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The scent glands of harvestmen (Opiliones) produce secretions of taxon-specific composition. One class of compounds, assumed to be a key group in opilionid chemosystematics and prevalent among sclerosomatid Eupnoi, was termed “sclerosomatid compounds” (SCs). Known compounds of this group comprise acyclic 4-methyl-branched ethyl-ketones and -alcohols as well as 2,4-dimethyl-branched primary alcohols and aldehydes, originally described from several species of North American Leiobuninae. We analyzed the scent gland secretions of Nelima ssp. (Sclerosomatidae, Leiobuninae) from two continents by gas chromatography-mass spectrometry, NMR, stereoselective synthesis, and chiral chromatography. We found a surprising chemical dichotomy: while North American N. paesserli produced typical acyclic SCs such as (E)-4-methyl-4-hexen-3-one, the secretions of European Nelima species exhibited a mixture of aromatic and aliphatic compounds, namely (R)-2-methyl-1-phenyl-pentan-3-one (MPP), 4-phenyl-2-butanone (PB), 2-phenylacetamide (PA), as well as (2R,4R)-2,4-dimethylhexanoic acid (DHA), all of which are new for the secretions of harvestmen. Remarkably, in N. sempronii, the secretions of juveniles (containing PB) differed from the secretions of adults (containing MPP and DHA). Though the chemistry of European Nelima species clearly diverged at first sight, all compounds detected either possess specific chemical motifs that allow an assignment to the class of SCs or appear to be biochemically/ontogenetically connected to SC-components. Thus, we here add novel compounds to the pool of SCs along with an extension of the definition of SCs to include aromatic compounds with SC-motifs. Furthermore, we describe a first case of juvenile-adult polymorphism for the exocrine secretions of harvestmen and provide a scheme of how secretions are regenerated.
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Introduction

Scent gland secretions of harvestmen (Arachnida: Opiliones), discharged from paired prosomal glands, serve a variety of functions, including defense against predators, antimicrobial protection and possibly also intraspecific communication (Martens, 1978; Holmberg, 1986; Machado et al., 2002; Schaider and Raspotnig, 2009). The secretions represent a phylogenetically old pool of characters, with an evolutionary history of several hundred millions of years (e.g., Garwood et al., 2014). Originating from a probably uniform chemistry of a hypothetical harvestman ancestor, the chemistry of scent glands has enormously diversified paralleling the diversification of harvestmen into different lineages and taxa (e.g., Gnaspini and Hara, 2007; Raspotnig, 2012). In extant harvestmen, scent gland secretions appear to be highly specific, and reflect the relations between taxa in a tree-like “chemophylogeny” (e.g., Raspotnig et al., 2015b,2017). In a nutshell, chemical classes in harvestmen scent gland exudates include naphthoquinones (Cyphophthalmi, and some Eupnoi and Dyspnoi), nitrogen-containing compounds (insidiatorean Laniatores), phenolics (some insidiatorean and many grassatorean Laniatores), benzoquinones (gonyleptoid Laniatores but also some Eupnoi), and various acyclic components.

The latter, i.e., acycles and their derivatives, represent the most heterogenous chemical class in the secretions of Opiliones, comprising methyl-ketones (Cyphophthalmi and some Dyspnoi), ethyl-ketones, alcohols and aldehydes (sclerosomatid Eupnoi), acids (gagrelline Sclerosomatidae and sporadically in Eupnoi), and lactones (some phalangiid Eupnoi). An overview on these compounds and their occurrence is given in Table 1.


