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Abstract

The cuticle of scorpions (Chelicerata: Arachnida) fluoresces under long-wave ultra-
violet (UV) light due to the presence of beta-carboline and 7-hydroxy-4-methylcou-
marin in the hyaline layer of the exocuticle. The adaptive significance of cuticular
UV fluorescence in scorpions is debated. Although several other chelicerate orders
(e.g. Opiliones and Solifugae) have been reported to fluoresce on exposure to UV
light, the prevalence of cuticular UV fluorescence has not been confirmed beyond
scorpions. A systematic study of living chelicerates revealed that UV fluorescence
of the unsclerotized integument is ubiquitous across Chelicerata, whereas only scor-
pions and horseshoe crabs (Xiphosura) exhibit cuticular UV fluorescence. Scanning
electron microscopy and histological sectioning confirmed the presence of a hyaline
layer in taxa exhibiting cuticular fluorescence. The hyaline layer is absent in all
other chelicerates except sea scorpions (Eurypterida) in which a taphonomically
altered hyaline layer, that may have fluoresced under UV light, was observed in
exceptionally preserved cuticle. Cuticular UV fluorescence appears to be associated
with the presence of a hyaline layer, as has long been recognized in scorpions, and
may be plesiomorphic among chelicerates. The presence of a hyaline layer in
horseshoe crabs and sea scorpions suggests that several putative functions for cutic-
ular UV fluorescence in scorpions can be discounted.

Introduction

It has been known for more than half a century that scorpions
fluoresce under long-wave ultraviolet (UV) light (Lawrence,
1954; Pavan, 1954a; Pavan & Vachon, 1954). Several theories
have been advanced to explain the function of UV fluores-
cence in scorpions including protection against UV light
(Lourenc�o & Cloudsley-Thompson, 1996; Frost et al., 2001),
attracting prey (Kloock, 2005), and mating strategies (Fasel
et al., 1997), but none has been conclusively demonstrated
(Brownell & Polis, 2001).
The thin, outermost layers of the epicuticle were originally

thought to cause the fluorescence (Pavan, 1954b,c) but later
research identified a hyaline layer in the exocuticle (Kennaugh,
1959). Two compounds (beta-carboline and 7-hydroxy-4-
methylcoumarin), present in the hyaline layer, are responsible
for the cuticular UV fluorescence of scorpions (Frost et al.,
2001). Cuticular UV fluorescence is associated with cuticular
sclerotization and increases in intensity with successive instars.

Several other chelicerate orders, e.g., harvestmen (Opiliones)
and camel spiders (Solifugae), have also been observed to fluo-
resce on exposure to long-wave UV light, but the extent of flu-
orescence was noted to be variable and whether it was
cuticular or integumentary in origin was not ascertained (Lawr-
ence, 1954). Scorpion hemolymph also fluoresces when
exposed to UV light due to the presence of tyrosol in the
hemocyanin (Klarman, Shaklai & Daniel, 1977). However, it is
unlikely that cuticular fluorescence is caused by the uptake of
fluorophores in the blood, as the fluorescent compounds in the
cuticle differ from those in the hemolymph (Klarman et al.,
1977; Frost et al., 2001), and cuticular fluorophore concentra-
tion is greatest in the hyaline layer with limited interchange
with the upper endocuticle (Wankhede, 2004). Cuticular UV
fluorescence differs from the integumentary UV fluorescence
documented, e.g., in spiders of the suborder Araneomorphae
(Andrews, Reed & Masta, 2007). Loss of the tergites in arane-
omorph spiders (Dunlop & Lamsdell, 2017) permits UV light
to penetrate through the reinforced integument to stimulate the
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hemolymph fluorophores, causing the opisthosoma to fluoresce
(unlike the prosoma or legs, which are covered by cuticle).
Furthermore, the fluorescent compounds in spider hemolymph
differ from those in scorpion cuticle (Reed, Do & Masta,
2008).
The prevalence of cuticular UV fluorescence has not been

