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Abstract
While the chemistries of scent gland secretions from a few selected species of three families of Cyphophthalmi, namely Siro-
nidae, Pettalidae, and Stylocellidae, have already been reported and found to consist of complex blends of naphthoquinones 
and methyl ketones, nothing is known about the other families. We here report on the secretions of Metasiro savannahensis 
Clouse and Wheeler (Zootaxa 3814:177–201, 2014), a first representative of the family Neogoveidae. The secretions from 
males, females and one juvenile were extracted and analyzed by gas chromatography–mass spectrometry. Twenty-five com-
pounds were identified, all of which belong to the chemical classes of naphthoquinones and methyl ketones, confirming a 
hypothesized chemical uniformity of cyphophthalmid exudates. One major naphthoquinone compound, however, was new 
for cyphophthalmids and for arthropod exocrine secretions in general: a methyljuglone isomer, 6-methyljuglone (= 6-MJ; 
iupac name: 5-hydroxy-6-methyl-1,4-naphthoquinone), amounted for about 20% of the secretion and was eventually identified 
by synthesis. Hydroxy-naphthoquinones and their derivatives are known to possess a variety of antibiotic effects, probably 
enhancing the antimicrobial/antifungal potential of the Metasiro-secretion. Currently, without further data on neogoveids, 
the compound represents a chemical autapomorphy of M. savannahensis, and—just as the strange chloro-naphthoquinones 
of Sironidae and Pettalidae—adds to the repertoire of unusual naphthoquinone compounds across the Cyphophthalmi.
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Introduction

An important synapomorphic character of all harvestmen 
is the presence of so-called scent glands, which constitute 
the largest exocrine system of this arachnid order. Scent 
gland secretions are considered to be mainly for defense 

(e.g., Martens 1978; Holmberg 1986; Eisner et al. 2004: 
Machado et al. 2005), and their chemistry has been inves-
tigated since the 1950s, revealing a large array of unusual 
natural compounds, including rare quinones, ketones, and 
nitrogen-containing compounds (Gnaspini and Hara 2007; 
Raspotnig 2012). Most interestingly, compound profiles 
from scent glands are taxon specific and have emerged as a 
tool to trace the evolutionary history of secretion chemistry 
across Opiliones (e.g., Raspotnig et al. 2015, 2017).

The smallest suborder of Opiliones, comprising only 
about 200 named species (Kury 2013), is the leaf litter- and 
cave-dwelling Cyphophthalmi. These short-legged, mite-like 
opilionids possess the most conspicuous scent gland system 
of all harvestmen: scent gland openings are located on tuber-
cles, so-called ozophores, and secretions are administered to 
offenders by “leg dabbing”—a behavior which involves the 
transfer of secretion droplets from the top of ozophores to 
body parts of the aggressor by legs, mainly by the tip of leg 
II (Juberthie 1961).

The chemistry of two cyphophthalmid species of family 
Sironidae was initially investigated in 2005 and was found 
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to be surprisingly complex, comprising more than 20 com-
pounds, all of which belonged to the chemical classes of 
naphthoquinones and methyl ketones (Raspotnig et al. 2005). 
Among naphthoquinones, unusual chloro-naphthoquinones, 
at this time unique in the animal kingdom, were reported. 
Since then, only two further investigations, one on the chem-
istry of Stylocellidae (Jones et al. 2009) and a second one 
on the chemistry of Pettallidae (Raspotnig et al. 2012) have 
been conducted, both studies confirming the basic naph-
thoquinone/methyl ketone-organization of cyphophthalmid 
secretions, though in species-specific patterns. In total, the 
secretions of four species from three families, Sironidae, 
Stylocellidae, and Pettallidae, have been analyzed. Accord-
ing to current views on the internal systematics of Cyphoph-
thalmi, three further families are recognized: Troglosiro-
nidae (restricted to New Caledonia), Ogoveidae (Africa), 
and Neogoveidae (South America, eastern North America 
and West Africa) (e.g., Giribet et al. 2012; Fernandez et al. 
2017). The scent gland chemistry of these three families is 
still enigmatic.

We here report on the scent glands of a first representa-
tive of Neogoveidae, Metasiro savannahensis. Metasiro is 
the northern most neogoveid genus and is distributed in the 
southeastern United States.

Materials and methods

A leaf-litter sample containing five males, ten females 
and one juvenile of Metasiro savannahensis Clouse and 
Wheeler, 2014 was collected in Jasper County, South Caro-
lina USA, Kingfisher Pond, Savannah National Wildlife Ref-
uge (32.18923; − 81.08008) in January 2015 by R. Clouse 
and M. Galac. Specimens were extracted from the leaf litter 
by hand, and scent gland secretions were collected either by 
whole body extractions of single individuals or by soaking 
the secretion on filter paper pieces directly after its discharge 
from ozopores (in both cases, 100 µl methylene chloride was 
used; extraction time: 15 min). Aliquots of extracts (1.5 µl) 
were used for gas chromatographic–mass spectrometric 
analyses (GC–MS) (see Raspotnig et al. 2017 for details 
on GC–MS instruments and conditions). Retention indices 
(RIs) for an apolar GC-phase (a ZB-5MS column from Phe-
nomenex, Germany) were calculated according to Van den 
Dool and Kratz (1963), using an alkane standard  (C9–C36). 
A comparison of gaschromatographic secretion profiles by 
Bray–Curtis dissimilarity (non-metric multidimensional 
scaling [nMDS] and PERMANOVA) was performed in 
PAST 3.25.