TABLE 1    Acyclic compounds and their derivatives in the scent gland secretions of harvestmen.
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Particularly among sclerosomatid Eupnoi, a distinct group of open-chain compounds – so-called “sclerosomatid compounds” (SCs) (sensu Raspotnig, 2012) – appears to be prevalent: SCs were originally characterized from a lineage of North American Leiobuninae (e.g., Blum and Edgar, 1971; Meinwald et al., 1971; Jones et al., 1976, 1977; Ekpa et al., 1985), but chemical investigations in Sclerosomatidae outside this lineage are completely missing. Consistently, the currently known pool of SCs is small, basically comprising a few ethyl-ketones and their corresponding alcohols, as well as unsaturated, 2,4-dimethyl-branched alcohols and aldehydes (Figure 1A). Thus, for the time being, both the actual taxonomic distribution of SCs across harvestmen and the delineation of the pool of SCs is unknown.
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FIGURE 1
The growing pool of sclerosomatid compounds (SCs): past and present. Compounds: (1) 4-methyl-hexan-3-one; (2) 4-methyl-hexan-3-ol; (3) (E)-4-methyl-4-hexen-3-one; (4) 4-methyl-heptan-3-one; (5) 4-methyl-heptan-3-ol; (6) (E)-4-methyl-4-hepten-3-one; (7) (E)-4-methyl-4-hepten-3-ol; (8) (E)-4,6-dimethyl-6-octen-3-one; (9) (E)-4,6-dimethyl-6-nonen-3-one; (10) (E,E)-2,4-dimethyl-2,4-hexadien-1-ol; (11) (E,E)-2,4-dimethyl-2,4-hexadienal; (12) (E,E)-2,4-dimethyl-2,4-heptadien-1-ol; (13) (E)-4-methyl-4-hexen-3-ol; (14) (R)-2-methyl-1-phenyl-pentan-3-one; (15) (2R,4R)-2,4-dimethylhexanoic acid; (16) 4-phenyl-butan-2-one; (17) 2-phenyl-acetamide. (A) SCs as known from literature (Ekpa et al., 1985). Compounds 1–12 are “classical” SCs sensu stricto as already described from North American Leiobunum (nine species) and Hadrobunus (one species). All compounds are acyclic components, arranged in two chemically distinguishable subgroups. Subgroup 1 shows the “4-methyl-3-one” or “4-methyl-3-ol” motif (in red). Subgroup 2 is characterized by the “2,4-dimethyl-1-ol” and “2,4-dimethyl-1-al” motif (in blue). Compounds of subgroup 2 can be converted into compounds of subgroup 1 by a formal addition of an ethyl group to the carbonyl C atom. (B) Novel SCs, as found in the present study for European Nelima spp. and N. paessleri from USA. Compound 13 [=peak A: (E)-4-methyl-4-hexen-3-ol] is a new SC, showing the typical chemistry of SCs of subgroup 1. It has been detected for the first time in N. paessleri and represents the corresponding alcohol to (E)-4-methyl-4-hexen-3-one (the main compound of N. paessleri secretion). Compound 14 (=peak E: 2-methyl-1-phenyl-3-butanone) from the adults of European N. sempronii is an aromatic ethyl-ketone, showing the “4-methyl-3-one” motif of SCs of subgroup 1 in its side chain (in red). Compound 15 [=peak C: (2R,4R)-2,4-dimethylhexanoic acid], present in the adults of N. sempronii and N. narcisi, is considered a precursor to SCs of subgroup 2. Insertion of double bonds by dehydrogenation and reduction of the carboxyl group to an aldehyde or alcohol leads to SC compounds 10 and 11. Compound 16 (=peak D: 4-phenyl-butan-2-one) from the juveniles of N. sempronii and compound 17 (=peak F: 2-phenyl-acetamide) from the adults of N. narcisi are without SC motif, but may be biochemically connected to SCs: in N. sempronii, the replacement of 4-phenyl-butan-2-one by (2R)-2-methyl-1-phenyl-3-butanone occurs during maturation. For 4-phenyl-butan-2-one and 2-phenyl-acetamide, the classification with SCs is uncertain.


On the other hand, SCs have been considered potential key elements in harvestmen chemosystematics, presumably showing a much wider taxonomic distribution, probably also occurring outside North American Leiobuninae. Raspotnig (2012) speculated that these compounds might characterize at least the Sclerosomatidae as a whole, but similar open-chain compounds have also been detected in the secretions of Dyspnoi, Cyphophthalmi, and some Laniatores (Raspotnig et al., 2005b; Wouters et al., 2013; Shear et al., 2014). Thus, SCs may represent core structures linking several compound classes in harvestmen secretions or structures from which related compounds in other harvestmen lineages evolved (e.g., Schaider et al., 2018).

Here we address two goals: first, we aim to contribute to the delineation of the taxonomic distribution of SCs, in particular to what extent SCs characterize the Sclerosomatidae. Second, we want to expand the pool of SCs by investigating the gland chemistry of hitherto unstudied sclerosomatid taxa, as well as uncover possible biochemical connections of SCs to other classes of harvestmen gland chemistry.

We thus investigated the secretions of the hitherto chemically unstudied sclerosomatid genus Nelima (Roewer, 1910), comparing the chemistry of selected European species of Nelima (N. sempronii Szalay, 1951; N. narcisi Novak and Slana, 2003) to a North American species, N. paessleri (Roewer, 1910).



Material and methods


Collection of specimens

Twenty individuals of N. paessleri were collected in North America (California, Alameda County, Fire Trial, Berkeley) and sent alive to the Biological Institute of the University of Graz, Austria. One hundred and two individuals of N. sempronii were collected at different locations in Styria and Burgenland, both in Austria. In addition, seven individuals of N. narcisi were provided by a collaboration partner, Tone Novak (Maribor, Slovenia). Collection data are summarized in Table 2.


