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ABSTRACT: From the culture filtrates of Diaporthella cryptica, an emerging hazelnut pathogen, 2-hydroxy-3-phenylpropanoate
methyl ester and its 3-(4-hydroxyphenyl) and 3-(1H-indol-3-yl) analogues, named crypticins A−C, were isolated together with
the well-known tyrosol. Crypticins A−C were identified by spectroscopic (essentially nuclear magnetic resonance and high-
resolution electrospray ionization mass spectrometry) methods. The R absolute configuration (AC) of crypticin A was
determined by comparing its optical rotation and electronic circular dichroism (ECD) spectrum with those of papuline, the
methyl ester of (−)(S)-phenyllactic acid isolated as the main phytotoxin of Pseudomonas syringae pv. papulans, responsible for
apple blister spot. The ACs of crypticins B and C were determined by time-dependent density functional theory calculations of
their ECD spectra. Papuline and the new metabolites herein isolated, except tyrosol, were tested at 1 mg/mL on cork oak,
grapevine, hazelnut, and holm oak leaves using the leaf puncture assay. They were also tested on tomato cuttings at 0.5 and 0.05
mg/mL. In the leaf puncture assay, none of the compounds was found to be active. Crypticin C and papuline were active in the
tomato cutting assay. Additionally, crypticin C displayed moderate inhibitory effect against Phytophthora cambivora.

KEYWORDS: hazelnut branch canker, emerging pathogen, phytotoxins, phenyllactic acid derivatives, TDDFT ECD calculations

■ INTRODUCTION

Hazelnut (Corylus avellana L.) is an economically important nut
tree historically cultivated along the coasts of the Black Sea in
Turkey and in southern Europe.1 Recently, hazelnut cultivation
has widely spread to other countries such as Australia,
Azerbaijan, Chile, China, Georgia, Iran, and New Zealand. In
all growing areas, hazelnut trees are affected by some severe
diseases that can determine heavy economic losses. In
particular, branch canker and dieback caused by the fungal
species Anthostoma decipiens, Anisogramma anomala, Diplodia
seriata, and Dothiorella coryli have been recognized as the main
biotic factors limiting crop productivity.2

Furthermore, a recent study carried out in two grooves
located in the center of Sardinia, Italy, revealed the occurrence
of several unusual diseases on both young and mature hazelnut
trees. In particular, from twigs and branches showing exudates
and different types of canker, in addition to several
Botryosphaeriaceae, a new fungal species was isolated and
described as Diaporthella cryptica.2 In the pathogenicity test
carried out under controlled conditions, D. cryptica proved to
be the most aggressive pathogen, causing extensive necrotic
lesions, which often girdled the circumference of the logs
inoculated.
The genus Diaporthella is based on the type species

Diaporthella aristata2 and currently encompasses only five
species (www.mycobank.org). At the same time to date,

detailed morphological features and DNA sequence data are
available only for the species D. corylina and D. cryptica. Because
both species have been reported as aggressive pathogens on
Corylus spp.2 and no information is available about the
bioecology of D. cryptica, a study was undertaken to expand
the knowledge on the secondary metabolites pattern of this
new emerging hazelnut pathogen and identify the virulence
factors potentially involved in the pathogenesis process.

■ MATERIALS AND METHODS
General Experimental Procedures. Optical rotations were

measured in CHCl3 or as otherwise reported on a Jasco P-1010
digital polarimeter (Jasco, Tokyo, Japan). Electronic circular dichroism
(ECD) spectra were measured with a Jasco J-715 spectropolarimeter
in acetonitrile solutions with concentrations ≈1 mM, using quartz cells
with different lengths (from 0.01 to 1 cm) to cover the whole
wavelength range. 1H, 13C and 2D NMR spectra were recorded at 400
or 500 and 100 or 125 MHz in CDCl3 on Bruker (Karlsruhe,
Germany) and Varian (Palo Alto, CA, United States) instruments. The
same solvent was also used as internal standard. Carbon multiplicities
were determined by distortionless enhancement by polarization
transfer (DEPT) spectra.3 DEPT, correlated spectroscopy (COSY)-
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45, heteronuclear single quantum coherence (HSQC), heteronuclear
multiple bond correlation (HMBC) experiments3 were performed
using Bruker and Varian microprograms. Electrospray ionization mass
spectrometry (ESI MS) and liquid chromatography (LC)/MS analyses
were performed using the LC/MS TOF system AGILENT (Agilent
Technologies, Milan, Italy) 6230B, HPLC 1260 Infinity. The high
performance liquid chromatography (HPLC) separations were
performed with a Phenomenex (Bologna, Italy) LUNA (C18 (2) 5u
150× 4.6 mm). Analytical and preparative thin-layer chromatography
(TLC) were carried out on silica gel (Kieselgel 60, F254, 0.25 and 0.5
mm respectively) plates (Merck, Darmstadt, Germany). The spots
were visualized by exposure to UV radiation or by spraying first with
10% H2SO4 in MeOH, and then with 5% phosphomolybdic acid in
EtOH, followed by heating at 110 °C for 10 min. Column
chromatography was performed using silica gel (Kieselgel 60,
0.063−0.200 mm) (Merck).
Fungal Strain. The culture filtrates investigated in this study were

