 2012) and anti-adipogenic activity
(Hwang et al., 2012; Lee et al., 2013). The ecological function of
compounds of I. polycarpa, however, has not yet been investigated.
Except for the above-mentioned compounds from the fruit and
some from the seed oil (Guo et al., 2012), natural products from
er).
other parts of this plant are unknown. Although extracts of Idesia
seeds and leaves have been traditionally applied as insecticides in
the Koreas, surprisingly, the underlying chemistry is still unknown
(Kim, 1996; Kim et al., 2005). We isolated the major UV-active
metabolites from leaf extracts and elucidated their chemical
structures. Most of the compounds show a great similarity to
phenolic defense compounds reported from other Salicaceae spe-
cies, such as Populus and Salix. We also investigated anti-herbivory
properties of Idesia leaves in feeding experiments with the larvae of
the herbivorous generalist (Lymantria dispar) and the specialist
(Cerura vinula) (both Lepidoptera) which is adapted to thrive on
different Salicaceae species including P. nigra (Hintze-Podufal,
1970; Robinson et al., 2010).

2. Results and discussion

2.1. Isolation and structure elucidation

An extract of lyophilized leaves of I. polycarpa was prepared as
described in Experimental. Subfractions of the extract were sepa-
rated by high performance liquid chromatography coupled to solid
phase extraction (HPLC-SPE). The separation resulted in isolation of
15 compounds with nine to-date-unknown natural products (1e9).
Six compounds were formerly described as icaraside B2 (10), 4-(E)-
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p-coumaroyl-glucopyranose (11), isograndidentatin (12), 1-O-(2-
hydroxyphenyl)-4-O-(E)-p-coumaroyl-b-glucopyranose (13), ides-
carparide (14) and idescarpin (15) (Fig. 1). Spectroscopic data from
the new compounds are shown in Tables 1 and 2 and in Experi-
mental. Data from formerly described but insufficiently character-
ized compounds are provided in Experimental and Supplementary
Data.

The molecular formula of compound 1 was determined to be
C17H22O9 by its molecular ion obtained in high resolution electro-
spray mass spectrometry (HRESIMS) at m/z 369.1185 [M-H]- (calcd
for C17H21O9, m/z 369.1191). The 1H NMR data of compound 1
showed signals (Table 1) assignable to three different structural
units with a total of 17 protons. The low-field range of the 1H NMR
spectrum showed a four-spin system (AA'XX0) with signals at dH
6.84 (H-300/500) and dH 7.51 (H-200/600), both with a coupling constant
3JHH ¼ 8.7 Hz, a characteristic of a 1,4-disubstituted aromatic ring.
The corresponding 13C chemical shifts were determined by a cross-
Fig. 1. Phenolic glycosides isolated from leaves of I. polycarpa. Compounds 1e9 are new n
coumaroyl-b-glucopyranose (E-CG) and 4-(Z)-p-coumaroyl-b-glucopyranose (Z-CG).
signal in the 1H-13C heterocorrelation single quantum coherence
(HSQC) spectrum to be dC 116.7 (C-300/500) and dC 131.1 (C-200/600),
respectively. The structure of the 1,4-disubstituted aromatic ring
was corroborated by the 1H-13C heteronuclear multiple-bond cor-
relation (HMBC) spectrum. The 3JCH correlation of H-200/600 with dC
161.3 determined C-400 to be an oxygenated carbon atom. Another
HMBC correlation from H-200/600 to a methine carbon atom at dC
147.1 (dH 7.70, 3JHH ¼ 15.9 Hz) marked the first position (C-700) of a
p-system tethered to C-100 (dC 127.0) of the aromatic ring. A cross-
signal in the 1H-1H correlation spectroscopy (1H-1H COSY) spec-
trum identified the second methine proton (H-800) of the p-system
at dH 6.40 (3JHH ¼ 15.9 Hz, which is characteristic of an E-configu-
ration). The 13C chemical shift value of the corresponding carbon
atom (dC 114.6, C-800) was assigned by a 1H-13C HSQC correlation.
Both methines showed long-range CH-correlations to a quaternary
carbon atom at dC 168.4, which is assignable to C-900 and, together
with the signals of the aromatic ring and the double bond, indicated
atural products. The substituents are abbreviated as follows: b-glucose (Glc), 4-(E)-p-



Table 1
1H NMR (700 MHz) and 13C NMR data (175 MHz) of compounds 1e5 in MeOH-d4.

Position 1 2 3 4 5

dH mult. (J in Hz) dC dH mult. (J in Hz) dC dH mult. (J in Hz) dC dH mult. (J in Hz) dC dH mult. (J in Hz) dC

1a 3.69 m 72.3 159.2 159.0 144.3 146.3
1b 3.98 m
2 3.73 m 62.2 7.13 s 116.1 7.12 s 116.2 150.6 147.7
3 144.5 144.2 6.85 d (8.0) 117.2 7.19 dd (1.3/8.0) 118.9
4 7.02 m 121.8 7.01 d (7.9) 121.8 7.03 dd (8.0/7.5) 126.7 6.78 ddd (1.5/7.6/8.0) 120.8
5 7.27 dd (7.8/7.8) 130.2 7.26 dd (7.9/8.0) 130.4 6.89 d (7.5) 121.0 6.92 ddd (1.3/7.6/8.0) 124.8
6 7.03 m 116.5 7.01 d (8.0) 116.5 136.5 6.84 dd (1.5/8.0) 117.0
7a 4.56 s 64.8 4.58 s 64.8 4.64 d (12.7) 60.4
7b 4.81 d (12.7)
10 4.38 d (7.8) 104.3 4.99 d (7.8) 102.2 4.96 d (8.0) 102.3 4.68 d (8.0) 106.7 4.81 d (8.4) 104.1
20 3.34 dd (9.0/7.8) 75.2 3.58 dd (7.8/9.3) 74.9 3.57 dd (8.0/9.2) 74.9 3.64 dd (8.0/9.4) 75.5 3.61 dd (8.4/9.4) 74.9
30 3.65 dd (9.0/9.0) 75.4 3.75 dd (9.3/9.6) 75.6 3.70 dd (9.2/9.1) 76.2 3.72 dd (9.4/9.3) 75.6 3.70 dd (9.4/9.6) 75.1
40 4.85 m 72.3 4.95 dd (9.6/9.9) 72.1 4.94 dd (9.1/10.0) 71.7 4.94 dd (9.3/9.7) 72.0 4.96 d (9.6/9.6) 71.6
50 3.53 m 76.1 3.71 ddd (9.9/6.0/2.0) 76.1 3.70 ddd (2.0/6.5/10.0) 76.1 3.58 ddd (2.0/6.2/9.7) 76.5 3.62 ddd (2.0/5.8/9.6) 76.1
60a 3.54 dd (5.6/12.6) 62.3 3.67 dd (12.6/6.0) 62.1 3.65 dd (6.5/12.3) 62.2 3.63 dd (2.0/12.2) 62.2 3.58 dd (5.8/12.1) 61.9
60b 3.62 dd (2.0/12.6) 3.58 dd (12.6/2.0) 3.57 dd (2.0/12.3) 3.58 dd (6.2/12.2) 3.67 dd (2.0/12.1)
100 127.0 127.2 127.5 126.8 127.5
200 7.51 d (8.7) 131.1 7.49 d (8.5) 131.1 7.70 d (8.6) 133.9 7.47 d (8.5) 131.0 7.70 d (8.6) 133.8
300 6.84 d (8.7) 116.7 6.82 d (8.5) 116.7 6.76 d (8.6) 115.8 6.81 d (8.5) 116.6 6.76 d (8.6) 115.7
400 161.3 161.6 160.0 161.2 160.0
500 6.84 d (8.7) 116.7 6.82 d (8.5) 116.7 6.76 d (8.6) 115.8 6.81 d (8.5) 116.6 6.76 d (8.6) 115.7
600 7.51 d (8.7) 131.1 7.49 d (8.5) 131.1 7.70 d (8.6) 133.9 7.47 d (8.5) 131.0 7.70 d (8.6) 133.8
700 7.70 d (15.9) 147.1 7.69 d (15.9) 147.2 6.92 d (12.7) 145.9 7.67 d (16.0) 147.2 6.92 d (12.6) 146.0
800 6.40 d (15.9) 114.6 6.39 d (15.9) 114.6 5.83 d (12.7) 115.9 6.36 d (16.0) 114.4 5.82 d (12.6) 115.8
900 168.4 168.5 167.2 168.2 166.9