As references to identify compounds, we used 
the already fully analyzed secretion of Cyphoph-
thalmus duricorius Joseph 1868 (Raspotnig et  al. 
2005). Authentic 7-methyljuglone (= 7-MJ; syn. 

5-hydroxy-7-methyl-1,4-naphthoquinone) was extracted 
from the leaves of different sundew cultivars (Drosera cap-
ensis and a D. aliciae cultivar), bought in a market garden 
in Graz, Austria. 6-Methyljuglone (= 6-MJ; syn. 5-hydroxy-
6-methyl-1,4-naphthoquinone) was synthesized according to 
a two-step procedure described by Mahapatra et al. (2007). 
Briefly, Friedel–Crafts type acylation of 4-chloro-2-methyl 
phenol with maleic anhydride in a molten eutectic mix-
ture of aluminium chloride and sodium chloride yielded 
8-chloro-5-hydroxy-6-methyl-1,4-naphthoquinone. Reduc-
tive de-chlorination mediated by tin(II) chloride and sub-
sequent oxidation by iron(III) chloride provided the desired 
compound. Plumbagin (from Plumbago indica) (= 2-meth-
yljuglone; syn. 5-hydroxy-2-methyl-1,4-naphthoquinone) 
as well as all reagents for 6-MJ-synthesis and a reference 
standard for 2-methoxy-1,4-naphthoquinone were purchased 
from Sigma (Vienna, Austria). NMR spectra for 7-MJ, 6-MJ, 
and plumbagin (1H, HSQC, HMBC) were recorded at the 
Institute of Pharmaceutical Sciences, University of Graz, 
Austria, using a 700 MHz Bruker Avance III spectrometer 
(supplement 1), and were found to be consistent with data 
from the literature (e.g., Mahapatra et al. 2007; Raj et al. 
2011). Scanning electron micrographs (SEMs) were pre-
pared at the Institute of Biology, Division of Plant Sciences, 
University of Graz, Austria, using a Philips XL30 ESEM at 
high vacuum mode and 20 kV accelerating voltage.

Results and discussion

Secretion chemistry and identification 
of 6‑methyljuglone (6‑MJ)

Twenty-five components of extracts were assigned to the 
scent gland secretion of Metasiro savannahensis (Fig. 1). 
All compounds were identified by comparison to authentic 
standards or by comparison to the already known secretion 
of Cyphophthalmus duricorius (see Table 1). Naphthoqui-
nones (5 compounds) as well as methyl ketones in a range 
from  C12 to  C15 (20 compounds) were present, making the 
extracts very similar to those of other cyphophthalmids 
(Table 2). One main constituent of the extracts (about 20% 
relative abundance), compound R1, was new for cyphoph-
thalmid secretions. Compound R1 showed a molecular ion 
at m/z 188 along with a mass spectrum consistent with a 
substituted naphthoquinone (1,4-NQ + 30 amu), thus indicat-
ing a methoxy-NQ or a hydroxymethyl-NQ.

Regarding methoxy-NQs, neither the mass spectrum nor 
the retention index of compound R1 (RI 1632) matched 
2-methoxy-1,4-naphthoquinone (RI 1782), which is the only 
known methoxy-NQ isomer from the secretions of opilio-
nids, namely from a stylocellid (Jones et al. 2009) and a few 
Dyspnoi (Raspotnig et al. 2010, 2014).
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Regarding hydroxymethyl-NQs, particularly plumbagin 
and 7-methyljuglone (7-MJ) have already been identified 
from arthropod exocrine secretions (e.g., Sakata et al. 1997). 
A comparison of compound R1 to plumbagin showed clear 
differences in both retention time/index (RI  1623plumbagin 
vs RI  1632R1) and mass spectrum (Fig. 2). According to 
Budzikiewicz et al. (1967), a major naphthoquinone frag-
mentation relies on the rupture of the C1–C2 and C4–C10 
bonds. If the benzene ring carries the OH-group but not the 
methyl group, as in plumbagin (Fig. 2a), this rupture leads to 
a fragment ion at m/z 120, followed by the loss of CO. In this 
case, a fragment at m/z 92 arises (hydroxybenzyne-ion). On 
the other hand, compounds with both substituents (methyl- 
and hydroxy-group) on the benzene ring produce fragment 
ions at m/z 134 and m/z 106, respectively (Fig. 2b, c). These 
latter ions at m/z 134 (fragment from rupture of C1–C2 and 
C4–C10 bonds) and m/z 106 (hydroxymethyl-benzyne ion) 
have been reported for the spectrum of 7-MJ (e.g., Sakata 
et al. 1997) and were also observed in compound R1.

To compare compound R1 to authentic 7-MJ, a natural 
source for 7-MJ, namely an extract from leaves of a Drosera 
cultivar was used (Baranyai et al. 2016). The EI-mass spec-
trum of Drosera-derived 7-MJ indicated high, but not full 

correspondence with compound R1, mainly differing in the 
intensity of the fragment ion at m/z 173 (M-15: about 10% 
relative intensity in 7-MJ; less than 1% in compound R1) 
(Fig. 2b, c). Moreover, the retention time of 7-MJ was found 
to be slightly longer than for compound R1 (RI  16407-MJ 
vs RI  1632R1). If co-injected with a Metasiro extract, 7-MJ 
resulted in a peak eluting after compound R1, being clearly 
separated from it.