obtained from the ex-type culture of D. cryptica (CBS 140348)
originally isolated from a cankered branch of C. avellana L. in Sardinia,
Italy.2 Representative sequences of the isolate CBS 140348 are
available in GenBank (ITS: accession number KP205484; EF1-α:
accession number KP205458).
Production, Extraction, and Purification of Fungal Metabo-

lites. D. cryptica was grown in 1 L Roux flasks containing 170 mL of
Czapek medium (pH 5.7) supplemented with yeast extract (2%). Each
flask was seeded with 5 mL of a mycelial suspension and then
incubated for 30 days at 25 °C. The fungal cultures, showing
phytotoxic activity when tested on tomato cutting as below described,
were vacuum filtered through filter paper (Whatman No. 4) to remove
the biomass, and the culture filtrates were collected. The culture
filtrates (20.3 L) were acidified to pH 4 with 2 N HCl and extracted
exhaustively with EtOAc. The combined organic extracts, showing
phytotoxic activity in the tomato assay as below reported, were twice
washed with distilled water, dried with Na2SO4, and evaporated under
reduced pressure, obtaining brown-red oil residues. The organic
extract (2.52 g) was purified by silica gel column chromatography (90
× 4 cm) with CHCl3/i-PrOH (9/1, v/v). Seven fractions were
collected and pooled on the basis of similar TLC profile, and each
group was tested for its phytotoxicity. The residue (70.43 mg) of
fraction 2 was further purified by silica gel column chromatography
and eluted with n-hexane/EtOAc (65/35, v/v), yielding 8 groups of
homogeneous fractions. The residue (22.5 mg) of fraction 3 was
purified by two successive steps of TLC on silica gel and eluted with
petroleum ether/Me2CO (85/15, v/v) and CH2Cl2/Me2CO (98/2, v/
v), yielding an amorphous solid, named crypticin A (1, Rf 0.8, 8.4 mg,
0.41 mg/L). The residue (90.56 mg) of fraction 3 of the initial column
was further purified by silica gel column chromatography and eluted
with CH2Cl2/MeOH (97/3, v/v), affording 8 fractions. The residue
(29.10 mg) of the fraction 2 of this latter column was further purified
on preparative TLC and eluted with CHCl3/i-PrOH (97/3, v/v),
yielding an amorphous solid, named crypticin C (3, Rf 0.5, 8.5 mg,
0.42 mg/L). The residue (18.57 mg) of fraction 4 was purified by two
successive TLC steps using CHCl3/i-PrOH (97/3, v/v) and n-hexane/
EtOAc (65/35, v/v), affording an amorphous solid, named crypticin B
(2, Rf 0.2, 6.87 mg, 0.34 mg/L). The residue (174.20 mg) of fraction 4
of the initial column was purified on silica gel column chromatography
and eluted with petroleum ether/Me2CO (7/3, v/v), yielding 9
fractions. The residue (5.27 mg) of fraction 7 was further purified on
preparative TLC and eluted with CHCl3/i-PrOH (97/3, v/v), yielding
another amorphous solid identified, as reported below, as tyrosol (4, Rf
0.3, 1.3 mg, 0.06 mg/L).
Crypticin A (1). [α]25D +5.2 (c 0.76); IR νmax 3427, 1739, 1496,

1453, 1215 cm−1; UV λmax nm (log ε) 273 (2.65); 1H and 13C NMR
spectra: see Table 1; HRESI MS (+) m/z: 203.0678 [C10H12O3Na,
calcd 203.0684, M + Na]+, 163 [M + H − H2O]

+.
Crypticin B (2). [α]25D −4.9 (c 0.62, MeOH); IR νmax 3339, 1730,

1613, 1515, 1443, 1222 cm−1; UV λmax nm (log ε) 277 (2.02), 225
(2.00); 1H and 13C NMR spectra: see Table 1; HRESI MS (+) m/z:
415 [2 M + Na]+ 219.0624 [C10H12O4Na, calcd 219.0603, M + Na]+,
179 [M + H − H2O]

+.