Table 2
1H NMR (700 MHz) and 13C NMR data (175 MHz) of compounds 6e9 in MeOH-d4.

Position 6 7 8 9

dH mult. (J in Hz) dC dH mult. (J in Hz) dC dH mult. (J in Hz) dC dH mult. (J in Hz) dC

1 144.5 144.7 156.8 156.8
2 151.0 150.9 126.0 126.0
3 6.90 dd (8.2/1.4) 118.2 6.90 dd (1.3/8.1) 118.3 7.31 d (7.2) 130.6 7.31 m 130.6
4 7.03 dd (7.8/8.2) 126.7 7.03 dd (8.1/7.9) 126.8 7.04 dd (7.2/8.0) 123.5 7.04 m 123.5
5 6.80 dd (7.8/1.4) 120.9 6.81 dd (1.3/7.9) 121.0 7.33 dd (8.0/8.6) 131.0 7.33 m 131.0
6 131.2 131.2 7.24 d (8.6) 116.6 7.22 d (8.5) 116.6
7a 5.54 d (12.6) 64.7 5.53 d (12.6) 64.7 5.28 d (12.6) 64.3 5.28 d (12.3) 64.3
7b 5.30 d (12.6) 5.29 d (12.6) 5.40 d (12.6) 5.39 d (12.3)
10 4.72 d (8.2) 107.0 4.68 d (7.9) 106.9 5.01 d (7.8) 102.3 4.99 d (7.8) 102.3
20 3.62 dd (8.2/9.0) 75.4 3.61 dd (7.9/8.8) 75.4 3.61 dd (7.8/9.5) 74.9 3.60 m 75.0
30 3.74 dd (9.0/9.5) 75.6 3.69 dd (9.7/8.8) 75.4 3.78 dd (9.5/10.2) 75.6 3.71 m 76.0
40 4.98 dd (9.5/9.0) 71.8 4.96 dd (9.7/9.7) 71.4 4.95 dd (9.2/10.2) 72.0 4.93 dd (9.3/9.8) 71.7
50 3.57 ddd (1.8/6.6/9.0) 76.4 3.50 ddd (2.5/6.3/9.7) 76.3 3.70 m 76.3 3.64 m 76.1
60a 3.57 dd (6.6/12.3) 62.0 3.63 dd (2.5/11.8) 62.0 3.58 m 62.1 3.64 m 62.0
60b 3.64 dd (1.8/12.3) 3.57 dd (6.3/11.8) 3.65 m 3.57 m
100 126.9 127.5 126.9 127.4
200 7.47 d (8.6) 131.1 7.68 d (8.5) 133.9 7.49 d (8.9) 131.1 7.69 d (8.5) 133.8
300 6.81 d (8.6) 116.9 6.77 d (8.5) 115.7 6.82 d (8.9) 116.8 6.78 d (8.5) 115.7
400 161.3 160.0 161.3 160.0
500 6.81 d (8.6) 116.9 6.77 d (8.5) 115.7 6.82 d (8.9) 116.8 6.78 d (8.5) 115.7
600 7.47 d (8.6) 131.1 7.68 d (8.5) 133.9 7.49 d (8.9) 131.1 7.69 d (8.5) 133.8
700 7.67 d (15.9) 147.2 6.92 d (12.6) 146.1 7.69 d (15.6) 147.3 6.93 d (12.9) 146.0
800 6.37 d (15.9) 114.5 5.81 d (12.6) 114.6 6.39 d (15.6) 114.6 5.83 d (12.9) 115.8
900 168.4 167.2 168.5 167.2
1000 79.1 79.3 79.1 79.1
2000 5.75 ddd (9.8/1.5/1.5) 129.2 5.74 ddd (2.2/2.2/9.7) 129.0 5.77 ddd (1.8/1.9/9.7) 129.1 5.77 m 129.1
3000 6.16 ddd (9.8/3.6/3.6) 133.0 6.16 ddd (3.9/3.9/9.7) 133.3 6.17 m 133.2 6.17 m 133.2
4000a 2.64 m 27.0 2.64 m 27.0 2.52 m 27.1 2.52 m 26.5
4000b 2.52 m 2.52 m 2.65 m 2.71 m
5000a 2.93 m 36.9 2.56 m 36.8 2.89 m 36.8 2.89 m 36.8
5000b 2.57 m 2.92 m 2.54 m 2.54 m
6000 207.2 206.6 207.4 207.4
7000 171.5 171.4 171.5 171.5
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the presence of an (E)-p-coumaroyl moiety. The doublet signal of
the proton at the anomeric position of a b-glycopyranosyl unit
appeared at dH 4.38 (3JHH ¼ 7.8 Hz; H-10) in the 1H NMR spectrum.
The corresponding 13C chemical shift of C-10 at dC 104.3 was
extracted from the 1H-13C HSQC spectrum. Due to overlapping
signals, selective total correlation spectroscopy (SELTOCSY)
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experiments together with correlation data from 1H-13C HSQC and
1H-1H COSY were employed to extract the chemical shifts and po-
sitions of all members of the glycopyranosyl spin system (see
Supplementary Data). The large values of the 3JHH coupling con-
stants (Table 1) indicated axial configuration throughout the glu-
cosyl ring, thus assigning the sugar unit as glucopyranose with b-
configuration at position 1'. Remarkable low-field shifts for the
signals of H-4'/C-4' (dH 4.85/dC 72.3) indicated substitution in this
position. This assumption was further supported by the correlation
of H-40 to C-900, which established an ester linkage of the (E)-p-
coumaroyl unit to 40-OH of the glucopyranosyl ring. A second
SELTOCSY experiment was conducted to characterize a remaining
AX2A0 spin system comprising two methylene units. Due to asym-
metrical substitution, multiplet signals appeared at dH 3.69 and dH
3.98, with a corresponding 13C chemical shift at dC 72.3 (C-1). An
HMBC correlation showed this methylene group to be linked to
position 1 of the b-glycosyl unit, C-1'. The multiplet signal of H-2/C-
2 at dH 3.73/dC 62.2 indicated a hydroxylated terminus of the AX2A0

spin system. Accordingly, the structure of compound 1 was
assigned as 1-O-(2-hydroxyethyl)-4-O-(E)-p-coumaroyl-b-
glucopyranose.