To check the potential identity of compound R1 with 
another isomer of methyljuglone, a GC–MS comparison 
of synthetic 6-methyljuglone (6-MJ) to compound R1 was 
carried out, finally proving full chromatographic and spec-
tral correspondence (supplement 2). Compound R1 of the 
Metasiro extract was thus identified as 6-methyljuglone. The 
gas chromatographic separation of the three methyljuglones 
(plumbagin, 6-MJ, and 7-MJ) is shown in supplement 3.

Sex specificity

Male and female secretion profiles showed no differ-
ence when compared by nMDS (supplement 4) and by 
PERMANOVA (pseudoF = 1.768; npermutations = 9999; 
p(same) = 0.1589). The profile of the single juvenile specimen 
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Fig. 1  Characteristic gas chromatographic profile of the scent gland 
secretion of a specimen of Metasiro savannahensis (whole body 
extract of a male). The designation of peaks (compounds) by letters 
is in accordance with other publications on cyphophthalmid secre-

tion chemistry (see Table  2). The insert (a female specimen) shows 
the position of ozophores (arrows), which protrude laterally from the 
prosoma (“type 2 ozophores”), as well details of the right ozophore, 
including the slit-like, anterolaterally directed opening (arrow)
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exhibited the same blend of compounds as well. Due to the 
lesser quantity of the secretion in the juvenile, several com-
pounds (basically all minor components in adults) were 
detectable in traces only.

Direct sampling of secretion vs. whole body extracts

The whole bouquet of 25 components in the proportions 
described in Table 2 was consistently detected in whole 
body extracts of M. savannahensis. To test whether all of 
these components originated from the scent gland secretion 
of M. savannahensis, direct sampling of secretions on filter 
paper immediately after discharge from ozopores was car-
ried out. A comparison to whole body extracts revealed no 
qualitative differences. However, amounts of dabbed secre-
tions were generally lower, and minor compounds of whole 
body extracts were retrieved in filter extracts in traces only, 
making filter paper extracts—at least statistically—dis-
tinguishable from whole body extracts (pseudoF = 12.33; 

npermutations = 9999; p(same) = 0.0001) (supplement 4). From 
experiments with Cyphophthalmus duricorius, we know that 
the scent gland secretion is never extruded entirely, but in 
small portions, making many discharge events possible. It is 
indeed very difficult to experimentally empty glands com-
pletely by repeated mechanical disturbance; small amounts 
of secretion are always retained. Whole body extraction, 
however, leads to a full wash-out of secretion directly into 
the solvent, and therefore, is the method of choice when col-
lecting secretion from cyphophthalmids. Interestingly, body 
surface components such as long chain hydrocarbons—as 
present in many other arthropods—were never found in 
these extracts.

Biological role of 6‑MJ and occurrence in animals 
and plants

Regarding the biological significance of opilionid secre-
tions, a general defensive function has been postulated (see 

Table 1  Scent gland secretion compounds of Metasiro savannahensis: analytical data

RI (retention index), according to Van den Dool and Kratz (1963). Compounds in bold are major constituents of the secretion (details in 
Table 2); compounds marked with * occurred in traces only, giving no clean mass spectral data

Peak RI MS fragmentation (m/z) Compound

D 1395 184, 169, 126, 97, 85, 71, 58(100), 43 n-dodecan-2-one
E 1423 158(100), 130, 104, 102, 76 1,4-naphthoquinone
F 1460 198, 183, 158, 71, 58(100), 43 Tridecan-2-one isomer (II)
G 1473 196, 178, 138, 125, 110, 96, 81, 68, 67, 54(100), 43 6-tridecen-2-one
H 1482 196, 178, 138, 125, 111, 97, 96, 81, 71(100), 67, 55, 43 7-tridecen-2-one
H1 1485 196* Tridecenone-isomer
I 1487 194, 179, 151, 136, 125, 112, 107, 95, 93, 81, 79, 67(100), 55, 43 Tridecadienone
J 1498 198, 183, 140, 71, 58(100), 43 n-tridecan-2-one
J1? 1526 210* Tetradecenone isomer
L 1548 172(100), 157, 144, 118, 116, 115, 90, 89 6-methyl-1,4-naphthoquinone
M 1561 212, 197, 152, 96, 71, 58(100), 43 Tetradecan-2-one isomer (II)
N 1568 212, 194, 172, 150, 79, 71, 58(100), 43 Tetradecan-2-one isomer (III)
O 1573 210, 152, 125, 124, 111, 110, 96, 95, 82, 81, 68(100), 54, 43 Tetradecenone isomer (II)
P 1583 ? ?
Q 1598 212, 197, 169, 154, 96, 85, 71, 58(100), 43 n-tetradecan-2-one
R 1606 192/194* 4-chloro-1,2-naphthoquinone
R1 1632 189(M + 1; 12), 188(100), 187(22), 173(1), 160(12), 134(6), 132(12), 131(15), 