Crypticin C (3). [α]25D −2.6 (c 0.58); IR νmax 3339, 1730, 1613,
1515, 1443, 1223 cm−1; UV λmax nm (log ε) 280 (2.16), 220 (2.88);
1H and 13C NMR spectra: see Table 2; HRESI MS (+) 242.0794
[C12H13NO3Na calcd 242.0793, M + Na]+, 220 [M + H]+.

2-O-Acetyl of Crypticin C (6). Crypticin C (3, 0.5 mg) was
acetylated with pyridine (20 μL) and Ac2O (20 μL) at room
temperature overnight. The reaction was stopped by addition of
MeOH and the azeotrope, obtained by the addition of benzene, was
evaporated by an N2 stream. Derivative 6 had: IR νmax 1747, 1644,
1602, 1573,1234 cm−1; UV λmax nm (log ε) 272 (3.08); 1H NMR, δ:
8.07 (1H, br s, NH), 7.66 (1H, d, J = 8.0 Hz, H-4′), 7.38 (1H, d, J =

Table 1. 1H and 13C NMR Data of Crypticins A and B (1 and
2)a

1 2

position δCb δH (J in Hz) HMBC δCb δH (J in Hz)

1 174.6 C H2-3, H-2 174.7 C
2 71.5 CH 4.48 (1H) m H2-3 71.4 CH 4.41 (1H) m
3 40.6 CH2 3.16 (1H) dd

(14.0, 4.7)
H-2 39.4 CH2 3.05 (1H) dd

(14.3, 4.5)
2.99 (1H) dd
(14.0, 6.9)

2.90 (1H) dd
(14.3, 6.3)

1′ 136.3 C H2-3, H-
2, H-
3′,5′

128.0 C

2′, 6′ 129.5 CH 7.23 (2H) dd
(7.4, 2.0)

H-4′ 130.7 CH 7.06 (2H)
d (7.6)

3′, 5′ 128.5 CH 7.31 (2H) t
(7.4)

115.4 CH 6.73 (2H)
d (7.6)

4′ 126.9 CH 7.26 (1H) td
(7.4, 2.0)

H-2′,6′ 154.5 C

MeO 52.4 CH3 3.80 (3H) s 52.4 CH3 3.77 (3H) s
OH-2 2.74

(1H) br s
2.76 (1H) s

OH-4′ 5.14
(1H) br s

aThe chemical shifts are in δ values (ppm) from TMS. 2D 1H, 1H
(COSY) 13C, 1H (HSQC) NMR experiments delineated the
correlations of all the protons and the corresponding carbons.
bMultiplicities were assigned by DEPT spectra.

Table 2. 1H and 13C NMR Data of Crypticin C (3)a

position δCb δH (J in Hz) HMBC

1 174.8 C H-2, H2-3, OMe
2 70.8 CH 4.55 (1H) m H2-3
3 30.3 CH2 3.33 (1H) dd (14.5, 4.8) H-2

3.22 (1H) dd (14.5, 6.5)
1′ 8.24 (1H) br s
2′ 123.1 CH 7.42 (1H) br s H2-3
3′ 110.2 C H2-3, H-2, H-4′, H-2′
3a′ 127.3 C H2-3, H-2′, H-7′
4′ 118.8 CH 7.77 (1H) d (7.8) H-6′
5′ 119.6 CH 7.29 (1H) t (7.8) H-7′
6′ 122.2 CH 7.34 (1H) t (7.8) H-4′
7′ 111.2 CH 7.51 (1H) d (7.8) H-5′
7a′ 110.1 C H-4′, H-2′, H-6′

MeO 52.43 CH3 3.75 (3H) s
OH-2 2.79 (1H) br s
NH 8.42 (1H) br s

aThe chemical shifts are in δ values (ppm) from TMS. 2D 1H, 1H
(COSY) 13C, 1H (HSQC) NMR experiments delineated the
correlations of all the protons and the corresponding carbons.
bMultiplicities were assigned by DEPT spectrum.
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8.0 Hz, H-7′), 7.22 (1H, t, J = 8.0 Hz, H-6′), 7.16 (1H, t, J = 8.0 Hz,
H-5′), 7.11 (1H, br s, H-2′), 5.30 (1H, br t, J = 7.4, H-2), 3.72 (3H, s,
OMe), 3.34 (2H, m, H2-3), 2.11 (3H, s, MeCO); ESI MS (+) m/z 300
[M + K]+, 262 [M + H]+.
Leaf Puncture Assay. Young cork oak, holm oak, grapevines, and