TABLE 2    Collection data.
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Extraction of secretion and analysis

Secretion was either collected on filter paper in the moment of discharge from ozopores or by individual whole-body extraction. The latter technique is well suited to quantitatively collect the secretions of small-sized individuals, and leads to secretion discharge directly into the solvent. In all cases, methylene chloride was used. Analyses of methylene chloride extracts were performed on two GC-MS systems (GC 2000/Voyager and Trace GC/DSQI, both from Thermo, Vienna), equipped with a 30-m ZB-5 capillary column (5%-95%-dimethylpolysiloxane) and a 30-m Agilent CycloSil-B column [30% heptakis (2,3-di-O-methyl-6-O-t-butyl dimethylsilyl)-ß-cyclodextrin in DB-1701)], respectively. MS parameters were: EI at 70 eV, ion source at 200 (DSQ) and 170°C (Voyager), interface at 310 (DSQ) and 245°C (Voyager). We used the following GC parameters and temperature programs: injector at 240°C (both instruments); temperature program 1 (Trace GC-DSQ with ZB-5): 50°C (1 min), with 10°C/min to 300°C; 5 min isotherm; temperature program 2 (GC 2000-Voyager with CycloSil-B column): 70°C (1 min), with 2°C/min to 180°C, with 10°C/min to 230°C, then 5 min isotherm. All NMR spectroscopic measurements were done with a Bruker Avance II 700 MHz spectrometer equipped with a cryo-probe for biological samples and the synthetic compounds, solvent was in all cases deuterated chloroform.



Reference compounds

Reference compounds such as racemic 2,4-dimethyl hexanoic acid, 4-phenyl-2-butanone and racemic 2-methyl-1-phenyl-pentan-3-one were purchased from Sigma, Vienna. 2-Phenylacetamide was from TCI Europe. (E)-4-methylhex-4-en-3-ol, (E)-4-methylhex-4-en-3-one, (R,S)/(R,R)- and (R,S)/(S,S)-2,4-dimethylhexanoic acid were synthesized as described below. For derivatization procedures (preparation of trimethylsilylesters), we used MSTFA [N-methyl-N-(trimethylsilyl)-trifluoro-acetamide in pyridine 2:1 containing 1% trimethylchlorosilane] from Sigma, Vienna. Retention indices (RIs) of compounds were calculated according to Van den Dool and Kratz (1963), using an alkane standard (C7–C36).



Syntheses

(E)-4-Methylhex-4-en-3-ol was synthesized similarly to a procedure already described (Hunt et al., 2013) via Grignard reaction with EtMgCl-solution (1M in THF). The alcohol was oxidized with activated MnO2 to the corresponding ketone, (E)-4-methylhex-4-en-3-one (Kamptmann and Brückner, 2013). (E)-2-Methyl-1-phenylpent-1-en-3-one was prepared according to Brenna et al. (2013), via an aldol condensation under basic conditions using benzaldehyde and 3-pentanone. In a following step, the reduction of this enone with baker’s yeast produced mainly the (S)-enantiomer of 2-methyl-1-phenylpentan-3-one (Kawai et al., 2001) (relation S/R was about 4/1).

The 2,4-dimethylhexanoic acids were prepared based on the method by Myers et al. (1997). (2R,4S)-2,4-Dimethylhexanoic acid resulted from stereoselective auxiliar guided alkylation of propionic anhydride with (S)-1-iodo-2-methylbutane and (+)-pseudoephedrine as an auxiliar followed by mild hydrolysis. Strong acidic conditions of the hydrolysis of the intermediate resulted in a 1:1 mixture of (2R,4S)-2,4-dimethylhexanoic acid and (2S,4S)-2,4-dimethylhexanoic acid. The mixture of (2R,4S)-2,4-dimethylhexanoic acid and (2R,4R)-2,4-dimethylhexanoic acid was prepared analogously from (±)-1-iodo-2-methylbutane and mild hydrolysis of the intermediate.




Results


Nelima paessleri: Compounds A [=(E)-4-methyl-4-hexen-3-ol] and B [=(E)-4-methyl-4-hexen-3-one]

Individual whole body extracts and extracts from secretion-loaded filter paper pieces showed a consistent chromatographic pattern of two early-eluting, volatile compounds A and B (Table 3). Compound B (RImeasured = 933) was the major compound (about 90% of the secretion), exhibiting a molecular ion (M+) at m/z 112, along with fragment ions at m/z 83 and 55 (base ion). This EI fragmentation pattern corresponded to an already known SC compound from a related harvestman, (E)-4-methyl-4-hexen-3-one from Leiobunum nigropalpi (Wood, 1868) (“L. nigripalpi” in Jones et al., 1977). Compound A (RImeasured = 903; about 10% of the secretion) showed a mass spectrum similar to compound B (Table 3), but with some major fragments shifted by two mass units (e.g., molecular ion at m/z 114 and base ion at m/z 85). This pattern indicated an alcohol analogous to the ketone (E)-4-methyl-4-hexen-3-one, possibly (E)-4-methyl-4-hexen-3-ol. We further observed the loss of a methyl group (m/z 99) and the loss of water (m/z 96) from the molecular ion. The fragment ions at m/z 85 (C5H9O+) and 59 (C3H7O+; weak) evidently represented the longer (C3–C7) and shorter fragment (C1–C3) from α-cleavage at both sides of C3.


TABLE 3    Gas chromatographic-mass spectrometric data to the scent gland secretion components of Nelima spp.