106(7), 105(4), 104(5), 103(4), 77(5)
5-hydroxy-6-methyl-1,4-naphthoquinone

S 1666 222, 207, 179, 164, 140, 121, 111, 109, 107, 95, 93, 91, 80, 79(100), 67, 55, 43 Pentadecadienone isomer
T 1671 220, 202, 188, 173, 162, 133, 119, 108, 106, 105, 93, 79, 77, 43 Pentadecatrienone isomer
U 1675 224, 209, 206, 166, 138, 125, 124, 111, 110, 109, 97, 96, 95, 82, 81, 71, 69, 68, 67, 

55, 54(100), 43
Pentadecenone isomer I

V 1680 224, 209, 206, 177, 166, 142, 125, 111, 96, 82, 81, 80, 79, 71, 69, 67, 58, 55, 54, 
43(100)

Pentadecenone isomer II

V1 1688 224, 209, 206, 166, 142, 125, 111, 97, 96, 95, 93, 82, 81, 71(100), 69, 58, 55, 43 Pentadecenone isomer III
W 1699 226, 211, 208, 183, 168, 127, 96, 85, 71, 59, 58(100), 43 n-pentadecan-2-one
X 1736 206(100)/208, 193, 191, 180, 178. 171, 143, 115, 90, 89 4-chloro-6-methyl-1,4-naphthoquinone
Y 1761 238* Hexadecenone-isomer
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introduction), and indeed experimentally been proven for 
a few species (Eisner et al. 2004). With respect to leg dab-
bing against offenders (Juberthie 1961), chemical defense 
by cyphophthalmid scent glands is obvious; interestingly, 
in species of Cyphophthalmus, the secretion also spreads 

all over the body, hence impregnating the body surface, a 
phenomenon that has been observed in Metasiro as well. 
Naphthoquinones have been ascribed antimicrobial proper-
ties for many decades (e.g., Thomson 1971), and thus it is 
likely that the secretion of Metasiro additionally provides 

Table 2  A comparison of the composition of scent gland secretions in cyphophthalmids hitherto investigated

The table shows the relative abundance of compounds in the secretions of five cyphophthalmid species (calculated in % peak area of whole 
secretion). Data for Cyphophthalmus duricorius and Siro exilis are compiled from Raspotnig et al. (2005), for Austropurcellia forsteri from Ras-
potnig et al. (2012), and for the undetermined stylocellid from Jones et al. (2009). * For A. forsteri, data on male and female secretions (m/f) are 
given separately
For comparability, the original assignment of compounds by letters as introduced in Raspotnig et al. (2005) was maintained. In some cases, an 
accurate assignment (e.g., for compound P) was not possible; such compounds are marked with “?”. For Metasiro, data rely on five males and 
ten females; the detailed data for C. duricorius, S. exilis and A. forsteri (including standard deviations) can be found in the original publications. 
Main compounds (defined as of > 5% relative abundance) are in bold

Peak Compound Cyphophthalmus 
duricorius (Siro-
nidae)

Siro exilis 
(Sironidae)

Undetermined stylo-
cellid (Stylocellidae)

Austropurcellia 
forsteri (Pettal-
lidae)*

Metasiro 
savannahensis 
(Neogoveidae)

A Acetophenone 0.45 – – – –
B1 Undecenone (isomer) – – – 0.15/0.23 –
B Undecan-2-one 9.71 0.57 – 1.34/1.12 –
C Dodecan-2-one (isomer) 1.66 0.34 – 0.43/0.34 –
D1 Dodecenone (isomer) – – – 0.14/0.37 –
D n-dodecan-2-one 2.01 0.89 – 3.58/5.80 0.6 ± 0.3
E 1,4-naphthoquinone 17.61 14.01 2 20.84/19.33 18.6 ± 2.8
F Tridecan-2-one isomer (II) 1.00 0.59 – 0.46/0.51 0.3 ± 0.1
G 6-tridecen-2-one 4.02 4.13 – 3.18/3.41 3.2 ± 0.9
H 7-tridecen-2-one 18.98 15.47 – 6.90/6.11 7.9 ± 2.6
H1 Tridecenone-isomer – – – – 0.1 ± 0.2
I Tridecadienone 3.27 0.65 – 3.70/6.26 0.3 ± 0.2
J n-tridecan-2-one 20.21 20.28 42 37.98/34.51 22.8 ± 2.8
J1? Tetradecenone isomer – – – – 0.1 ± 0.0
K Tetradecan-2-one (isomer I) 0.06 0.17 – 0.16/0.09 –
L 6-methyl-1,4-naphthoquinone 12.15 13.08 1 17.32/16.90 11.1 ± 1.3
M Tetradecan-2-one isomer (II) 0.52 1.15 8 1.29/1.67 0.9 ± 0.3
N Tetradecan-2-one isomer (III) 0.65 0.45 – 0.25/0.24 0.3 ± 0.1
O Tetradecenone isomer (II) 0.01 0.24 – – 0.3 ± 0.1
P Tetradecenone (?) 0.06 0.19 – 0.16/0.18 0.3 ± 0.1
Q n-tetradecan-2-one 0.05 1.10 9 0.97/0.95 1.24 ± 0.3
R 4-chloro-1,2-naphthoquinone 7.09 11.83 – 0.46/0.97 0.1 ± 0.0
R1 5-hydroxy-6-methyl-1,4-naphtho-