explored among chelicerate orders other than scorpions, and its
phylogenetic significance is unknown. Chelicerate phylogeny is
controversial (Jones et al., 2007; Shultz, 2007; Dunlop, 2010;
Pepato, da Rocha & Dunlop, 2010; Arabi et al., 2012; Legg,
Sutton & Edgecombe, 2013; Dunlop, Borner & Burmester,
2014; Garwood & Dunlop, 2014; Sharma et al., 2014; Lams-
dell et al., 2015a; Selden, Lamsdell & Qi, 2015; Lamsdell,
2016). Nevertheless, sea scorpions (Eurypterida), an extinct
chelicerate order that appeared in the Ordovician and disap-
peared with the Permian extinction (Lamsdell et al., 2015b),
are consistently retrieved as the sister group to Arachnida, with
horseshoe crabs (Xiphosura) forming the sister group to this
clade (Shultz, 2007; Lamsdell et al., 2015a; Selden et al.,
2015; Lamsdell, 2016). The hyaline layer is commonly pre-
served in the cuticle of fossil scorpions (Bartram, Jeram & Sel-
den, 1987). However, previous scanning electron microscopy
(SEM) studies of Silurian and Carboniferous eurypterid cuticle
only documented the presence of the laminate endocuticle and

provided no indication of a hyaline layer (Dalingwater, 1973,
1975).
To determine the prevalence of cuticular UV fluorescence

among chelicerates, exemplars of all living chelicerate orders,
along with the extinct sea scorpions, were systematically sur-
veyed for UV fluorescence. A subsample of these specimens
were then dissected, examined with SEM, thin sectioned and
stained to verify the presence or absence of a hyaline layer in
the exocuticle.

Materials and methods

Exemplars representing all living orders of Chelicerata were
assessed for cuticular UV fluorescence (Table 1) by scanning
material in the Arachnida Collections of the American Museum
of Natural History, with a 395 nm wavelength light-emitting
diode (LED) UV flashlight. The 395 nm wavelength for the
UV light was selected as it straddled the fluorophore excitation
ranges observed experimentally in scorpions (Fasel et al.,
1997; Stachel, Stockwell & Van Vranken, 1999; Frost et al.,
2001; Wankhede, 2004; Kloock, 2008; Gaffin et al., 2012;
Lourenc�o, 2012), spiders (Andrews et al., 2007; Reed et al.,
2008), and more distantly related arthropods such as diplopods
(Kuse et al., 2001, 2010). Klarman et al. (1977) also noted

Table 1 Distribution of integumentary and cuticular fluorescence among the chelicerates surveyed in this study

Cuticular Integumentary

Arachnida Acari Acariformes Anystidae X

Parasitiformes Opilioacaridae X

Ixodidae X

Amblypygi Euamblypygi Charinidae X

Phrynoidea Phrynidae X

Araneae Araneomorphae Tetragnathidae X

Mesothelae Liphistiidae X

Mygalomorphae Dipluridae X

Opiliones Dyspnoi Sabaconidae X

Eupnoi Phalangiidae X

Laniatores Cranaidae X

Gonyleptidae X

Styginidae X

Palpigradi Eukoeneniidae X

Pseudoscorpiones Epiochierata Chthoniidae X

Iochierata Cheliferidae X

Neobisiidae X

Ricinulei Neoricinulei Ricinoididae X

Schizomida Hubbardiidae X

Scorpiones Buthoidea Buthidae X X

Scorpionoidea Scorpionidae X X

Solifugae Galeodidae X

Thelyphonida Thelyphonidae X

Eurypterida† Eurypterina† Eurypteridae† ? ?

Incertae sedis† ? ?

Pycnogonida Pantopoda Colossendeidae ?

Nymphonidae ?

Xiphosura Limulidae Limulinae X X

Tachypleinae X X

Extinct taxa are denoted by†
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that all fluorophores in scorpions fluoresced equally above an
excitation spectrum of 370 nm. Therefore, a wavelength of
395 nm was likely to elicit a fluorescent response from any
fluorophores present in the cuticle.
All scanned specimens were stored in ethanol. Although the

compounds responsible for fluorescence in scorpions are
reportedly insoluble in water and other solvents at temperatures
below 100°C (Pavan & Vachon, 1954), these compounds are
partly soluble in the ethanol in which scorpion specimens are
preserved (Wankhede, 2004), rendering it fluorescent with time
(Lawrence, 1954). Scorpion fluorescence is known to persist
long after death, and has been reported from specimens pre-
served in ethanol for over 100 years (Stahnke, 1972). There-
fore, no meaningful loss of fluorescence was expected among
the specimens surveyed. In addition, multiple specimens with a
range of accession dates were assessed per taxon. Loss of
cuticular fluorescence through solution in ethanol is therefore
unlikely to have impacted the results of this study.
Five specimens were selected to represent taxa that might