The HRESIMS data of compound 2 showed a molecular ion peak
of m/z 431.1336 [M-H]-, which is consistent with a molecular for-
mula of C22H24O9 (calcd for C22H23O9, m/z 431.1348). As for com-
pound 1, the 1H NMR, 1H-1H COSY, 1H-13C HSQC and HMBC spectra
showed signals of an (E)-p-coumaroyl unit connected to the 40-OH
position of a glycopyranosyl ring indicating a 4-(E)-p-coumaroyl-b-
glucopyranose moiety (E-CG) (Table 1). Furthermore, the low-field
range of the 1H NMR spectrum showed a singlet at dH 7.13 (H-2),
overlapping signals at dH 7.03 (H-6) and dH 7.02 (H-4) as well as a
doublet of doublets at dH 7.27 (H-5) with coupling constants of
3JHH ¼ 7.8/7.8 Hz. The corresponding 13C chemical shifts were
determined by 1H-13C HSQC to be dC 121.8 (C-4), dC 130.2 (C-5), dC
116.5 (C-6) and dC 116.1 (C-2), respectively. Due to 1H-1H COSY
correlations, the signals of H-4, H-5 and H-6 were assigned to a
three-spin system (AMX) of an aromatic ring. The 3JCH correlations
of H-2, H-4 and H-6 in the 1H-13C HMBC spectrum corroborated the
assignment of the corresponding carbon signals to a 1,3-
disubstituted aromatic ring. The ring geometry was further char-
acterized by long-range C-H correlations from H-5 to the signals of
the quaternary carbon atoms at dC 159.2 (C-1) and dC 144.5 (C-3).
HMBC correlations from H-4 and H-2 to C-7 (dC 64.8/dH 4.56)
established the connection to a terminal hydroxymethylene unit
tethered to C-3 of the aromatic ring. The low-field shift of C-1 (dC
159.2) indicated oxygenation at this position. This assumption was
further supported by HMBC correlations of H-6 and H-2 to C-1' (dC
102.2), establishing the linkage via the ester bond to the anomeric
carbon atom of the b-glycopyranosyl unit. Accordingly, the struc-
ture of compound 2 was assigned as 1-O-(3-
hydroxymethylphenyl)-4-O-(E)-p-coumaroyl-b-glucopyranose.

Compound 3 showed a molecular ion peak of m/z 431.1337 [M-
H]- in HRESIMS. As for compound 2, its mass was consistent with a
molecular formula of C22H24O9 (calcd for C22H23O9, m/z 431.1348),
suggesting isomeric structures for compounds 2 and 3. Further-
more, a comparison of 1H NMR, 1H-1H COSY, 1H-13C HSQC and
1H-13C HMBC signals with those of 2 (Table 1) revealed a close
structural similarity between the two compounds. NMR spectra
indicated the presence of compound 2 in sample 3 which might be
the result of a spontaneous isomerization. The only difference
observed for 3 was a high-field shift of the p-system resonances of
the p-coumaroyl moiety. The 1H NMR spectrum showed doublet
signals at dH 6.92 (H-700) and dH 5.83 (H-800), both with a coupling
constant 3JHH ¼ 12.7 Hz characteristic of the Z-configuration of a C-
C double bond. Accordingly, the structure of compound 3 was
determined to be 1-O-(3-hydroxymethylphenyl)-4-O-(Z)-p-
coumaroyl-b-glucopyranose.
The HRESIMS data of compound 4 showed a molecular ion peak

of m/z 447.1287 [M-H]- consistent with a molecular formula of
C22H24O10 (calcd for C22H23O10, m/z 447.1297). The NMR spectra
showed the same signals for the E-CG unit as spectra of compounds
1 and 2 did. Furthermore, the 1H NMR data (Table 1) showed signals
for a three-spin system (AMX) in the low-field region at dH 6.85
(3JHH ¼ 8.0 Hz, H-3), dH 7.03 (3JHH ¼ 8.0/7.5 Hz, H-4) and dH 6.89
(3JHH ¼ 7.5 Hz, H-5). The corresponding 13C chemical shifts were
determined by 1H-13C HSQC to be dC 117.2 (C-3), dC 126.7 (C-4) and
dC 121.0 (C-5). The observed chemical shifts together with the 3JHH
values suggested the presence of a 1,2,3-trisubstituted aromatic
ring. This assumption was corroborated by the 1H-13C HMBC
spectrum, which showed 3JCH correlations of H-3, H-5 and H-4 to a
quaternary carbon atom at dC 144.3 (C-1). Additionally, H-4 showed
strong 3JCH correlation to two other quaternary carbon atoms at dC
150.6 (C-2) and dC 136.5 (C-6), respectively, confirming the geom-
etry of the aromatic ring. An HMBC correlation between H-5 and C-
7 (dC 60.4) established the connection of the hydroxymethylene
group to C-6 of the aromatic ring. Because of their large 13C
chemical shift values, the quaternary carbon atoms C-1 and C-2 of
the ring were determined to be oxygenated. Furthermore, the
characteristic high-field shift of C-1 indicated substitution in this
position. This assumption was supported by a 3JCH correlation be-
tween the proton at the anomeric center of the E-CG glucose unit at
dH 4.68 (H-10) and C-1 in the 1H-13C HMBC spectrum. Accordingly,
the structure of 4 was assigned as 1-O-(2-hydroxy-6-
hydroxymethylphenyl)-4-O-(E)-p-coumaroyl-b-glucopyranose.

The HRESIMS data of compound 5 showed a molecular ion peak
of m/z 417.1182 [M-H]- consistent with a molecular formula of
C21H22O9 (calcd for C21H21O9, m/z 417.1191). The NMR spectra
showed signals of the 4-(Z)-p-coumaroyl-b-glucopyranose moiety
(Z-CG) resembling those observed earlier for compound 3.
Furthermore, the 1H NMR spectrum showed signals (Table 1)
assignable to protons of a four-spin system (ABCD) in the low-field
region at dH 7.19 (3JHH ¼ 8.0/1.3 Hz, H-3), dH 6.78 (3JHH ¼ 8.0/7.6/
1.5 Hz, H-4), dH 6.92 (3JHH ¼ 7.6/8.0/1.3 Hz, H-5) and dH 6.84
(3JHH ¼ 8.0/1.5 Hz, H-6), characteristic of a 1,2-disubstituted aro-
matic ring. The corresponding 13C chemical shifts were extracted
from 1H-13C HSQC data to be dC 117.0 (C-6), dC 124.8 (C-5), dC 120.8
(C-4) and dC 118.9 (C-3). The structure was further characterized by
1H-13C HMBC data, showing 3JCH correlations of H-4 with dC 146.3
(C-1) and H-5with dC 147.7 (C-2). Because of their high 13C chemical
shift values, C-1 and C-2 were assumed to be oxygenated. Another
HMBC correlation from the signal of H-1' (dH 4.81, 3JHH ¼ 8.4) at the
anomeric center to C-1 established the ester linkage of the aromatic
ring to the b-glucopyranose of the Z-CG unit. Accordingly, the
structure of compound 5 was assigned as 1-O-(2-hydroxyphenyl)-
4-O-(Z)-p-coumaroyl-b-glucopyranose.