hazelnut leaves were utilized for this assay. All compounds, except
tyrosol, and the papuline were assayed at 1.0 mg/mL. Compounds
were first dissolved in MeOH, and then a stock solution with sterile
distilled water was made. A droplet (20 μL) of test solution was
applied on the adaxial sides of leaves that had previously been needle
punctured. Droplets (20 μL) of MeOH in distilled water (4%) were
applied on leaves as control. Each treatment was repeated three times.
The leaves were kept in a moistened chamber to prevent the droplets
from drying. Leaves were observed daily and scored for symptoms
after 7 days. The effect of the toxins on the leaves was observed up to
10 days. Lesions were estimated using APS Assess 2.0 software
following the tutorials in the user’s manual.4 The lesion size was
expressed in mm2.
Tomato Cutting Assay. Tomato cuttings were taken from 21-day

old seedlings, and each compound was assayed at 0.05 and 0.5 mg/
mL. Cuttings were placed in the test solutions (3 mL) for 72 h and
then transferred to distilled water. Symptoms were visually evaluated
up to 7 days. MeOH in distilled water (1%) was used as negative
control.
Antifungal Assays. The crude ethyl acetate extract of D. cryptica

was preliminarily tested on a panel of different plant pathogens,
including seven fungal species (Alternaria alternata lycopersici, A.
brassicicola, Athelia rolfsii, Botrytis cinerea, Fusarium avenaceum, F.
graminearum, Lasiodiplodia mediterranea) and one oomycete (Phytoph-
thora cambivora), which have a great impact in both agricultural and
natural ecosystems. The sensitivity of all species to the extract was
evaluated on potato-dextrose agar and/or carrot agar medium (CA) as
inhibition of the mycelial radial growth. Mycelial plugs (6 mm
diameter) were cut from the margin of actively growing 4-day-old
colonies using a flamed cork borer. One plug was placed in the center
of a 9 cm diameter Petri dish with the mycelia in contact with the
medium. Then, 20 μL of the test solution at different concentrations
(1000, 500, and 100 μg/plug) was applied on the top of each plug.
The negative control was obtained by applying 20 μL of MeOH. The
positive controls were metalaxyl-M (mefenoxam; p.a. 43.88%;
Syngenta) for oomycete and PCNB (pentachloronitrobenzene) for
ascomycetes and basidiomycetes. The plates were incubated at 25 °C
in the dark until the target fungi used as negative control covered the
plate’s surface. Colony diameters were measured in two perpendicular
directions for all treatments. Each treatment consisted of three
replicates, and the experiment was repeated twice. Subsequently,
compounds 1−3 and papuline were tested for in vitro antifungal
activity against the pathogens that resulted more sensitive to the fungal
extract. These included P. cambivora and A. brassicicola. All compounds
were tested at 200, 100, and 50 μg/plug as reported above.
Computational Methods. Molecular mechanics and preliminary

density functional theory (DFT) calculations were run with Spartan16
(Wave Function, Inc., Irvine CA, 2017), with standard parameters and
convergence criteria. DFT and time-dependent (TD) DFT calcu-
lations were run with Gaussian165 with default grids and convergence
criteria. Conformational searches were run with the Monte Carlo
algorithm implemented in Spartan16 using Merck molecular force field
(MMFF). The conformers thus obtained were optimized with DFT
first at the ωB97X-D/6-31G(d) level and then at the ωB97X-D/6-
311+G(d,p) level. Final optimizations were run at the same level,
including PCM solvent model for acetonitrile. TDDFT calculations
were run with several functionals (CAM-B3LYP, B3LYP, M06, PBE0)
and def2-TZVP or aug-cc-pVTZ basis set, including PCM solvent
model for acetonitrile. Average ECD spectra were computed by
weighting component ECD spectra with Boltzmann factors at 300 K
estimated from DFT internal energies. All conformers with population
>1% at 300 K were considered; these amounted to 4 conformers for 1,
8 for 2, and 7 for 3. ECD spectra were generated using the program
SpecDis,6 using dipole-length rotational strengths; the difference with
dipole-velocity values was negligible in all cases.

■ RESULTS AND DISCUSSION
Preliminary extraction experiments of the phytotoxic fungal
cultures filtrates were carried out with EtOAc at pH 5.8 (the
same of culture filtrates) and pH 4. As the higher phytotoxicity
was found testing the organic extract obtained at pH 4, this
latter procedure was adopted on large scale. Thus, the
corresponding EtOAc organic extract was purified, as reported
in details in the Materials and Methods section, yielding three
methyl 2-hydroxypropanoate derivatives all as amorphous solid
withstanding crystallization, named crypticins A−C, and tyrosol
(1−4, Figure 1). Their purity was ascertained by TLC carried

out on direct and reverse phase and using different solvent
mixtures and by 1H NMR spectra. The metabolites 1−4 were
obtained in the yields of 0.41, 0.34, 0.42, and 0.06 mg/L,
respectively. Although the structures of 1−3 were earlier
proposed,7−10 this is the first time that the suggested structures
have been confirmed by means of thorough structure
determination using NMR, HR ESIMS, chiroptical, and
computational methods, as described below.
Tyrosol (4) was identified by comparison of its physical and

spectroscopic (1H NMR and ESI MS: see spectra 25 and 26,
Supporting Information) data with those previously reported in
literature.11