exhibit fluorescence under UV light: two scorpions, a buthid
Centruroides insulanus (Thorell, 1876) and a scorpionid, Het-
erometrus petersii (Thorell, 1876); a horseshoe crab (Xipho-
sura), Limulus polyphemus (Linnaeus, 1758); a galeodid camel
spider (Solifugae), Galeodes turkestanus (Kraepelin, 1899);
and an unidentified gonyleptid harvestman (Opiliones). Two
specimens were selected to represent taxa that did not exhibit
UV fluorescence: a thelyphonid whip scorpion (Thelyphonida),
Typopeltis sp.; and a phalangiid harvestman, Leiobunum sp.
All specimens were photographed using a Microptics digital
photomicrography system with Infinity optics, and a Nikon
D300 DSLR camera with a Micro Nikkor 60 mm lens. Pho-
tography was performed in a dark room where ambient light
was kept to a minimum. Specimens were lit solely by directed
full-spectrum (white) light or 395 nm UV light (filtered) using
a fiber optics system. Fossilized cuticle of two sea scorpions,
Eurypterus tetragonophthalmus Fischer de Waldheim, 1839,
from Estonia (Tuuling & Flod�en, 2013), and an undescribed
species from the Ordovician Big Hill Formation in Michigan,
USA (Lamsdell et al., 2017), was photographed to permit
comparison between extant and extinct chelicerate taxa. Degree
of fluorescence per unit area was quantified using ImageJ (Bur-
gess et al., 2010).
Parts of the prosomal carapace were subsequently removed

from each specimen, gold-coated and examined using a Hitachi
S4700 Field Emission SEM. Additional samples were embed-
ded in LR White acrylic resin and thin sectioned using a Sorvall
MT-2 Porter-Blum ultra-microtome. Exceptionally preserved sea
scorpion cuticle from the Big Hill Formation (Lamsdell et al.,
2017) was sectioned with a glass knife at a thickness of
3–4 lm. Thin sections were stained using Mallory’s Triple
Stain technique (acid fuschin, orange G, and aniline blue)
replacing the phosphomolybdic acid with phosphotungstic acid.
Ethanol was excluded from the process to avoid detachment of
samples from the coverslips. This staining technique allows the
hyaline layer to be easily identified as a clear, unstained region
of the cuticle. Thin sections were examined using a Leica DM
2500 microscope and photographed using a Leica DFC 500
camera.

There is some confusion in the literature regarding the termi-
nology of the layers of chelicerate cuticle. The terminology of
Dalingwater (1987) is applied in the present contribution.

Results

Integumentary UV fluorescence was ubiquitous among repre-
sentatives of the living orders of Chelicerata surveyed, whereas
cuticular UV fluorescence was observed only in horseshoe
crabs and scorpions (Table 1; Fig. 1). Although the camel spi-
der (Fig. 1d) and the gonyleptid harvestman (Fig. 1e) both
appeared brighter than other non-fluorescing taxa under UV
light, their fluorescence per unit area is in the 100–200 range
rather than the 1000 range observed in the scorpions and
horseshoe crab (Table 2), indicating that the camel spider and
gonyleptid fluorescence is due to excitement of hemolymph
fluorophores (supported by the gonyleptid and camel spider
having thinner cuticle than the other sectioned chelicerates)
and not the result of cuticular fluorescence as in the scorpions
and horseshoe crab. The fossil sea scorpion (Fig. 1h,i) did not
fluoresce on exposure to long-wave UV light.
The presence of a hyaline exocuticle as a clear-staining

region above the dark-stained inner exocuticle was apparent in
histological sections of the scorpions (Fig. 2a,b) and horseshoe
crab (Fig. 2g). The outer epicuticle occurs above the hyaline
exocuticle as a pale layer with a dark blue to black horizon at
the cuticle surface. The hyaline exocuticle was most obvious
in the buthid scorpion Centruroides (Fig. 2b) and the horse-
shoe crab Limulus (Fig. 2g). The whip scorpion possessed a
stained inner exocuticle but no evidence of a hyaline exocuti-
cle in histological section, with the epicuticle directly overlying
the inner exocuticle (Fig. 2f).
The thinness of the cuticle in the camel spider and both harvest-