The HRESIMS data of compound 6 showed a molecular ion peak
of m/z 585.1593 [M-H]- consistent with a molecular formula of
C29H30O13 (calcd for C29H29O13, 585.1614). The NMR spectra
showed signals similar to those observed for compound 4. Addi-
tionally, the 1H NMR spectrum (Table 2) showed two signals of a p-
system at dH 5.75 (3JHH ¼ 9.8/1.5/1.5 Hz, H-2000) and dH 6.16
(3JHH ¼ 9.8/3.6/3.6 Hz, H-3000). The p-system was attached to two
consecutive methylene groups at dH 2.64/2.52 (H-4000a/b) and dH
2.93/2.57 (H-5000a/b), as revealed by 1H-1H COSY cross-signals be-
tween H-3000 and H-4000. The corresponding 13C chemical shifts were
determined by 1H-13C HSQC to be dC 129.2 (C-2000), dC 133.0 (C-3000),
dC 27.0 (C-4000) and dC 36.9 (C-5000). The 1H-13C HMBC spectrum
showed a 3JCH correlation of H-2000 with a quaternary carbon atom at
dC 207.4 (C-6000), which is characteristic of a keto functionality.
Another HMBC correlation of H-3000 with a second quaternary car-
bon atom at dC 79.1 (C-1000) was observed, which was determined to
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be oxygenated due to its 13C chemical shift value. Further long-
range CH-correlations suggested an aliphatic ring structure as
corroborated by 3JCH correlations of H-5000a/b to C-6000 and H-5000b to
C-1000. The geometry was also supported by 3JCH correlations of H-
3000/H-2000 to C-4000 and H-3000 to C-5000. An additional HMBC correlation
of H-3000 to a third quaternary carbon atom at dC 171.5 (C-7000) indi-
cated the linkage to a carboxyl functionality tethered to position C-
1000 of the aliphatic ring structure, which led to the characterization
of the subunit as 1-hydroxy-cyclohex-2-en-6-onoyl moiety (HCH).
Because another long-range CH-correlation from the methylene
group of the aromatic ring at H-7a/b (dH 5.54/5.30; dC 64.7) to C-7000

established the ester linkage of the HCH unit with the rest of the
molecule, the structure was characterized as an idescarpin deriv-
ative (Fig. 1) with an additional p-coumaric acid linked to the 40-OH
of the b-glucopyranosyl moiety. Determination of the configuration
at position C-1000 in the HCH moiety was achieved by circular di-
chroism (CD) spectroscopy. The differential dichroic absorption of
Dε¼�6.9mdeg (lmax¼ 216 nm, c¼ 0.75mM,MeOH) of compound
6 was compared with the reported value of Dε ¼ �13.4 mdeg
(lmax ¼ 224 nm, c¼ 1.61 mM) for (S)-idescarpin (Feistel et al., 2015;
Kim et al., 2014). The negative Dε values reveal the same stereo-
chemistry of 6 and idescarpin. Hence, we concluded that com-
pound 6 had an (S)-configuration at the stereogenic position C-1000.
Accordingly, the structure of compound 6was assigned as 40-O-(E)-
p-coumaroyl-idescarpin.

The HRESIMS data of compound 7 showed a molecular ion peak
ofm/z 585.1601 [M-H]-. As for compound 6, its mass was consistent
with a molecular formula of C29H30O13 (calcd for C29H29O13, m/z
585.1614), suggesting isomeric structures for compounds 6 and 7.
Furthermore, a comparison of 1H NMR, 1H-1H COSY, 1H-13C HSQC
and 1H-13C HMBC data with those of compound 6 (Table 2) also
suggested both compounds have very similar structures. Signals of
compound 6 were also observed in the NMR spectra of compound
7, which might be due to spontaneous isomerization. Compared to
signals seen in the 1H NMR spectrum of compound 6, the proton
signals of the p-coumaroyl p-system of compound 7 appeared at a
higher field at dH 6.92 (H-700) and dH 5.81 (H-800). Both doublet
signals showed a coupling constant of 3JHH ¼ 12.6 Hz, which in-
dicates Z-configuration. CD spectroscopy resulted in Dε ¼ �5.6
mdeg (lmax ¼ 218 nm, c ¼ 0.98 mM, MeOH), which is in accordance
with the stereochemical description of compound 6 ((S)-configu-
ration at position C-1000). Accordingly, the structure of compound 7
was assigned as 40-O-(Z)-p-coumaroyl-idescarpin.

Compounds 8 and 9 were obtained as a mixed fraction from
HPLC-SPE-separation. UPLC-HRESIMS showed two molecular ions
of m/z 569.1650 [M-H]- and m/z 569.1652 [M-H]-, both corre-
sponding to a molecular formula of C29H30O12 (calcd for C29H29O12,
m/z 569.1664). The NMR data (Table 2) of compounds 8 and 9
showed close similarities with the data of compounds 6 and 7
described above. Matching signals for the presence of HCH rings as
well as the Z-CG and E-CG moieties were found, indicating com-
pounds 8 and 9 were a pair of cis-trans isomers. Comparative
integration of the 1H NMR signals of E-CG (8) (dH 6.39 with
3JHH ¼ 15.6, H-800) and Z-CG (9) (dH 5.83 with 3JHH ¼ 12.9, H-800)
revealed a molar ratio of 2 to 1. Structure elucidation of compound
8 started from the NMR signals of its E-CG unit. The 1H NMR signal
of the proton (H-10) at the anomeric position of a b-glucopyranosyl
unit appeared at dH 5.01 (3JHH¼ 7.8 Hz). This signal showed a 1H-13C
HMBC correlation to a quaternary carbon atom at dC 156.8. The
chemical shift assigned the latter signal to the oxygenated C-1 of an
aromatic system. The aromatic proton signals were assigned to a
four-spin system (ABCD) consisting of dH 7.31 (3JHH ¼ 7.2 Hz, H-3),
dH 7.04 (3JHH ¼ 7.2/8.0 Hz, H-4), dH 7.33 (3JHH ¼ 8.0/8.6 Hz, H-5) and
dH 7.24 (3JHH ¼ 8.6 Hz, H-6). The corresponding 13C chemical shifts
were determined from 1H-13C HSQC correlations to be dC 130.6 (C-
3), dC 123.5 (C-4), dC 131.0 (C-5) and dC 116.6 (C-6). The 1,2-
disubstitution was determined from characteristic HMBC correla-
tions of H-6 and H-4 with a quaternary carbon atom at dC 126.0 (C-
2) and of H-3 and H-5 with C-1. The HMBC correlation between the
protons H-7a/b at dH 5.28/5.40 (3JHH ¼ 12.6) of the hydroxy-
methylene group to C-3 (dC 130.6) indicated that this substituent is
attached to C-2 of the aromatic ring. Thus, the fragment was
characterized as a salicylic alcohol moiety. Further 3JCH correlations
between position H-7a/b and the carboxyl carbon atom C-7000 (dC
171.5) revealed the linkage to the HCH moiety via an ester bond.
Accordingly, the structure of compound 8was assigned as 40-O-(E)-
p-coumaroyl-salicortin. Except for the signals of its CG unit, com-
pound 9 showed very similar chemical shift values compared to 8
(Table 2). Although most signals were overlapping, the connectiv-
ities of the particular subsystems appeared to be identical.
Accordingly, the structure of compound 9was assigned as 40-O-(Z)-
p-coumaroyl-salicortin.