The preliminary investigation of 1H and 13C NMR spectra of
crypticins A−C showed that they are closely related and
contain the same 3-substituted-2-hydroxy propanoate residue.
Crypticin A (1) had a molecular formula C10H12O3 as

deduced from its HR ESI-MS spectrum and consistent with five
hydrogen deficiencies. In particular, its 1H NMR and COSY
spectra (Table 1)3 showed the signals of an ABX system
appearing as a multiplet at δ 4.48 (H-2) and two double
doublets (J = 14.0 and 4.7 Hz and 14.0 and 6.9 Hz) at δ 3.16
and 2.99 (H2-3) together with a sharp and broad singlets of a
methoxy and a hydroxy groups (HO-C(2)) at δ 3.80 and 2.74.
The signals of a monosubstituted aromatic ring were also
observed, as expected, as a double doublet (J = 7.4 and 2.0 Hz)
(H-2′,6′), a triplet (J = 7.4 Hz) (H-3′,5′), and a triple doublet
(J = 7.4 and 2.0 Hz) (H-4′).12 These signals were in full
agreement with the absorption bands typical for hydroxy, ester
carbonyl, and aromatic groups observed in the IR spectrum13

and the absorption maximum observed in the UV spectrum.12

The correlations observed in the HSQC spectrum3 allowed us
to assign the signals resonating in the 13C NMR spectrum
(Table 1) at δ 129.5, 128.5, 126.9, 71.5, 52.4, and 40.6 to C-
2′,6′, C-3′,5′, C-4′, C-2, MeO, and C-3.14 In the HMBC
spectrum,3 the couplings of C-1′ at δ 136.1 with the H2-3, H-2,

Figure 1. Structure of crypticins A−C, tyrosol, papuline (1−5), and 2-
O-acetylcrypticin C (6).
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H-3′, and H-5′ were observed in addition with those expected
for the ester carbonyl at δ 174.6 with H2-3 and H-2.
Consequently, the phenyl ring was positioned at C-3 of the
methyl ester propanoate, and all the chemical shifts of the
protons and the corresponding carbons of 1 were assigned and
reported in Table 1. These findings allowed us to formulate
crypticin A as methyl 2-hydroxy-3-phenylpropanoate (1).
The structure assigned to 1 was confirmed by all the other

correlations observed in HMBC spectrum and by the data of its
HR ESI MS spectrum. This latter showed the sodium cluster
[M + Na]+ at m/z 203.0678 and the ion generated from the
protonated molecular ion by loss of H2O [M+H−H2O]

+ at m/
z 163. Thus, crypticin A appeared to be the methyl ester of β-
phenyllactic acid, which was isolated several years ago as the
main phytotoxin produced by Pseudomonas syringae pv. pap-
ulans, the causal agent of apple blister spots, and named
papuline (5, Figure 1).15 Papuline was also prepared from the
commercially available (S)-2-hydroxy-3-phenylpropanoic
acid.15 However, when the optical rotation of crypticin A was
compared to that of papuline recorded in the same conditions,
they showed about the same absolute value but opposite sign.
Thus, crypticin A appeared to be the enantiomer of papuline.
This was definitely confirmed by comparing their ECD spectra
(Figure 2) recorded in the same conditions, which showed a

mirror image relationship, as well as comparing the ECD
spectrum of 1 with literature.16 The ECD spectrum of (+)-(R)-
1 was also reproduced by quantum mechanical calculations
using a consolidated procedure17 based on a conformational
search with molecular mechanics, geometry optimizations with
DFT, and excited state calculations with TDDFT.18 In the
current case, geometry optimizations were run at the ωB97X-
D/6-311+G(d,p) level, including a polarizable continuum
solvent model (PCM) for acetonitrile, and TDDFT calculations
were run with various functionals (B3LYP, CAM-B3LYP, M06,
PBE0), the def2TZVP basis set, and PCM for acetonitrile. It
must be stressed that simulating the ECD spectrum of simple
chiral benzene compounds with good accuracy in the whole
wavelength range is far from trivial and requires ad hoc choice
of the functional.17 Moreover, the typical vibronic pattern of
the 1Lb band would need vibronic ECD calculations to be

reproduced, which is outside the scope of the present
manuscript.17

In Figure 2, the ECD spectrum calculated on (R)-1 at
B3LYP/def2TZVP/PCM level is reported, showing a good
agreement with that recorded for crypticin A in the 185−250
nm range. Thus, crypticin A was established as (+)-(R)-methyl
2-hydroxy-3-phenylpropanoate (1), isolated for the first time as
a metabolite of D. cryptica, and its complete spectroscopic
characterization was reported.
Crypticin A was previously isolated as 3-phenyllactic acid

methyl ester from branches and leaves of Ziziphi jujuba var.
spinosa, but no biological activities were reported.10