[image: Table 3]

For final identification of both compounds, reference standards for (E)-4-methyl-4-hexen-3-ol and (E)-4-methyl-4-hexen-3-one were synthesized, and fully matched the gas chromatographic and mass spectral data of extract compounds A and B, respectively. Since (E)-4-methyl-4-hexen-3-ol was a minor compound (and possibly an artifact arising from compound B), its stereochemistry (C3 is asymmetric) was not further investigated.



Nelima sempronii: Compounds C [=(2R,4R)-2,4-dimethylhexanoic acid], D [=4-phenyl-2-butanone], and E [=(2R)-2-methyl-1-phenyl-pentan-3-one]

The secretion of juvenile individuals showed a single peak only in the gas chromatograms, compound D (RImeasured = 1,247; Figure 2). The compound appeared to be aromatic (phenyl cation at m/z 77) with benzylic substituents (m/z 91) and a molecular ion at m/z 148 (Figure 3). A library search (NIST 05) indicated that this compound was 4-phenyl-2-butanone (PB) (=benzylacetone). The secretions of older juveniles (subadults) and adults showed that compound D was gradually replaced by compound E (RImeasured = 1,358) in adults (Figure 2). Subadults still showed both components (with amounts of D already being diminished), whereas compound D got completely lost in adults. Compound E of subadults/adults appeared to be aromatic as well (fragment ion at m/z 77), exhibiting a molecular ion at m/z 176 along with fragment ions at m/z 147, 119, 91, and 57. A library search (NIST 05) did not lead to reliable hits to identify this compound. Assuming an aromatic ethyl ketone with a methyl-branch next to the carbonyl carbon atom, we preliminarily proposed the structure of 2-methyl-1-phenyl-pentan-3-one (MPP; spectrum and interpretation in Figure 4).


[image: image]

FIGURE 2
Chromatographic profiles of European Nelima sempronii show unusual aromatic compounds 4-phenyl-2-butanone and 2-methyl-1-phenyl-pentan-3-one along with juvenile-adult polymorphism. Compounds: C [(2R,4R)-2,4-dimethylhexanoic acid); D (4-phenyl-2-butanone); E (2R)-2-methyl-1-phenyl-pentan-3-one)]. (i) 4-Phenyl-2-butanone (compound D) prevails in the secretions of juveniles, while 2-methyl-1-phenyl-pentan-3-one (compound E) lacks or is present in traces only. (ii) In subadults, 4-phenyl-2-butanone diminishes, while 2-methyl-1-phenyl-pentan-3-one increases. (iii) In the adults of N. sempronii, 4-phenyl-2-butanone has been completely replaced by 2-methyl-1-phenyl-pentan-3-one. Males and females show the same pattern. Adults generally show an additional, non-aromatic compound C [=(2R,4R)-2,4-dimethylhexanoic acid)].
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FIGURE 3
Mass spectral (EI) fragmentation of aromatic compound D (4-phenyl-2-butanone). Fragment ions from α-cleavage can be seen at m/z 43 and 133.



[image: image]

FIGURE 4
Mass spectral (EI) fragmentation of aromatic compound E [(2R)-2-methyl-1-phenyl-pentan-3-one]. Fragment ions from α-cleavage can be seen at m/z 57 and 147.


The identity of compounds D and E was finally confirmed by comparison to synthetic reference standards (for PB: RI = 1,247; for MPP: RI = 1,358). MPP contains a stereocenter at C2, and thus two enantiomers are possible. Correspondingly, the racemic MPP-reference standard showed two peaks by chiral chromatography, the later-eluting of which corresponded to compound E of our extracts. Using a synthetic 4:1 mixture of (S)-MPP:(R)-MPP as a reference, peak E was eventually identified as (R)-MPP (Figure 5).


[image: image]

FIGURE 5
Absolute configuration of 2-methyl-1-phenyl-pentan-3-one (MPP, compound E) in the extracts of Nelima sempronii. Identification of (2R)-2-methyl-1-phenyl-pentan-3-one (R-MPP) using a chiral ß-cyclodextrin-phase.