As for compounds 6 and 7, the configuration at the stereogenic
position C-1000 in the HCHmoieties of 8 and 9was determined by CD
spectroscopy. A differential dichroic absorption of Dε ¼ �3.5 mdeg
(lmax¼ 219 nm, c¼ 1.19mM,MeOH) was found for the mixture and
compared with the reported value of Dε ¼ �26.7 mdeg
(lmax ¼ 224 nm, c ¼ 1.61 mM) for salicortin (Fig. 1) (Feistel et al.,
2015). Accordingly, (S)-configuration at position C-1000 was
concluded. Usually, determination of the configuration demands
pure substances. However, here we determined Dε for a mixture of
the isomeric compounds 8 and 9; these differ only in the configu-
ration of their double bond system, which does not interfere with
the stereogenic position of interest. The very similar NMR spectra of
these compounds highlight their close electronic similarity. How-
ever, in contrast to the reference compound salicortin, compounds
8 and 9 have stronger UV absorption due to the presence of addi-
tional chromophores, and these in turn influence the CD mea-
surement. As a result, the determined Dε is still negative, but
smaller compared to Dε of salicortin. Furthermore, the (S)-config-
uration of the main HCH-containing compounds idescarparide (14)
and idescarpin (15) was determined earlier by X-ray crystallog-
raphy (Kim et al., 2014).

The HRESIMS of compound 12 showed a molecular ion peak of
m/z 423.1651 [M-H]-, which corresponds to a molecular formula of
C21H28O9 (calcd for C21H27O9, m/z 423.1661). According to reported
data (Si et al., 2009), the observed NMR signals suggest that this
compound is an isograndidentatin isomer. The 1,2-cyclohexanediol
ring of this structure features two stereogenic centers at positions
C-1 and C-2. NMR data were inconsistent with (1R,2S)-cis-config-
uration (Si et al., 2009) and (1S,2S)-trans-configuration (Pichette
et al., 2010). To the best of our knowledge (SciFinder® search,
May 2017), no information about a possible (1R,2R)-trans-config-
ured 1,2-cyclohexanediol has been reported. Therefore, compound
12 was hydrolyzed and the resulting aglycon was compared to
authentic standards by chiral GC-MSmeasurements. The hydrolysis
product was determined to be (1R,2S)-cis-1,2-cyclohexanediol.
Accordingly, we identified 12 as isograndidentatin A.

The structures of compounds 1e15 from I. polycarpa resemble
those of compounds reported from Salix (Thieme, 1964) and Pop-
ulus species (Boeckler et al., 2011; Dommisse et al., 1986; Si et al.,
2009). However, a typical Idesia feature is the presence of com-
pounds with an additional hydroxyl group in the aromatic part of
the parent salicinoids (4, 6, 7 and 14,15). Whereas b-glucopyranose
substituents in compounds isolated from Populus are typically
found on position C-20 or C-60, the corresponding Idesia compounds
are acylated exclusively at position C-4' (1e9 and 11e13).

Little is known about the ecological functions of Idesia constit-
uents. Like Populus salicinoids, which are generally accepted as
defense compounds with feeding-deterrent and anti-fungal
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activity (Julkunen-Tiitto et al., 1994; Massad et al., 2014; Yang et al.,
2013), the isolated compounds might also play a role in chemical
defense. The HCH subunit, part of Idesia salicinoids (6e9, 14, 15), is
believed to be oxidatively converted after hydrolysis, leading to o-
quinones (Clausen et al., 1989; Haruta et al., 2001). The o-quinones
may function as cross-linkers of dietary or digestive proteins in
herbivores (Clausen et al., 1989; Haruta et al., 2001; Ruuhola et al.,
2003). Furthermore, p-coumaroyl units in Idesia constituents may
serve as substrates for an oxidative transformation, yielding further
o-quinone derivatives (Chang, 2009), and these may increase
feeding-deterrent activity.

2.2. Performance of lepidopteran larvae

2.2.1. Using C. vinula and L. dispar to determine anti-herbivory
properties of leaf constituents

Feeding experiments were conducted to address the questions
of whether and to what extent Idesia leaf constituents have anti-
herbivory properties. Larvae of two insect species, C. vinula, a
specialist herbivore whose life cycle is adapted to plants of the
Salicaceae, and the generalist herbivore L. dispar,which has a broad
range of host plants, were used in this study. Both species are able
to thrive on nutrient sources containing salicinoids. The test insects
were reared on P. nigra prior to the feeding assays and P. nigra diet
served as a control in the experiments. To determine herbivore
performance, 3rd-instar larvae of both species were placed in
arenas equipped with leaves of I. polycarpa. The control group was
supplied with P. nigra leaves. Performance of larvae was monitored
as average mass for six days by daily balancing each individual. Due
to mortality of some larvae, a statistical time frame from day 0 to
day 4 was used. Furthermore, leaf consumption was determined as
total consumed leaf area atotal as described in Experimental.

2.2.2. Performance of specialist herbivore C. vinula
The mass of C. vinula depended on the time (likelihood

ratio¼ 24.378, p < 0.001) and the plant the larvae fed on (likelihood
ratio ¼ 42.285, p < 0.001). Whether C. vinula larvae gained mass
over time, however, depended on the plant they fed on (interaction
time: plant: likelihood ratio 172.041, p < 0.001). Only larvae fed on
P. nigra gained mass (Fig. 2A). The average mass of C. vinula larvae
fed on I. polycarpa leaves decreased from 81 mg on day 0 to 68 mg
on day 4, corresponding to an average mass loss of 2 mg per day.
High mortality was observed, with 50% of individuals dead after
four days. None of the larvae survived day 5 (Fig. 2B). All larvae
changed their color from green to a dark yellowish shade. Addi-
tionally, fecal consistency changed from solid pellets to liquid ex-
cretions. Both symptoms might be interpreted as an effect of
starvation caused by deterrent leaf ingredients. The control group
fed on P. nigra leaves showed a strong increase of average mass
from 97 mg (day 0) up to 697 mg (day 5), corresponding to a mass
gain of 100 mg per day. The fold mass gain was dependent on the
leaf area the larvae consumed during the experiment (F ¼ 689.086
p < 0.001). When fed on P. nigra they gained significantly more
mass compared to the I. polycarpa (F ¼ 48.620 p < 0.001) diet.
However, how much mass the caterpillars gained per ingested leaf
area was different for the two plants (F ¼ 4.807 p ¼ 0.049). Cater-
pillars that fed on P. nigra gained mass but caterpillars fed on
I. polycarpa slightly lost mass (Fig. 3A). These observations clearly
show that I. polycarpa was highly toxic to C. vinula larvae.