men prevented determination of its microstructure in section, with
a thin laminate endocuticle overlain by an apparently homogenous
cuticle layer. In the camel spider, this upper layer was almost equal
in thickness to the endocuticle (Fig. 2e), whereas the upper layer
was much thinner than the endocuticle in the harvestmen (Fig. 2c,
d). Staining suggests that these upper layers are distinct from the
endocuticle, but their thinness in the harvestmen makes it impossi-
ble to discern whether the upper layers include a hyaline layer or
comprise a single layer of cuticle (i.e., only the epicuticle). The
brown staining of the layer in the camel spider suggests it may be
homologous to the inner exocuticle. The fossilized cuticle of the
sea scorpion did not stain, as expected for a specimen having
undergone diagenesis, and there was no evidence of the preserva-
tion of an endocuticle (Fig. 2h).
Scanning electron microscopy confirmed the presence of the

hyaline exocuticle in the scorpions (Fig. 2a,b) and the horseshoe
crab (Fig. 2g). No hyaline layer was evident in the SEM of the
whip scorpion cuticle (Fig. 2f). The thin upper cuticle layer, visi-
ble in histological section of the camel spider and harvestmen,
was evident as a single layer with no laminations under SEM
(Fig. 2c–e), confirming its identity as the epicuticle. The fossil
eurypterid cuticle, however, revealed a faint margin of separation
under SEM (Fig. 2h), suggesting that the preserved cuticle com-
prises both the hyaline exocuticle and the inner exocuticle, both
of which both lack large-scale laminations.

Journal of Zoology �� (2017) ��–�� ª 2017 The Zoological Society of London 3

M. Rubin et al. Cuticular fluorescence in chelicerates



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 1 Fluorescence in extant and extinct chelicerates. (a) Scorpionid scorpion, Heterometrus petersii (Thorell, 1876). (b) Buthid scorpion,

Centruroides insulanus (Thorell, 1876). (c) Thelyphonid whip scorpion, Typopeltis sp. (d) Galeodid camel spider, Galeodes turkestanus Kraepelin,

1899;. (e) Undetermined gonyleptid harvestman. (f) Phalangiid harvestman, Leiobunum sp. (g) Horseshoe crab, Limulus polyphemus (Linnaeus,

1758). (h) Sea scorpion, Eurypterus sp. (i) Undescribed sea scorpion. Scale bars = 10 mm.
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Discussion

Although previously suggested that chelicerates besides scorpi-
ons, such as camel spiders, fluoresce when exposed to long-
wave UV light (Lawrence, 1954), this is to our knowledge the
first time cuticular UV fluorescence has been investigated
experimentally across all extant chelicerates. Aside from scor-
pions, previous reports of UV fluorescence among chelicerates
are shown here to be the result of fluorescence of the hemo-
coel through thin cuticle. For the first time, horseshoe crabs
(Xiphosura) are shown to fluoresce under UV light, due to
compounds within the sclerotized cuticle, as in scorpions. The
hyaline layer has been traced as the origin of cuticular fluores-
cence in arachnids in previous histological studies (Frost et al.,
2001; Wankhede, 2004) and these results are supported here.
Taxa that do not fluoresce lack the hyaline layer altogether.
Furthermore, it was previously noted that the earliest (non-
fluorescing) instars of scorpions lack the exocuticle (Kennaugh,
1959). The SEM and histological examination of chelicerate
cuticle corroborate previous studies concerning the cuticle of
scorpions, harvestmen, whip scorpions, camel spiders, and
horseshoe crabs. Krishnakumuran (1962) demonstrated that
whip scorpions possess a sclerotized cuticle comprising an epi-
cuticle, an exocuticle without a hyaline layer, and an endocuti-
cle, whereas camel spiders apparently lack an epicuticle and
possess only an exocuticle (again without a hyaline layer) and
an endocuticle. Both observations are supported by the data
presented here. Grainge & Pearson (1966) studied the cuticle
of phalangiid harvestmen, including Leiobunum, and reported
that the sclerite cuticle was thin (14 lm) and comprised a thin
epicuticle and a thicker laminate endocuticle, as shown here.
Scorpions, meanwhile, are well known to possess the epicuti-
cle, hyaline exocuticle, inner exocuticle, and endocuticle (Mut-
vei, 1977; Filshie & Hadley, 1979; Hadley & Filshie, 1979),
as confirmed here. Horseshoe crabs are also known to possess
an epicuticle, exocuticle, and endocuticle (Krishnakumuran,
1962; Dalingwater, 1975). Two layers had previously been rec-
ognized within the exocuticle of horseshoe crabs, with the
upper layer compared to the hyaline layer (Mutvei, 1977), an
observation also confirmed here. Dalingwater (1980) noted that
the endocuticle may consist of vertical rather than horizontal
laminations around the carapace margins and telson, again con-
firmed here.
Among the chelicerate groups that were not sectioned for