The secretions of adults also showed an early-eluting compound C (RImeasured = 1,104) which appeared to be 2,4-dimethylhexanoic acid (2,4-DHA), as indicated by the interpretation of its EI fragmentation pattern (Figure 6). 2,4-DHA is a chiral compound, possessing two stereocenters at C2 and C4, hypothetically leading to four possible stereoisomers (RR-2,4-DM; SS-2,4-DM; RS-2,4-DM; SR-2,4-DHA). An authentic racemic reference standard (i.e., containing all four stereoisomers) showed two peaks on a (non-chiral) apolar phase (at RI = 1,104 and 1,110), corresponding to two enantiomeric pairs of the compound. Compound C of our extracts corresponded to the earlier-eluting peak. Derivatization of the synthetic 2,4-DHA racemate to TMS-derivatives led to a peak-shift and produced two new, better separated peaks (RI = 1,148 and 1,156), with EI spectra characteristic of 2,4-DHA-TMS-esters (weak M+ at m/z 216; M-CH3 at m/z 201; McLafferty fragment at m/z 146; dimethylsilanol-ion at m/z 75; trimethylsilyl-ion at m/z 73). Chromatographically, the TMS-ester of compound C (RI = 1,148) again corresponded to the earlier-eluting peak. A comparison of the NMR data of compound C of our extract to data of synthetic 2,4-DHAs (Myers et al., 1997) suggested the presence of (S,S)- or/and (R,R)-2,4-DHA, but not (R,S)- nor (S,R)-2,4-DHA. In order to provide correct NMR resonance assignments for future reference and to finally uncover the absolute configuration of 2,4-DHA in our extracts, we used the following synthetic references: a mixture of (R,S)/(R,R)-2,4-DHA and a mixture of (R,S)/(S,S)-2,4-DHA, in total containing three stereoisomers of the compound (namely RS, RR, SS). All three stereoisomers were separable on the chiral phase used, with compound C corresponding to (R,R)-2,4-DHA (Figure 7).
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FIGURE 6
Mass spectral (EI) fragmentation of compound C [=(2R,4R)-2,4-dimethylhexanoic acid]. The base ion at m/z 74 arises from McLafferty rearrangement. The molecular ion (at m/z 144) is very weak, not clearly visible in the spectrum.
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FIGURE 7
Absolute configuration of 2,4-dimethylhexanoic acid (DHA, compound C) in the extracts of Nelima sempronii. Identification of (2R,4R)-2,4-dimethylhexanoic acid (2R,4R-DHA) using a chiral ß-cyclodextrin-phase.




Nelima narcisi: Compounds C [=(2R,4R)-2,4-dimethylhexanoic acid], D [=4-phenyl-2-butanone], and F (2-phenylacetamide)

The secretion of adult specimens of N. narcisi showed four different chromatographic profiles (Figure 8), namely (i) compound C only, or (ii) a mixture of C and D, or (iii) a mixture of C, D, and F, or (iv) a mixture of C and F. As in N. sempronii, compound C was identified as (R,R)-2,4-DHA by chiral chromatography. Compound F (RImeasured = 1,399) was an aromatic chemical with a molecular ion at m/z 135, and its EI mass spectrum matched that of 2-phenylacetamide (PA) (Figure 9). The identity of compound F as PA was finally confirmed by comparison to an authentic reference.
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FIGURE 8
Different profiles of the secretion of Nelima narcisi adults, possibly indicating different states of secretion biosynthesis/regeneration of secretion after glandular depletion: hypothetically, (2R,4R)-2,4-dimethylhexanoic acid is produced first (i), followed by the production of 4-phenyl-2-butanone (ii) which is gradually converted/replaced by 2-phenylacetamide (iii,iv). Compounds: C (2,4-dimethylhexanoic acid); D (4-phenyl-2-butanone); and F (2-phenylacetamide).
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FIGURE 9
Mass spectral (EI) fragmentation of aromatic compound F (2-phenylacetamide) from Nelima narcisi. Fragment ions from α-cleavage can be seen at m/z 44; the fragment at m/z 91 indicates benzylic cleavage.





Discussion


Delineating the distribution and enlarging the pool of sclerosomatid compounds

The term “sclerosomatid compounds” (SCs) was introduced to the field of harvestmen chemosystematics to assign a distinct chemical class of open-chain secretion components that were expected to characterize the scent gland secretions of sclerosomatid Eupnoi (Raspotnig, 2012). Formally, the family Sclerosomatidae includes four subfamilies: Leiobuninae, Sclerosomatinae, Gagrellinae, and Gyantinae. We now know that gagrellines may rely on acid-rich secretions (Raspotnig et al., 2022) and gyantines are no sclerosomatids, but phalangiids (Hedin et al., 2012) and they produce benzoquinonic secretions (Raspotnig et al., 2017). Thus, SCs may occur in leiobunines and sclerosomatines or at least in a part of these: so far, SCs have been documented for North American Leiobunum and Hadrobunus species of the clade “US Leiobunines” (sensu Hedin et al., 2012) and for Nelima spp. (this study). Preliminary studies additionally indicate the occurrence of SCs in some, but not all European Leiobunum species and in some representatives of Sclerosomatinae (Raspotnig, preliminary data). Thus, SCs do not characterize all Sclerosomatidae in their traditional sense, but may prevail in the secretions of representatives of the two subfamilies, Leiobuninae and Sclerosomatinae.

Sclerosomatid compounds sensu stricto, as currently described in literature, comprise 12 compounds (Figure 1A). The compounds show characteristic motifs that allow a classification into two subgroups: we propose a “subgroup 1” of 4-methyl-branched ethyl-ketones and their corresponding alcohols (Figure 1A in red). “Subgroup 2” comprises compounds that share the motif of 2,4-dimethyl-branched di-unsaturated primary alcohols and aldehydes (Figure 1A in blue). Both subgroups appear to be biochemically connected: SC compounds of subgroup 2 are convertible into compounds of subgroup 1 by a formal addition of an ethyl residue at the carbonyl atom of the molecule. We here add five compounds from the secretions of Nelima to the hitherto existing pool of SCs (Figure 1B). Apart from typical SCs of subgroup 1 such as (E)-4-methyl-4-hexen-3-one/(E)-4-methyl-4-hexen-3-ol from the North American N. paessleri, we also add less typical aromatic compounds from European Nelima spp. that either carry a SC motif or are biochemically related to SCs, as outlined below.