2.2.3. Performance of generalist herbivore L. dispar
Larvae of L. dispar fed on P. nigra gained ca. 27 mg mass per day

with an increase from 187 mg on day 0 to 301 mg on day 3. Larvae
did not continue to grow after day 3. L. dispar fed on I. polycarpa
grew slowly (187 mg on day 0 to 206 mg on day 5) (Fig. 2C). The
mass of L. dispar also depended on the time (likelihood
ratio ¼ 23.374, p < 0.001). Compared to C. vinula (Fig. 2A), the
change in mass over the experimental time was less prominent.
Statistically, it did not change according to the plant the larvae fed
on (likelihood ratio¼ 0.643, p¼ 0.423). However, whether L. dispar
larvae gained mass over time did depend on the plant species they
fed on (interaction time: plant: likelihood ratio 13.888, p ¼ 0.008).
Only when fed on P. nigra the larvae gained mass. By day 5 the
majority (70%) of L. dispar larvae fed on I. polycarpa were deceased
(Fig. 2D). The foldmass gainwas only dependent on the amount the
larvae fed during the experiment (F ¼ 18.107 p ¼ 0.001), but not on
the plant species they fed on (F¼ 0.196 p¼ 0.666). Howmuchmass
the caterpillars gained per consumed leaf area was same for both
plants (F ¼ 0.355 p ¼ 0.563) (Fig. 3B).

2.2.4. Survivorship of C. vinula and L. dispar
Both Lepidopteran species survived significantly better on

P. nigra than on I. polycarpa (z ¼ �3.592, p < 0.001). The survival
rate of both species of larvae was the same (z¼�1.161, p¼ 0.2458),
and they reacted the same way to both plant species (interaction
between plant and herbivore z ¼ 0.998, p ¼ 0.318) (Fig. 2).

3. Conclusions

In this work, 15 compounds from leaves of I. polycarpa were
isolated and identified by means of spectroscopic methods. Com-
pounds 1e9 are described for the first time as natural products.
Compounds 1e13 had not previously been reported as constituents
of I. polycarpa. These compounds are structurally related to salici-
noids, which are known defense compounds from Salix and Populus
species. Feeding experiments with larvae of the Salicaceae
specialist herbivore C. vinula and the broadleaf tree generalist
L. dispar showed differences in performance. Both insect species
performed worse on I. polycarpa than on P. nigra. Although C. vinula
larvae performed much better on P. nigra than the generalist
L. dispar, total mortality on I. polycarpawas observed after five days.
We observed a higher survivorship for L. dispar on I. polycarpa (30%
in total) but with less leaf area consumed and less mass gain in
comparison to larvae fed with P. nigra. In order to interpret the
results, the adaption strategies of the insect larvae has to be taken
into account. To compete effectively, specialists are extremely
adapted to their ecosystems and hence much more dependent on
the environmental conditions (Ali and Agrawal, 2012). As a result, a
slight change in nutrition, for example, might have a notable impact
on their fitness. The performance of generalists is more robust, as
our observations indicate. It can be hypothesized that the differ-
ential toxicity is caused by different mechanisms of detoxification
(Boeckler et al., 2016) or that plant defensive proteins such as
protease inhibitors (Neiman et al., 2009) or polyphenol oxidases
(Wang and Constabel, 2004) interfere with digestion by decreasing
nutrient availability. Another reason for the mortality observed
may be compounds unnoticed by UV/Vis detection. The combined
effect of those compounds may interfere with digestion and
eventually negatively affect nutrient acceptance; in our experi-
ments, this may have resulted finally in the starvation of the tested
lepidopteran larvae.

4. Experimental

4.1. General experimental procedures

Solvents used for extraction and chromatographic separation
were purchased from Carl Roth GmbH, Karlsruhe, Germany, and
VWR International GmbH, Darmstadt, Germany, and were used
without further purification. The synthetic reference compounds



Fig. 2. Performance of lepidopteran larvae fed on P. nigra (dashed lines) and I. polycarpa (filled lines). Error bars represent standard errors. (A) Average mass of 3rd-instar larvae of
C. vinula. (B) Kaplan-Meier graph illustrating the survivorship of C. vinula. (C) Average mass of 3rd-instar larvae of L. dispar. (D) Kaplan-Meier graph illustrating the survivorship of
L. dispar larvae. (A) and (C) show the statistically analyzed time frame (day 0e4).

Fig. 3. Larval mass gain of C. vinula (A) and L. dispar (B) fed on P. nigra (black dots) and I. polycarpa (grey dots) including trend lines. Data were collected during 6 days for both
experiments.
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(1R,2S)-cis-cyclohexane diol, (1S,2S)-trans-cyclohexane diol and
(1R,2R)-trans-1,2-cyclohexanediol were purchased from Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany. Water used for
HPLC was obtained from a Milli-Q Synthesis A 10 purifier (Merck
KGaA, Darmstadt, Germany). Phytacon vessels (H 140 mm, base
diam. 86 mm) used as arenas for the feeding experiments were
purchased from Sigma-Aldrich. HR-X SPE cartridges (500 mg sor-
bent/6 ml volume) were purchased from Macherey-Nagel, Düren,
Germany.

HPLC separations were carried out on an Agilent 1100 HPLC
system, consisting of a degasser, quaternary solvent delivery pump
G1311A, an autosampler G1313A (Agilent Technologies GmbH,
Waldbronn, Germany) and a photodiode array detector (detection
200e700 nm; J&M Analytik AG, Aalen, Germany). An Isis RP-18e
column (250 � 4.6 mm, 5 mm particle size) (Macherey-Nagel) was
used for all separations. Column temperature was set to 30 �C, and
the solvent flow rate was 0.8 ml min�1 using 0.1% formic acid in
water and 0.1% formic acid in MeOH as a binary solvent system. An
HPLC gradient starting with a 5min isocratic flow of 30%MeOH and
then linearly increasing for 90 min to 50% MeOH was used. After
each run, the columnwas washed with 100% MeOH for 10 min and
equilibrated with 30% MeOH for 10 min. The column outlet was
connected to a Bruker/Spark Prospect 2 solid-phase extraction
(SPE) system (Bruker Biospin GmbH, Rheinstetten, Germany),
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equipped with HySphere GP resin cartridges. To reduce the eluo-
tropic capacity of the HPLC solvent mixture, water with a flow rate
of 2.5 ml min�1 was added using a make-up pump (Knauer, Berlin,
Germany). SPE cartridges loaded with metabolites were dried in a
stream of nitrogen prior to elution with MeOH. Eluted compounds
were dried using a Genevac HT-4X vacuum centrifuge (Genevac
Ltd., Ipswich, UK).