Crypticin B (2) had a molecular formula C10H12O4 as
deduced from its HR ESIMS spectrum and consistent with five
hydrogen deficiencies.
When its 1H and 13C NMR spectra (Table 1) were compared

to those of 1, it was obvious that the only difference between
crypticin A and B was the presence of a 4-hydroxy phenyl
residue as substituent at C-3 of methyl 2-hydroxypropanoate
residue of 2 instead of the phenyl group as observed in 1. In
fact, signals of the HC-4′ observed in 1 were absent and that of
a OH-C-4′ appeared in the 13C NMR spectrum at the typical
chemical shift value of δ 154.5,14 and a broad singlet of a
second hydroxy group resonated in its 1H NMR spectrum at δ
5.14.
Thus, also on the basis of coupling observed in the COSY,

HSQC, and HMBC spectra, the chemical shifts were assigned
to all the protons and corresponding carbons (Table 1), and 2
was formulated as methyl 2-hydroxy-3-(4-hydroxyphenyl)
propanoate.
This structure was confirmed by the data of its HR ESIMS

spectrum which showed the sodiated dimer form [2 M + Na]+

and sodium cluster [M + Na]+ at m/z 415 and 219.0624,
respectively. Also, the ion generated from its protonated
molecular ion by loss of H2O [M+H − H2O]

+ was recorded at
m/z 179.
Crypticin B appears to be identical to latifolicinin C isolated

from Isodon lophanthiodes var. graciliforus, a plant used in
Chinese folk medicine, together with other 12 polyphenols with
antioxidant and antibacterial activity.14 Latifolicinin C was also
previously isolated together with seven other metabolites from
the roots of Pulsatilla koreana, which is endemic in Korea and
widely used in traditional medicine for the treatment of several
diseases.8 Furthermore, latifolicinin C was identified by
comparison of its spectroscopic and physical data with those
previously reported when it was isolated from the fruit of
Cordia latifolia, a plant used in the folk medicine in the Indo-
Pak subcontinent, together with three closely related phenols.9

Zhou et al.7 reported an absolute R stereochemistry of the
chiral C-2 carbon for positive optical rotation, but no data were
shown to confirm this attribution. Instead, a recent Korean
patent reported negative optical rotation [α]D

25 −9.6 for
synthetic (S)-2.19

Therefore, there was the necessity to assign the absolute
configuration of crypticin B, which was accomplished by the
same approach mentioned above for compound 1. The ECD
spectrum of (−)-2 was recorded in acetonitrile and calculated
by the TDDFT method. The calculations run at B3LYP/
def2TZVP/PCM level reproduced satisfactorily the exper-
imental spectrum (Figure 3) below 250 nm, while the sign,
intensity, and position of the 1Lb band are incorrect. Neither
changing the functional (CAM-B3LYP, M06, PBE0) nor
increasing the basis set size to aug-cc-pVTZ solved this

Figure 2. Experimental ECD spectra of crypticin A (black lines) and
papuline (green line) measured in acetonitrile and calculated ECD
spectrum of (R)-1 at B3LYP/def2TZVP/PCM level as Boltzmann
average over four structures optimized at the ωB97X-D/6-311+G-
(d,p)/PCM level. Calculated spectrum plotted as sum of Gaussians
with 0.25 eV exponential half-width, scaled by a factor 5.
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inconsistency. Still, the agreement in the high-energy region of
the spectrum allowed us to assign the absolute configuration of
crypticin B as (−)-(S)-2. This is the same configuration
obtained for the synthetic latifolicinin C.19 The compound may
thus be established as (−)-(S)-2-hydroxy-3-(4-hydroxyphenyl)-
propanoate. It is noteworthy that co-occurring 1 and 2 have
different configuration at the corresponding chirality center, as
well as that (+)-(R)-1 and (−)-(S)-2 have ECD bands of the
same sign below 240 nm (Figures 2 and 3). This means that an
empirical comparison of ECD spectra would lead to assign the
wrong configuration of either of the two compounds. This fact
should not be surprising because of the different chromophoric
systems arising from OH substitution; for example, the ECD
spectra of L-phenylalanine and L-tyrosine are notoriously
different.20