The strange case of Nelima: Chemically dichotomic secretions

Nelima is a genus of sclerosomatid harvestmen in the subfamily Leiobuninae. The genus comprises about 45 species which are mainly distributed in the Holarctic (Europe, Asia, and North America including Mexico). In his early publication on Central and South European species of Nelima, Martens (1969) already noted the morphological uniformity of Nelima species and therefrom arising difficulties in differentiating and delineating them from Leiobunum species. Indeed, Nelima is a nightmare for taxonomists: species delimitation is still based on the presence/absence of pro- and retrolateral rows of coxal denticles – which is no appropriate character to characterize Nelima, but considered to be a plesiomorphic feature among Sclerosomatidae. Recent genetic studies on the phylogeny of sclerosomatid harvestmen reflect this situation, and Nelima species pop-up at various positions in phylograms, clearly indicating the polyphyly of this genus (Hedin et al., 2012).

On the other hand, – or even because of this possible polyphyly – Nelima arises as an interesting model to study its scent gland chemistry, which might represent an independent set of taxonomically important data to characterize (the species of) this genus.

Interestingly, we found chemically dichotomic secretions: while N. paessleri from North America showed typical SCs in their secretions, the three Nelima species from Europe produced aromatic compounds along with a 2,4-dimethyl-branched carboxylic acid. North American N. paessleri produces SCs of subgroup 1, with both compounds of its secretion clearly showing the 4-methyl-3-one/-3-ol-motif. The main component in the secretion of N. paessleri is (E)-4-methyl-4-hexen-3-one, an already described SC, originally detected in L. nigropalpi (Jones et al., 1977). (E)-4-Methyl-4-hexen-3-ol has not yet been reported and adds to the pool of SCs of subgroup 1. (E)-4-Methyl-4-hexen-3-ol is a minor compound in the Nelima chromatograms, and possibly even an artifact arising from (E)-4-methyl-4-hexen-3-one in the hot GC injector. In our experiments, synthetic (E)-4-methyl-4-hexen-3-one also showed small amounts of the corresponding alcohol when analyzed under the same conditions. In the phylogenies of Hedin et al. (2012), N. paessleri shows up as a member of the clade “US Nelima”, being quite distinct from “US Leiobunines”, for which SCs were previously reported. In these terms, “US Leiobunines” (including all chemically analyzed North American Leiobunum and Hadrobunus species) share a similar chemistry with “US Nelima”, supporting the idea of a characteristic, widespread and uniform SC chemistry for North American Leiobuninae.

By contrast, European representatives of Nelima show a set of compounds distinctly different from SCs at first sight, including the aromatics 4-phenyl-2-butanone and 2-methyl-1-phenyl-3-pentanone, as well as 2,4-dimethylhexanoic acid. All these represent novel components for the scent gland chemistry of harvestmen.

A detailed look, however, identifies 2,4-dimethyl hexanoic acid as structurally closely related to SCs of subgroup 2, which comprises components such as (E,E)-2,4-dimethylhexa-2,4-dien-1-ol, (E,E)-2,4-dimethylhexa-2,4-dienal, and (E,E)-2,4-dimethylhepta-2,4-dien-1-ol (Figure 1). The SCs of subgroup 2 were found in Leiobunum calcar (Wood, 1868), L. leiopenis (Davis, 1934), and L. nigropalpi (Jones et al., 1977). 2,4-Dimethyl hexanoic acid of European Nelima species may be considered a precursor to the compounds of subgroup 2 or their product, respectively. Formally, 2,4-dimethyl hexanoic acid can be converted into (E,E)-2,4-dimethylhexa-2,4-dienal and (E,E)-2,4-dimethylhexa-2,4-dien-1-ol by specific dehydrogenases (generation of double bonds) and reductases (reduction of the carboxyl group to an aldehyde and further to a hydroxy group). Alternatively, if seen as a product of SCs of subgroup 2, oxidation of (E,E)-2,4-dimethylhexa-2,4-dienal and (E,E)-2,4-dimethylhexa-2,4-dien-1-ol would yield 2,4-dimethyl hexanoic acid, in this case even adding specificity by a stereoselective process (exclusively producing the R,R-isomer of 2,4-dimethyl hexanoic acid). This stereoselective synthesis may point to a communicative function of the compound rather than a function in allomonal defense. Interestingly, both N. sempronii and N. narcisi (which basically represent vicariant species) use the same stereoisomer. We unfortunately do not have data for Nelima doriae (Canestrini, 1872), which may occur syntopically with N. narcisi. Anyway, since convertible into each other, it may be argued that 2,4-dimethyl hexanoic acid from European Nelima species is a SC component of subgroup 2 as well.