The hydrolysis products of compound 12 as well as the isomeric
cyclohexane diol references were analyzed using an Agilent 7890A
gas chromatograph equipped with a chiral Cyclosil-B column
(30 m � 0.25 mm ID with 0.25 mm film thickness, Agilent) coupled
to a quadrupole mass spectrometer Agilent 5975C. The carrier gas
was helium at a constant flow of 2 ml min�1. One microliter of each
sample was injected in splitless mode. The inlet temperature was
set to 230 �C. The oven program started at 40 �C for 5min, increased
at 1 �C min�1 to 90 �C, held for 10 min, then increased at 0.1 �C
min�1 to 95 �C, and finally at 30 �C min�1 to 230 �C. MS conditions
were electron impact mode (70 eV), and scan mode 33e250 amu.

ESI-HRMS datawere measured in negative and positive mode at
a mass resolution of m/Dm 30.000 on a UHPLC system Ultimate
3000 series RSLC (Dionex) combined with LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Sepa-
ration was done on an Acclaim C18 column (150 � 2.1 mm, 2.2 mm;
Dionex, Sunnyvale, CA, USA) with a flow rate of 300 mL min�1 using
the following gradient conditions: MeCN in water, both containing
0.1% (v/v) formic acid: constant at 1% for 8min, linearly increased to
85% within 7 min, kept constant at 85% for 4 min, finally returning
to 1% for equilibration for 4 min.

NMR spectra (1H NMR,1D NOESY, 1H-1H COSY, SELTOCSY, HMBC,
HSQC) were recorded on a Bruker Avance III HD 700 spectrometer,
equipped with a cryoplatform and a 1.7 mm TCI microcryoprobe
(Bruker Biospin GmbH, Rheinstetten, Germany). NMR tubes of
1.7 mm outer diameter were used for all measurements. All NMR
spectra were recorded using MeOH-d4 as a solvent. Chemical shifts
were referenced to the residual solvent peaks at dH 3.31 and dC
49.15, respectively. Data acquisition and processing were accom-
plished using TopSpin 3.2. (Bruker Biospin). Standard pulse pro-
grams as implemented in TopSpin were used for data acquisition.

CD spectra were recorded on a Jasco J-810 CD spec-
tropolarimeter (Jasco GmbH, Gross-Umstadt, Germany). Com-
pounds were measured in MeOH using a quartz cuvette of 1 mm
width. Spectra were recorded for 185e350 nm and were accumu-
lated 10 times. Baseline correction was performed on the basis of a
MeOH blank sample.

4.2. Plant material and insect larvae

I. polycarpa trees were purchased in 2015 from Baumschule
Pflanzenvielfalt GmbH, Zetel, Germany, and maintained in the Max
Planck Institute of Chemical Ecology (MPI-CE) Jena, Germany. Leaf
samples of black poplar (P. nigra) were taken from trees growing in
the area surrounding the Max Planck Institute of Chemical Ecology
(MPI-CE) Jena, Germany. C. vinula (Lepidoptera) larvae were taken
from a colony reared at the MPI-CE, hatched from eggs and main-
tained on P. nigra until they reached the 3rd instar. L. dispar (gypsy
moth) (Lepidoptera) larvae (3rd instar), reared on a P. nigra leaf diet,
were kindly provided by Dr. Sybille Unsicker, MPI-CE.

4.3. Extraction and isolation

The leaves of I. polycarpa were lyophilized, resulting in 4.8 g of
dried material; this was ground in a ceramic mortar and extracted
(7 � 60 ml, each 15 min) with MeCN. The combined extracts were
filtered and evaporated using a rotary evaporator, resulting in
598mg crude extract (8% of the dried leaf material). The extract was
reconstituted with 30 ml water and centrifuged to separate insol-
uble matter. The supernatant was subjected to pre-separation on a
HR-X SPE cartridge. After conditioning with MeOH (2 � 6 ml) and
equilibration with water (3 � 6 ml), the cartridge was loaded and
washed with water (3 � 6 ml). After air-drying, the cartridge was
eluted with MeOH (3 � 6 ml) and the combined fractions were
evaporated in a vacuum centrifuge, resulting in 259 mg methanolic
crude extract. For separation, an aliquot of the crude extract was
reconstituted with MeOH (78.6 mg ml�1) and subjected to HPLC-
SPE to yield the following compounds (Rt retention time): 1 (Rt
9.18 min, 0.10% of leaf d.w.), 10 (Rt 14.43 min, 0.09%), 15 (Rt
21.16 min, 1.10%), 2 (Rt 27.18 min, 0.13%), 3 (Rt 30.73 min, 0.11%), 11
(Rt 36.47 min, 0.08%), 4 (Rt 42.92 min, 0.10%), 12 (Rt 45.55 min,
0.10%), 13 (Rt 52.16 min, 0.20%), 5 (Rt 55.55 min, 0.11%), 14 (Rt
58.84 min, 0.16%), 8 & 9 (Rt 70.84 min, 0.19%), 6 (Rt 77.58 min,
0.09%), 7 (Rt 79.58 min, 0.08%).

4.4. Hydrolysis of isograndidentatin A (12)

In order to determine the absolute configuration of compound
12, acidic hydrolysis was carried out. Compound 12 (125 mg;
0.3 mmol) was dissolved in 500 mL MeOH and added to a stirred
solution of 4.5 ml MeOH:H2O (1:1, v/v) containing 150 mL of conc.
HCl. The mixture was refluxed for 8 h, and then dried in a stream of
nitrogen gas. The residue was dissolved in CH2Cl2 and analyzed by
gas chromatography e mass spectrometry (GC-MS) together with
the reference standards (1R,2S)-cis-cyclohexane diol, (1S,2S)-trans-
cyclohexane diol and (1R,2R)-trans-1,2-cyclohexanediol. Based on
retention time and mass spectrum, the absolute configuration was
determined.

4.5. Performance of C. vinula and L. dispar on I. polycarpa

For feeding experiments, 10 � 1 I. polycarpa leaves and, as a
control, 10 � 1 P. nigra leaves with a leaf plastochron index (LPI)
from 3 to 10, were placed in 20 separate arenas with their petioles
immersed in a 25ml glass beaker filled with cottonwetted with tap
water. One C. vinula larva was placed on each leaf. Thus, ten feeding
experiments per plant species were conducted in parallel. During
the experiment, the mass of each larva was determined every day.
Leaves were replaced when consumed or exchanged every second
day. In order to detect consumption, leaves were scanned and
printed in 1:1 scale on paper (80 g m�2). After feeding, the
consumed leaf area was reconstructed by comparison with the
reference scans, cut out and weighed (mpaper in mg). The total
consumed leaf area atotal was calculated according to Eqn. (1). The
feeding experiment with L. dispar larvae was performed
accordingly.

atotal ¼
mpaper

8
cm2 (1)

4.6. Statistical analysis

Because just a few larvae survived until day 5, larval masses
were only analyzed until day 4 in order to have a sufficient number
of replicates and because the two herbivore species generally differ
in size, the change in their mass over time was analyzed separately.
In order to test whether the caterpillars differed in their mass
development depending on the plant they were feeding on, linear
mixed effects models were applied (lme, nlme library (Pinheiro
et al., 2016)) with plant and time as fixed factors and the larvae
identity as a random intercept. In order to achieve normality of
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residuals, data were log-transformed. For mass data from C. vinula,
the varIdent variance structure (to allow data from each plant
species to have a different variance) was applied to achieve vari-
ance homogeneity. P values were obtained by a stepwise removal of
the explanatory variables and comparison of the more complex
model with the simpler model with a likelihood ratio test (Zuur
et al., 2009). The Cox proportional hazard model (coxph of the
survival library (Therneau, 2015)) was used to investigate the sur-
vival of C. vinula and L. dispar on P. nigra and I. polycarpa. The model
was simplified by removing non-significant factors. All analyses
were done in R 3.3.1 (R Core Team, 2016).