quinone
– – – – 18.5 ± 1.8

R2 6-methyl-1,4-naphthalenediol – – 1 – –
S Pentadecadienone isomer 0.04 3.00 8 – 3.4 ± 0.7
T Pentadecatrienone isomer 0.05 0.92 – – 0.8 ± 0.3
U Pentadecenone (isomer I) 0.03 4.57 7 0.21/0.40 3.8 ± 0.9
V Pentadecenone (isomer II ?) 0.01 0.37 3 (?) – 1.2 ± 0.3
V1 Pentadecenone (isomer III) – – 3 (?) – 0.5 ± 0.4
W n-pentadecan-2-one 0.01 1.68 14 0.24/0.21 2.2 ± 0.8
X 4-chloro-6-methyl-1,4-naphthoqui-

none
0.36 4.30 – 0.24/0.92 1.4 ± 0.8

Y Hexadecenone-isomer – – – – 0.1 ± 0.0
Z 2-methoxy-1,4-naphthoquinone – – 3 – –
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broad protection against bacteria and fungi. This latter func-
tion may be of uppermost importance when inhabiting a 
microorganism-rich habitat such as the deep layers of leaf 
litter.

Generally, naphthoquinones are not as widespread as 
other defensive compounds in arthropods: apart from opil-
ionids, only some beetles and some millipedes are known 
to produce naphthoquinonic components (Blum 1981; 
Dettner 1993; Shear 2015). Hydroxy-naphthoquinones 
in animals are particularly scarce. Compounds such as 
juglone (5-hydroxy-1,4-naphthoquinone), plumbagin, and 
7-MJ are well known from different plants, mainly from 

Juglans, Plumbago, Euclea, Diospyros and Drosera (e.g., 
Babula et al. 2009), where these are known to exert allelo-
pathic effects. In animals, there are reports for juglone, 
plumbagin and 7-MJ from the defensive secretions of 
some chrysomelid larvae (Matsuda and Sugawara 1980), 
phlaeothripine Thysanoptera (Suzuki et al. 1995, 2004) 
and from an uropodine mite (Sakata et al. 1997). To the 
best of our knowledge, 6-MJ has not been reported from 
any animal source yet. From the plant Euclea natalensis, 
6-MJ has been described in the context of HIV-1 reverse 
transcriptase inhibition (Tshikalange et al. 2007).

(a)

(b)

(c)

Fig. 2  Mass spectra of naturally occurring methyljuglones and their distinguishing features: (a) plumbagin (2-methyljuglone) from Plumbago 
indica; (b) 7-methyljuglone from a Drosera aliciae cultivar; (c) 6-methyljuglone (compound R1) from Metasiro savannahensis 
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For juglone, plumbagin and 7-MJ, a number of antibiotic 
properties have already been reported, including antigermi-
nation, antibacterial, antifungal and general cytotoxic activi-
ties (Khan et al. 1978; Spencer et al. 1986; Didry et al. 1994; 
Rahalison et al. 1994; Inbaraj and Chignell 2004). Regarding 
6-MJ in the secretion of Metasiro in particular, consistent 
defensive and antibiotic roles are supposed. Initial studies 
with the synthetic compound proved antibacterial activity 
against Mycobacterium tuberculosis (Mahapatra et al. 2007) 
and cytotoxicity against several cancer cell lines (Kishore 
et al. 2014).

Chemosystematic considerations

Metasiro savannahensisis the fifth species of Cyphophthalmi 
and the first of the family Neogoveide that has chemically 
been investigated. In total, 33 components have so far been 
identified from cyphophthalmid secretions. The secretion of 
Metasiro resembles the chemistry known from Sironidae, 
Stylocellidae and Pettalidae with respect to its general organ-
ization into naphthoquinones and methyl ketones. However, 
the naphthoquinone content in Metasiro is relatively high, 
clearly dominating the secretion. In contrast to Sironidae, 
but like in Pettalidae and Stylocellidae, chloro-naphtho-
quinones do not contribute much to this naphthoquinone-
fraction (Raspotnig et al. 2005, 2012; Jones et al. 2009). 
A comparison of secretions from all five species hitherto 
analyzed is shown in Table 2.

Cyphophthalmids are considered the sister group to the 
remaining Opiliones (i.e., the suborders Eupnoi, Dyspnoi, 
and Laniatores). Interestingly, many cyphophthalmid com-
pounds can be retrieved in the exudates of other harvestmen 
suborders, and thus such compounds are perhaps symplesio-
morphies of all harvestmen, possibly reflecting an ancestral 
character state of opilionid secretions. This may be the case 
with some naphthoquinones, such as 1,4-naphthoquinone 
and 6-methyl-1,4-naphthoquinone, which are also found in 
phalangiid Eupnoi and nemastomatid Dyspnoi (e.g., Wiemer 
et al. 1978; Raspotnig et al. 2010, 2014). Even the unusual 
chloro-naphthoquinones—originally considered an auta-
pomorphy of cyphophthalmid secretions (Raspotnig et al. 
2005)—have since been detected in certain species of Dysp-
noi (e.g., Raspotnig et al. 2014). Only 6-MJ, as here iden-
tified from M. savannahensisis, has not yet been found in 
any other opilionid. Whether it represents an autapomorphy 
of Metasiro, or whether it characterizes further neogoveids 
or even other cyphophthalmids, remains unknown. Methyl 
ketones, on the other hand, may represent an autapomor-
phic character set in cyphophthalmid secretions. These 
compounds have been reported from all cyphophthalmid 
species so far analyzed, including Metasiro, but are not 
common in the other opilionid suborders. Schaider et al. 
(2018) recently hypothesized a common ancestry for methyl 