Crypticin C had a molecular formula of C12H13NO3 deduced
from its HR ESI MS and consistent with seven hydrogen
deficiencies. The comparison of its 1H and 13C NMR spectra
(Table 2) with those of 1 showed that, as for 2, they differed
only for the substituent attached to the C-3 of the methyl 2-
hydroxy propanoate residue. In fact, the signals of the phenyl
residue observed in 1 were absent, and the signals of a 3-
substituted indole residue were instead observed. The broad
singlet of the NH group resonated at δ 8.24 together with the
signals of protonated indole ring HC-2′, HC-4′, HC-5′, HC-6′,
and HC-7′ assigned by the couplings observed in the COSY
and HSQC spectra at δ 7.42 (s)/123.1 (CH), 7.77 (d, J = 7.8
Hz)/118.8 (CH), 7.29 (t, J = 7.8 Hz)/119.6 (CH), 7.34 (t, J =
7.8 Hz)/122.2 (CH), and 7.51 (d, J = 7.8 Hz)/111.2 (CH).12,14

The indole quaternary carbons were assigned by the couplings
observed in the HMBC spectrum (Table 2) between C-3′ with
H2-3, H-3, H-4′, and H-2′, C-3a′ with H2-3, H-2′, and H-7′,
and C-7a′ with H-2′, H-4′, and H-6′. Thus, the signals at δ
127.3, 110.2, and 110.1 were assigned to C-3a′, C-3′, and C-7a′,
respectively.
These findings allowed us to formulate crypticin C as methyl

2-hydroxy-3-(1H-indol-3-yl)-propanoate. This structure was
supported by all the other couplings observed in the HMBC
spectrum (Table 2) and from the data of its HR ESI MS
spectrum. This latter showed the sodium cluster [M + Na]+

and protonated molecular ion [M + H]+ at m/z 242.0794 and
220, respectively.
Furthermore, the 2-O-acetyl derivative of crypticin C (6,

Figure 1) was also prepared by usual acetylation with pyridine
and acetic anhydride. The IR spectrum showed the significant
absence of hydroxyl group. The 1H NMR of 6 differed from
that of 3 for the expected downfield shift (Δδ 0.75) of H-2
observed as a broad triplet (J = 7.4 Hz) at δ 5.30 and for the
presence of the singlet at δ 2.11 due to the acetyl group. Its ESI
MS spectrum showed the potassium cluster [M + K]+ and
protonated molecular ion [M + H]+ at m/z 300 and 262,
respectively.
The reports on compound 3 as a natural and synthetic

compound are contradictory about the absolute configuration
(see below) therefore this latter was assigned by means of the
aforementioned ECD approach. The experimental ECD
spectrum of 3 measured in acetonitrile is compared in Figure
4 with that calculated with TDDFT method at the B3LYP/

def2TZVP/PCM level. Once again, the agreement is good
enough in the short-wavelength region to assign the absolute
configuration as (S)-(−)-3. In the long-wavelength region, a
poorer performance of TDDFT calculations is observed, which
was not improved by changing the functional (CAM-B3LYP,
M06).
Thus, crypticin C is for first time reported here as a fungal

phytotoxin. However, it was previously reported as methyl D-
indole-3-lactate produced by the phytopathogenic fungus
Peronophytora litchi, causing downy blight, a major disease of
lychee (Litchi chinensis Sonn.).21 However, Xie et al.21did not
report any physical or spectroscopic data of D-indole-3-lactate
or any biological activity, and only its absolute stereochemistry
was described.21 Successively, it was also isolated from branches
and leaves of Ziziphi jujuba var. spinosa together with the above
cited 3-phenyl lactic methyl ester.10 3 was also reported as a
synthetic intermediate for the total synthesis of several natural
compounds such as sattazolin,22 kurasoins A and B,23−25 and
(neo)oxaline.26 Furthermore, this compound could be an
intermediate of the biosynthetic pathway of indolactic acid
(IAA).27 Interestingly, the above literature is contradictory
about the absolute configuration, which is reported to be (S)-

Figure 3. Experimental ECD spectrum of crypticin B (black lines)
measured in acetonitrile and calculated ECD spectrum of (S)-2 at
B3LYP/def2TZVP/PCM level as Boltzmann average over eight
structures optimized at ωB97X-D/6-311+G(d,p)/PCM level. Calcu-
lated spectrum plotted as sum of Gaussians with 0.25 eV exponential
half-width, scaled by a factor 2.