In order to see to which extent larval mass was depending on
the consumed leaf area C. vinula and L. dispar larvaewere separately
fed with either P. nigra or I. polycarpa leaves for 6 days. Data from
non-feeding larvae were discarded from the analysis. For all other
larvae it was considered how much they changed mass with
respect to their start mass; the ratio of end mass and start mass
gave an n-fold increase of mass for the respective larva. An analysis
of covariance (ancova) with the consumed leaf area as continuous
variable and the different food plants as categorical explanatory
variable was undertaken. For the data analysis of C. vinula larvae
mass gain data were log-transformed and for L. dispar larvae the
consumed leaf area data were log-transformed to achieve homo-
geneity of variances and normality of the residuals.

4.7. Spectroscopic data of new compounds

4.7.1. 1-O-(2-Hydroxyethyl)-4-O-(E)-p-coumaroyl-b-
glucopyranose (1)

UV (MeOH/H2O): lmax ¼ 228, 313 nm; HRESIMS: m/z 369.1185
[M-H]- (calcd for C17H21O9, 369.1191); 1H and 13C NMR, see Table 1.

4.7.2. 1-O-(3-Hydroxymethylphenyl)-4-O-(E)-p-coumaroyl-b-
glucopyranose (2)

UV (MeOH/H2O): lmax ¼ 210, 313 nm; HRESIMS: m/z 431.1336
[M-H]- (calcd for C22H23O9, 431.1348); 1H and 13C NMR, see Table 1.

4.7.3. 1-O-(3-Hydroxymethylphenyl)-4-O-(Z)-p-coumaroyl-b-
glucopyranose (3)

UV (MeOH/H2O): lmax ¼ 209, 313 nm; HRESIMS: m/z 431.1337
[M-H]- (calcd for C22H23O9, 431.1348); 1H and 13C NMR, see Table 1.

4.7.4. 1-O-(6-Hydroxy-2-hydroxymethylphenyl)-4-O-(E)-p-
coumaroyl-b-glucopyranose (4)

UV (MeOH/H2O): lmax ¼ 272, 316 nm; HRESIMS: m/z 447.1287
[M-H]- (calcd for C22H23O10, 447.1297); 1H and 13C NMR, see Table 1.

4.7.5. 1-O-(2-Hydroxyphenyl)-4-O-(Z)-p-coumaroyl-b-
glucopyranose (5)

UV (MeOH/H2O): lmax ¼ 212, 281, 309 nm; HRESIMS: m/z
417.1182 [M-H]-(calcd for C21H21O9, 417.1191); 1H and 13C NMR, see
Table 1.

4.7.6. 40-O-(E)-p-Coumaroyl-idescarpin (6)
UV (MeOH/H2O): lmax ¼ 216, 312 nm; CD: Dε ¼ �6.9 mdeg

(lmax ¼ 216 nm, c ¼ 0.75 mM, MeOH); HRESIMS:m/z 585.1593 [M-
H]- (calcd for C29H29O13, 585.1614); 1H and 13C NMR, see Table 2.

4.7.7. 40-O-(Z)-p-Coumaroyl-idescarpin (7)
UV (MeOH/H2O): lmax ¼ 218, 310 nm; CD: Dε ¼ �5.6 mdeg

(lmax ¼ 218 nm, c ¼ 0.98 mM, MeOH); HRESIMS: m/z 585.1601 [M-
H]- (calcd for 585.1614, C29H29O13); 1H and 13C NMR, see Table 2.

4.7.8. 40-O-(E)-p-Coumaroyl-salicortin (8)
UV (MeOH/H2O): lmax ¼ 210, 313 nm; CD: Dε ¼ �3.5 mdeg
(lmax ¼ 219 nm, c ¼ 1.19 mM, MeOH); HRESIMS: m/z 569.1650 [M-
H]- (calcd for 569.1664, C29H29O12); 1H and 13C NMR, see Table 2.

4.7.9. 40-O-(Z)-p-Coumaroyl-salicortin (9)
UV (MeOH/H2O): lmax ¼ 210 nm, 313 nm; Dε ¼ �3.5 mdeg

(lmax ¼ 219 nm, c ¼ 1.19 mM, MeOH); HRESIMS: m/z 569.1652 [M-
H]- (calcd for 569.1664, C29H29O12); 1H and 13C NMR, see Table 2.

4.8. Spectroscopic data of known compounds

Icaraside B2 (10): UV (MeOH/H2O): lmax ¼ 230, 310 nm; HRE-
SIMS: m/z 409.1831 [MþNa]þ (calcd for C19H30O8Na, 409.1833); 1H
and 13C NMR, see S10.1 (Lee, 2012; Otsuka et al., 1995).

4-(E)-p-Coumaroyl-D-glucopyranose (11): UV (MeOH/H2O):
lmax ¼ 212, 313 nm; HRESIMS: m/z 349.0890 [MþNa]þ (calcd for
C15H18O8Na), 349.0894; 1H and 13C NMR, see S10.9 (Birkofer et al.,
1969; She et al., 2008).

Isograndidentatin A (12): UV (MeOH/H2O): lmax ¼ 210, 222,
313 nm; HRESIMS: m/z 423.1651 [M-H]- (calcd for C21H27O9,
423.1661); 1H and 13C NMR, see S11.12 (Si et al., 2009).

1-O-(2-Hydroxyphenyl)-4-O-(E)-p-coumaroyl-b-D-glucopyr-
anose (13): UV (MeOH/H2O): lmax ¼ 212, 313 nm; HRESIMS: m/z
417.1182 [M-H]- (calcd for C21H21O9, 417.1191); 1H and 13C NMR, see
S12.3 (Kumar et al., 2010).

Idescarparide (14): UV (MeOH/H2O): lmax ¼ 215, 275 nm; CD:
Dε ¼ �11.5 mdeg (lmax ¼ 215 nm, c ¼ 0.55 mM, MeOH); HRESIMS:
m/z 903.2532 [MþNa]þ (calcd for C40H48O22Na, 903.2529); 1H and
13C NMR, see S13.3 (Kim et al., 2014).

Idescarpin (15): UV (MeOH/H2O): lmax ¼ 215, 277, 311 nm; CD:
Dε ¼ �11.5 mdeg (lmax ¼ 215 nm, c ¼ 0.55 mM, MeOH); HRESIMS:
m/z 463.1200 [MþNa]þ (calcd for C20H24O11Na, 463.1211); 1H and
13C NMR, see S14.1 (Feistel et al., 2015).
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