ketones of cyphophthalmids and acyclic compounds (mainly 
ethyl ketones) of many Eupnoi and Dyspnoi. This concept 
is intriguing, and indeed some evidence has since emerged 
(e.g., an intermediate methyl-/ethyl ketone chemistry in 
some dyspnoans) that supports this idea (Raspotnig et al. 
2014; Schaider et al. 2018).

For cyphophthalmid chemosystematics and chemot-
axonomy, the discovery of 6-MJ in Metasiro adds to the 
growing list of naphthoquinone derivatives in mite harvest-
men. These compounds may help to support relationships 
of cyphophthalmid families. According to Giribet et al. 
(2012), Pettalidae is sister to all other Cyphophthalmi, with 
Neogoveidae (together with Ogoveidae and Troglosironidae) 
as sister to Sironidae + Stylocellidae. Fernandez et al. (2017) 
also found an early divergence of Pettallidae, but then Siro-
nidae + Neogoveidae as sister to Stylocellidae. In either of 
these scenarios, both the well-known opilionid naphthoqui-
nones (1,4-naphthoquinone and 6-methyl-1,4-naphthoqui-
none) and the chloro-naphthoquinones appear to be ancestral 
in cyphophthalmids. 1,4-Naphthoquinone and 6-methyl-
1,4-naphthoquinone represent major compounds in all spe-
cies analyzed, whereas chloro-naphthoquinones—according 
to a single study by Jones et al. (2009)—may be lacking 
in stylocellids. This lack, however, may be interpreted as a 
regression. 6-MJ, in an evolutionary context, certainly repre-
sents a derivative cyphophthalmid naphthoquinone. If found 
in other neogoveids and possibly other families, 6-MJ may 
be considered a valuable synapomorphic character in a clade 
of derived cyphophthalmid taxa.

Acknowledgements Open access funding provided by Austrian Sci-
ence Fund (FWF). This study was supported by the Austrian Science 
Fund (FWF), project number P29699-B25. We thank Dr. Madeline 
Galac for collecting assistance and Dr. Christian Berg for the determi-
nation of the Drosera aliciae cultivar. We further thank Dr. Olaf Kunert 
for providing access to NMR as well as Dr. Edith Stabentheiner who 
kindly assisted in taking the scanning electron microscopic pictures.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Babula P, Adam V, Havel L, Kizek R (2009) Noteworthy secondary 
metabolites naphthoquinones—their occurrence, pharmacological 
properties and analysis. Curr Pharma Anal 5:47–68

Baranyai B, Bäcker C, Reich C, Lindequist U (2016) The production of 
7-methyljuglone, plumbagin and quercetin in wild and cultivated 
Drosera rotundifolia and Drosera intermedia. Mires and Peat 
18:19. https ://doi.org/10.19189 /map.2016.omb.228

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.19189/map.2016.omb.228


196 G. Raspotnig et al.

1 3

Blum MS (1981) Chemical defenses of arthropods. Academic Press, 
New York

Budzikiewicz H, Djerassi C, Williams DH (1967) Mass spectrometry 
of organic compounds. Holden-Day Inc., San Francisco

Clouse RM, Wheeler WC (2014) Descriptions of two new, cryptic 
species of Metasiro (Arachnida: Opiliones: Cyphophthalmi: 
Neogoveidae) from South Carolina, USA, including a discussion 
of mitochondrial mutation rates. Zootaxa 3814:177–201. https ://
doi.org/10.11646 /zoota xa.3814.2.2

Dettner K (1993) Dabbing and shooting of benzo- and naphthoquinone 
secretions: defensive strategies of bark-inhabiting aleocharine 
(Col.: staphylinidae) and tenebrionid (Col.: Tenebrionidae) beetle 
larvae. J Chem Ecol 19:1337–1354

Didry N, Dubreuil L, Pinkas M (1994) Activity of anthraquinonic 
and naphthoquinonic compounds on oral bacteria. Pharmazie 
49:681–683

Eisner T, Rossini C, Gonzalez A, Eisner M (2004) Chemical defense of 
an opilionid (Acanthopachylus aculeatus). J Exp Biol 207:1313–
1321. https ://doi.org/10.1242/jeb.00849 

Fernandez R, Sharma PP, Tourinho AL, Giribet G (2017) The Opil-
iones tree of life: shedding light on harvestmen relationships 
through transcriptomics. Proc R Soc B 284:20162340. https ://
doi.org/10.1098/rspb.2016.2340

Giribet G, Sharma PP, Benavides LR, Boyer SL, Clouse RM, de Bivort 
BL, Dimitrov D, Kawauchi GY, Murienne J, Schwendinger PJ 
(2012) Evolutionary and biogeographical history of an ancient and 
global group of arachnids (Arachnida: Opiliones: Cyphophthalmi) 
with a new taxonomic arrangement. Biol J Linn Soc 105:92–130. 
https ://doi.org/10.1111/j.1095-8312.2011.01774 .x