Figure 4. Experimental ECD spectrum of crypticin C (black lines)
measured in acetonitrile and calculated ECD spectrum of (S)-3 at
B3LYP/def2TZVP/PCM level as Boltzmann average over seven
structures optimized at ωB97X-D/6-311+G(d,p)/PCM level. Calcu-
lated spectrum plotted as sum of Gaussians with 0.25 eV exponential
half-width, scaled by a factor 5 and red-shifted by 15 nm.
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(+) by Snyder et al.22 but (S)-(−) by Tsuchiya et al.,25

Sunazuka et al.,26 and Zhang et al.10 despite the fact that all
optical rotation data were recorded in chloroform although in
different concentrations. In particular, Snyder et al.22 reported
[α]D

25 +24.9 (c 0.05, chloroform) for (S) configuration, which
is at odds with our value of [α]D

25 −2.60 (c 0.58, chloroform)
and, more importantly, with our configurational assignment
(S)-(−) based on ECD results.
In conclusion, the structures of the three cypticins A−C (1−

3) were well supported by their physical and spectral data and
absolute configuration assignment. Their chemical and optical
purity were based on TLC and NMR experiments and on the
comparison of their optical rotations with those reported in
literature also deriving from enantioselective syntheses.
Two bioassays were used to investigate the phytotoxic

activity of crypticins A−C (1−3) and papuline. In the leaf-
puncture bioassay, the phytotoxicity was evaluated on cork oak,
grapevine, hazelnut, and holm oak leaves. None of these
compounds was active in this assay at the concentration of 1
mg/mL. In tomato cuttings bioassay, compound 3 and papuline
(5) were active. Stewing on stem and wilting symptoms were
observed at 0.5 and 0.05 mg/mL. None of the other
compounds caused any visible symptoms.
The fungal ethyl acetate extract was also screened for

antifungal and antioomycete activity in vitro against eight plant
pathogens, as reported in the Materials and Methods. These
include seven fungal species (A. alternata lycopersici, A.
brassicicola, A. rolfsii, B. cinerea, F. avenaceum, F. graminearum,
and L. mediterranea,) and one oomycete (P. cambivora). Among
the tested pathogens, P. cambivora and A. brassicicola were
shown to be sensitive to the fungal extract. In particular, the
mycelial growth of P. cambivora was completely inhibited at 500
μg/plug, whereas A. brassicicola was inhibited by 78% at the
same concentration. Compounds 1−3 and papuline were tested
against P. cambivora and A. brassicicola, the species resulted
more sensitive to the fungal extract at 200, 100, and 50 μg/plug.
Among them, crypticin C showed moderate activity against P.
cambivora (52% inhibition) at 200 μg/plug, whereas it weakly
inhibited A. brassicicola (19% inhibition). No activity was
shown by the other compounds at the highest concentration.
These results suggested that the S stereochemistry of the C-2

chiral carbon could to be an important feature to induce
phytotoxicity as well as the nature of the residue attached to C-
3. In fact, papuline and crypticin C, having a different
substituent at C-3 but the same S stereochemistry at C-2,
were phytotoxic, while the other two crypticins A and B, having
a similar residue attached to C-3 but opposite stereochemistry
at C-2, were inactive.
This study represents the first investigation of phytotoxic

secondary metabolites produced by D. cryptica, a new emerging
hazelnut pathogen in Italy. The EtOAc extract obtained from
liquid cultures of D. cryptica lead to isolation and character-
ization of three new derivatives of methyl 2-hydroxypropanoate
(crypticins A−C, 1−3) along with tyrosol. Among compounds
1−3, only 3 was found to be active on tomato cuttings. Tyrosol
was not tested in this study. However, it is a well-known fungal
metabolite produced by several pathogens such as D. seriata,28

Neofusicoccum australe,29 N. parvum,30 Alternaria tagetica,31 A.
brassicicola,32 and Ceratocystis spp.33 Its phytotoxic activity on
leaves of marigold (Tagetes erecta L.), pricklysida (Sida spinosa
L.), and lamb’s quarters (Chenopodium album L.) was
previously reported.31,34

To date, very few studies have investigated the ability of
hazelnut pathogens to produce in vitro bioactive secondary
metabolites. Pestalotiopsis guepinii, the causal agent of twig
blight on hazelnut in Turkey, has been shown to synthesize
lipophilic metabolites, some of which are phytotoxic.35−37

Additionally, extensive studies on several species of Botryos-
phaeriaceae, some of which were recently reported for the first
time as hazelnut pathogens by Linaldeddu et al.,2 have
highlighted the great potential of these fungi to produce in
vitro a wide range of secondary metabolites, exhibiting various
biological activities such as phytotoxic, cytotoxic, and
antimicrobial11,29,38−48 Further and extensive studies are
required to better understand the role played by these
compounds on the expression of disease symptoms and their
potential ecological impact.
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