We also consider at least two of the aromatic compounds found in European Nelima species as SCs. (i) 2-Methyl-1-phenyl-3-pentanone shows the 4-methyl ethyl-ketone-motif of SC components of subgroup 1 in its side chain, thus implying its assignment to this subgroup. (ii) For 4-phenyl-2-butanone from juvenile N. sempronii and adult N. narcisi, the situation is more complicated. 4-Phenyl-2-butanone does not show an ethyl-ketone, but a methyl-ketone-motif, which is not typical for SCs. This, however, does not necessarily indicate independent biosynthetic origins. More likely, the replacement of 4-phenyl-2-butanone by 2-methyl-1-phenyl-3-pentanone in N. sempronii in the course of maturation strongly implies a basically shared, but extended biosynthetic pathway, and thus a direct connection to SC chemistry. (iii) For the aromatic 2-phenyl-acetamide, we did not find obvious SC motifs. However, data from juveniles of N. narcisi (missing yet) might be crucial for robust conclusions.

Consequently, several – if not all – secretion compounds of European Nelima species may be considered related to the SC chemistry sensu stricto of North American leiobunines. We propose to add at least two of the newly detected components of European Nelima spp., namely 2,4-dimethylhexanoic acid and 2-methyl-1-phenyl-3-pentanone, to the already existing pool of SCs, extending and moderately modifying already known SC chemistry. The definition of SCs, so far exclusively based on open-chain compounds (sensu Raspotnig, 2012), should be extended to include aromatic compounds carrying SC motifs as well.



Secretion biosynthesis and an initial case of juvenile-adult secretion polymorphism in harvestmen

The replacement of 4-phenyl-2-butanone of juveniles by 2-methyl-1-phenyl-3-pentanone in the adults of N. sempronii represents the first case of juvenile-adult polymorphism for the scent gland secretions of harvestmen. Juvenile-adult polymorphism in exocrine secretions is not rare and occurs in some insect, arachnid, and millipede species (Raspotnig et al., 2005a; Takada et al., 2005; Bodner and Raspotnig, 2012; Kuwahara et al., 2015, 2019). In certain brachypyline oribatid mites of the genus Scheloribates (Berlese, 1908), the secretions of juveniles display the ancient chemotype of early-derivative oribatid groups (“astigmatid-compounds type”: Raspotnig et al., 2001), whereas adults show a novel, highly-derivative chemistry (“alkaloid-type”: Takada et al., 2005). We currently do not know whether juvenile-adult polymorphism in European Nelima spp. might indicate a similar phenomenon. Neither do we know whether this phenomenon might be more frequent in harvestmen. So far, nearly all secretions of harvestmen have been analyzed from adult individuals. For cyphophthalmids, however, it is known that the secretions of juveniles do not differ from those of adults (Raspotnig et al., 2005b), and a comparable situation appears to be true for N. paessleri (at least one juvenile individual was analyzed here).

For N. narcisi, we did not have the opportunity to check the occurrence of juvenile-adult polymorphism since all individuals analyzed were adults. The diversity of profiles found, however, might indicate a similar phenomenon, namely different states of secretion biosynthesis: though speculative for the time being, we assume that the different profiles of N. narcisi adults in Figure 8 correspond to states of secretion regeneration after glandular depletion. If so, 2,4-dimethylhexanoic acid would be produced first. 4-Phenyl-2-butanone would be produced later, and finally gradually replaced by 2-phenylacetamide. The “full” profile of adult N. narcisi might contain only two compounds, 2,4-dimethylhexanoic acid and 2-phenylacetamide, thus being very similar to the profile of N. sempronii. We plan to fully investigate the sequence of secretion regeneration and its ontogeny in N. narcisi soon.

Remarkably, 4-phenyl-2-butanone appears to be both the starting point of juvenile-adult polymorphism in N. sempronii, as well as a possible intermediate in secretion biosynthesis. It is uncertain whether 4-phenyl-2-butanone may also occur in the secretion of N. sempronii adults during secretion regeneration. For the time being, we did not find the compound in the extracts of N. sempronii adults, despite the large number of extracts analyzed.

4-Phenyl-2-butanone is a methyl-ketone that is replaced by an ethyl-ketone in N. semponii adults. This phenomenon implies a link between methyl- and ethyl-ketone biosynthesis in harvestmen, as so far only speculatively addressed by some authors (Raspotnig et al., 2014; Schaider et al., 2018). Formally, α-methylation of a methyl-ketone, hypothetically by an extension of the pathway to methyl-ketones, would lead to ethyl-ketones. Such a link between these two groups of compounds, if eventually proved, would represent a crucial step toward our understanding of a continuous and coherent network of harvestmen chemophylogeny. We know that methyl-ketones constitute a large class of harvestmen secretion products, and these are widely distributed across the secretions of all suborders of Opiliones (e.g., Raspotnig et al., 2005b,2012, 2019; Wouters et al., 2013; Shear et al., 2014; Schaider et al., 2018). Whether and how methyl-ketones might biochemically be linked to other classes of compounds of harvestmen, e.g., to (sclerosomatid) ethyl-ketones, is intriguing and a hot topic of ongoing investigation.
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etal., 1971; Jones et al., 1976,
1977; Ekpa et al., 1985