Gnaspini P, Hara MR (2007) Defense mechanisms. In: Pinto-da-Rocha 
R, Machado G, Giribet G (eds) Harvestmen—the biology of opil-
iones. Harvard University Press, Cambridge, pp 374–399

Holmberg RG (1986) The scent glands of Opiliones: a review of their 
function. In: Eberhard WG, Lubin YD, Robinson BC (eds) Pro-
ceedings of the 9th international congress of arachnology Panama 
1983. Smithsonian Institution Press, Washington, pp 131–133

Inbaraj JJ, Chignell CF (2004) Cytotoxic action of juglone and plum-
bagin: a mechanistic study using HaCaT kerationcytes. Chem Res 
Toxicol 17:55–62. https ://doi.org/10.1021/tx034 132s

Jones TH, Shear WA, Giribert G (2009) The chemical defenses of a sty-
locellid (Arachnida, Opiliones, Stylocellidae) from Sulawesi with 
comparisons to other Cyphophthalmi. J Arachnol 37:147–150

Joseph G (1868) Cyphophthalmus duricorius, eine neue Arachniden-
Gattung au seiner neuen Familie der Arthrogastren-Ordnung 
entdeckt in der Lueger Grotte in Krain. Berliner Entomolog 
Zeitschr 12:241–250

Juberthie C (1961) Structure des glandes odorantes et modalites 
d’utilisation de leur secretion chez deux opilions cyphophthalmes. 
Bull Soc Zool France 86:106–116

Khan MR, Mutasa SL, Ndaaljo G, Wevers H, Sawhney AN (1978) 
Antibiotic action of constituents of root bark of Euclea natalensis. 
Pak J Sci Ind Res 21:197–199

Kishore N, Binneman B, Mahapatra A, van de Venter M, du Plessis-
Stoman D, Boukes G, Houghton P, Meyer JJM, Lall N (2014) 
Cytotoxicity of synthesized 1,4-naphthoquinone analogues on 
selected human cancer cell lines. Bioog Med Chem 22:5013–
5019. https ://doi.org/10.1016/j.bmc.2014.06.013

Kury AB (2013) Order opiliones sundevall, 1833. Zootaxa 3703:27–33. 
https ://doi.org/10.11646 /zoota xa.3703.1.7

Machado G, Carrera PC, Pomini AM, Marsaioli AJ (2005) Chemical 
defense in harvestmen (Arachnida, Opiliones): do benzoquinone 
secretions deter invertebrate and vertebrate predators? J Chem 
Ecol 31:2519–2539. https ://doi.org/10.1007/s1088 6-005-7611-0

Mahapatra A, Mativandlela SPN, Binneman B, Fourie PB, Hamil-
ton CJ, Meyer JJM, von der Kooy F, Houghton P, Lall N (2007) 
Activity of 7-methyljuglone derivatives against Mycobacterium 

tuberculosis and as subversive substrates for mycothiol disulfide 
reductase. Bioorg Med Chem 15:7638–7646. https ://doi.
org/10.1016/j.bmc.2007.08.064

Martens J (1978) Spinnentiere, Arachnida. Weberknechte, Opiliones. 
Die Tierwelt Deutschlands 64. Teil. Gustav Fischer, Jena

Matsuda K, Sugawara F (1980) Defensive secretion of chrysomelid 
larvae Chrysomela vigintipunctata costella (Marseul), C. populi 
L. and Gastrolina depressa Baly (Coleoptera: Chrysomelidae). 
Appl Entomol Zool 15:316–320

Rahalison L, Hamburger M, Monod M, Frenk E, Hostettmann K (1994) 
Antifungal tests in phytochemical investigations: comparison of 
bioautographic methods using phytopathogenic and human patho-
genic fungi. Planta Med 60:41–44

Raj G, Kurup R, Hussain AA, Baby S (2011) Distribution of naph-
thoquinones, plumbagin, droserone, and 5-O-methyl droserone 
in chitin-induced and uninduced Nepenthes khasiana: molecu-
lar events in prey capture. J Exp Bot 62:5429–5436. https ://doi.
org/10.1093/jxb/err21 9

Raspotnig G (2012) Scent gland chemistry and chemosystematics in 
harvestmen. Biol Serbica 34:5–18

Raspotnig G, Fauler G, Leis M, Leis HJ (2005) Chemical profiles of 
scent gland secretions in the cyphophthalmid opilionid harvest-
men, Siro duricorius and S. exilis. J Chem Ecol. 31:1353–1368. 
https ://doi.org/10.1007/s1088 6-005-5291-4

Raspotnig G, Leutgeb V, Schaider M, Komposch C (2010) Naphtho-
quinones and anthraquinones from scent glands of a dyspnoid 
harvestman, Paranemastoma quadripunctatum. J Chem Ecol 
36:158–162. https ://doi.org/10.1007/s1088 6-010-9745-y

Raspotnig G, Schwab J, Karaman I (2012) High conservatism in the 
composition of scent gland secretions in cyphophthalmid harvest-
men: evidence from Pettalidae. J Chem Ecol 38:437–440. https ://
doi.org/10.1007/s1088 6-012-0108-8