Shear et al., 2014

Hara et al., 2005; Rocha et al.,
2013; Wouters et al., 2013

Rocha et al., 2013; Wouters et al.,
2013; Raspotnig et al., 2014

Hara et al., 2005; Rocha et al.,
2011, 2013; Wouters et al., 2013

Raspotnig et al., 2015a, 2020, 2022

*“Sclerosomatid compounds sensu stricto” (Raspotnig, 2012) refer to 12 compounds, displaying motifs of SCs of subgroups 1 and 2, as detected in North American Leiobuninae of the

genera Leiobunum and Hadrobunus (Blum and Edgar, 1971; Meinwald etal,, 1971; Jones et al,, 1976, 1977; Ekpa et al,, 1985). Some of these compounds, possibly as a result of convergence,

have meanwhile also been detected in triaenonychid and gonyleptid Laniatores. The compounds are shown in Figure 1A.
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Species Locality

Nelima USA, California, Alameda
paessleri  County, Berkeley, Lower Fire
Trail; 37°52'21.7"'N
122°14'24.4"W (L. Escalante leg.)
Nelima Austria, Styria, Rosenhain;
sempronii  47°04'59''N 15°26'55"E
(G. Raspotnig leg.)
Austria, Styria, Rosenhain;
47°04/59''N 15°26'55"'E
(M. Schaider, M. Bodner, and G.
Raspotnig leg.)
Austria, Styria, Rosenhain;
47°05'09''N 15°26/57"'E
(M. Bodner leg.)
Austria, Styria, near
Zusertalgasse; 47°05'31.1"N
15°26/26.3"E
(M. Bodner leg.)
Austria, Burgenland, Gloriette
Warte; 47°51'13'N 16°30'24"'E
(M. Schaider leg.)
Nelima Slovenia, Jelarji near Hrvatini;
narcisi 45°34'48.047"'N, 13°47'4.769"'E
(L. Slana Novak and T. Novak
leg.)
Slovenia, Spodnje Skoﬁje,
Ankaran; 45°33/58.23/'N,
13°46'7.777"'E
(L. Slana Novak and T. Novak
leg.)

*Juvenile specimens also included subadults.

Date

Oct. 18,2017

Sept. 6, 2013
Aug. 8,2017
Aug. 20,2017
Oct. 2,2017
July 28, 2010
Aug. 24,2010
Sept. 2,2011
Aug. 2,2011
Aug. 29,2011
Oct. 12,2011
Oct. 26,2011
July 31, 2017

Oct. 19, 2019
Oct. 19, 2019

Specimens

1@, 1juvr+18
ind. indet.**

6d,199,1juv.
14 5,18 9,2 juv.
6 ind. indet., 3
J,29
15,19
2 juv.
29,2 juv.
15,19
7 juv.
4d,1juv.
45,19
1a
15,19, 1juv.

19
49,29

**Sex or/and developmental stage of these specimens were not determined.
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TMS***

Retention

: *
indexmeasured /reference

903/903

933/933

1104/1104 and 1110**

1148/1148 and 1156**

1247/1247

1358/1358

1399/1400

EI Identified
fragmentation compound
pattern m/z

(rel. int.)

114 (17), 99 (10),96  (E)-4-Methyl-4-
(5), 86 (16), 85 (100), hexen-3-ol
79 (4), 67 (10), 65

(5), 57 (17), 55 (8),

45 (6), 43 (20), and

41(17)

112 (36), 83 (93), (E)-4-Methyl-4-
and 55 (100) hexen-3-one

115 (M-29;16),101  (2R,4R)-2,4-
(14), 97 (6), 87 (49), Dimethylhexanoic
83 (7), 74 (100), 73 acid
(44),71 (92), 69 (28),

59 (10), 57 (33), 55

(21), 45 (26), 43 (38),

and 41 (39)

201 (M-15;22),159  (2R,4R)-2,4-
(4), 146 (19), 139 Dimethylhexanoic
(10), 117 (5), 75 (30), acid-TMS-ester
and 73 (100)

149 (8), 148 (83), 133 4-Phenyl-2-
(20), 129 (5), 115 (2), butanone

105 (100), 104 (18),  (benzylacetone)
103 (18), 79 (22), 78

(29), 77 (28), 65 (15),

57(8), 51 (16), and

43 (75)

176 (32), 147 (65),  (2R)-2-Methyl-1-
119 (35), 91 (100),  phenyl-3-pentanone
and 57 (39)

135(29), 92(92),91 2-Phenylacetamide
(100), 65 (16), and  (benzene-acetamide)
44 (9)

*Authentic reference compounds were used for a direct comparison.

**The racemic reference for 2,4-dimethylhexanoic acid gave two peaks, corresponding to

two pairs of enantiomers on a non-polar non-chiral phase.

***Trimethylsilylester of compound C by MSTFA-derivatization.
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