Raspotnig G, Schaider M, Stabentheiner E, Leis HJ, Karaman I (2014) 
On the enigmatic scent glands of dyspnoan harvestmen (Arach-
nida, Opiliones): first evidence for the production of volatile secre-
tions. Chemoecology 24:43–55. https ://doi.org/10.1007/s0004 
9-014-0146-5

Raspotnig G, Bodner M, Schäffer S, Koblmüller S, Schönhofer A, Kar-
aman I (2015) Chemosystematics in the Opiliones (Arachnida): 
a comment on the evolutionary history of alkylphenols and ben-
zoquinones in the scent gland secretions of Laniatores. Cladistics 
31:202–209. https ://doi.org/10.1111/cla.12079 

Raspotnig G, Schaider M, Föttinger P, Schönhofer A (2017) A model 
for phylogenetic chemosystematics: evolutionary history of qui-
nones in the scent gland secretions of harvestmen. Front Ecol Evol 
5:139. https ://doi.org/10.3389/fevo.2017.00139 

Sakata T, Hiramatsu N, Ishikawa K, Kuwahara Y (1997) Chemical 
ecology of mesostigmatid mites. I. Identification of hydroxym-
ethylnaphthoquinones from Uroactinia hirschmanni Hiramatsu 
(Mesostigmata: Uropodidae). App Entomol Zool 32:57–61

Schaider M, Novak T, Komposch C, Leis HJ, Raspotnig G (2018) 
Methyl-ketones in the scent glands of Opiliones: a chemical 
trait of Cyphophthalmi retrieved in the dyspnoan Nemastoma 
triste. Chemoecology 28:61–67. https ://doi.org/10.1007/s0004 
9-018-0257-5

Shear WA (2015) The chemical defenses of millipedes (Diplopoda): 
biochemistry, physiology and ecology. Biochem Sys Ecol 61:78–
117. https ://doi.org/10.1016/j.bse.2015.04.033

Spencer GF, Tjarks LW, England RE, Seest EP (1986) The effect of 
naturally occurring naphthoquinones on velvetleaf (Abutilon theo-
phrasti) germination. J Nat Prod 49:530–533

Suzuki T, Haga K, Kataoka M, Tsutsumi T, Nakano Y, Matsuyama 
S, Kuwahara Y (1995) Secretion of thrips. VIII. Secretions of 
the two Ponticulothrips species (Thysanoptera: Phlaeothripidae). 
Appl Entomol Zool 30:509–519

https://doi.org/10.11646/zootaxa.3814.2.2
https://doi.org/10.11646/zootaxa.3814.2.2
https://doi.org/10.1242/jeb.00849
https://doi.org/10.1098/rspb.2016.2340
https://doi.org/10.1098/rspb.2016.2340
https://doi.org/10.1111/j.1095-8312.2011.01774.x
https://doi.org/10.1021/tx034132s
https://doi.org/10.1016/j.bmc.2014.06.013
https://doi.org/10.11646/zootaxa.3703.1.7
https://doi.org/10.1007/s10886-005-7611-0
https://doi.org/10.1016/j.bmc.2007.08.064
https://doi.org/10.1016/j.bmc.2007.08.064
https://doi.org/10.1093/jxb/err219
https://doi.org/10.1093/jxb/err219
https://doi.org/10.1007/s10886-005-5291-4
https://doi.org/10.1007/s10886-010-9745-y
https://doi.org/10.1007/s10886-012-0108-8
https://doi.org/10.1007/s10886-012-0108-8
https://doi.org/10.1007/s00049-014-0146-5
https://doi.org/10.1007/s00049-014-0146-5
https://doi.org/10.1111/cla.12079
https://doi.org/10.3389/fevo.2017.00139
https://doi.org/10.1007/s00049-018-0257-5
https://doi.org/10.1007/s00049-018-0257-5
https://doi.org/10.1016/j.bse.2015.04.033


197The scent gland chemistry of neogoveid cyphophthalmids (Opiliones): an unusual methyljuglone…

1 3

Suzuki T, Haga K, Tsutsumi T, Matsuyama S (2004) Analysis of anal 
secretions from phlaeothripine thrips. J Chem Ecol 30:409–423

Thomson RH (1971) Naturally occurring quinones, 2nd edn. Academic 
Press, London, New York

Tshikalange TE, Lall N, Meyer JJM, Mahapatra A (2007) In vitro 
HIV-1 reverse transcriptase inhibitory activity of naphthoquinones 
and derivatives from Euclea natalensis. S Afr J Bot 73:339

Van den Dool H, Kratz PD (1963) A generalization of the retention 
index system including linear temperature programmed gas-liquid 
partition chromatography. J Chromatography 11:463–471

Wiemer DF, Hicks K, Meinwald J, Eisner T (1978) Naphthoquinones 
in the defensive secretion of an opilionid. Experientia 34:969–970


	The scent gland chemistry of neogoveid cyphophthalmids (Opiliones): an unusual methyljuglone from Metasiro savannahensis
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Secretion chemistry and identification of 6-methyljuglone (6-MJ)
	Sex specificity
	Direct sampling of secretion vs. whole body extracts
	Biological role of 6-MJ and occurrence in animals and plants
	Chemosystematic considerations

	Acknowledgements 
	References