this study, ticks possess an epicuticle, exocuticle, and

endocuticle, but no hyaline layer is present within the exocuti-
cle (Hackman, 1982). This is also true of the prosomal cuticle
of spiders (Hadley, 1981). Ricinuleids exhibit a very different
cuticular structure, however, apparently lacking an endocuticle,
the cuticle instead being composed solely of epicuticle and
exocuticle (Kennaugh, 1968). The presence of a hyaline layer
within ricinuleids, although tentatively suggested (Kennaugh,
1968), could not be confirmed in the present study. As such, it
appears that the hyaline exocuticle layer is directly responsible
for cuticular UV fluorescence in chelicerates and that, among
the extant chelicerate orders, only scorpions and horseshoe
crabs possess a hyaline layer. It is therefore of interest that a
hyaline layer was identified (Fig. 2h) in a sea scorpion (Euryp-
terida), suggesting these extinct chelicerates may have fluo-
resced if exposed to long-wave UV light. Previous studies of
eurypterid cuticle identified the laminate endocuticle and inner
exocuticle (Dalingwater, 1973, 1975) but preserved no epicuti-
cle or hyaline exocuticle. The hyaline and inner exocuticles
were observed in fossil scorpions (Bartram et al., 1987), how-
ever. The fossilized cuticle studied here preserves no epicuticle
or endocuticle and so appears to exhibit similar preservation to
the Carboniferous scorpion cuticle that also lacks the endocuti-
cle and the epicuticle (Bartram et al., 1987). The lack of cutic-
ular UV fluorescence in the fossil material (Fig. 1h,i) is
therefore likely due to diagenetic changes caused by the
fossilization process and the degradation of the fluorescent
compounds.
The presence of the hyaline layer within horseshoe crabs

and sea scorpions suggests further that cuticular UV fluores-
cence evolved in the common ancestor of chelicerates or possi-
bly even earlier. Chelicerate phylogeny is controversial (Jones
et al., 2007; Shultz, 2007; Dunlop, 2010; Pepato et al., 2010;
Arabi et al., 2012; Legg et al., 2013; Garwood & Dunlop,
2014; Sharma et al., 2014; Lamsdell et al., 2015b; Selden
et al., 2015; Lamsdell, 2016). Although there is broad agree-
ment that Eurypterida are the sister group to Arachnida and
that Xiphosura are the sister group to euchelicerates, the posi-
tion of scorpions is debatable, with analyses retrieving them
either as the sister group of all other arachnids (Jones et al.,
2007; Legg et al., 2013; Garwood & Dunlop, 2014; Lamsdell
et al., 2015b; Selden et al., 2015; Lamsdell, 2016), as part of
a Dromopoda clade, comprising camel spiders, harvestmen and
pseudoscorpions, nested within Arachnida (Pepato et al., 2010;
Sharma et al., 2014), or in an unresolved position (Shultz,
2007; Dunlop, 2010; Arabi et al., 2012). If scorpions are part
of Dromopoda, the hyaline exocuticle layer would have
evolved independently in basal euchelicerates and scorpions.
However, if scorpions are the sister group of all other arach-
nids, cuticular fluorescence would be plesiomorphic. In the lat-
ter scenario, the hyaline layer (and its associated fluorescence
under long-wave UV light) would have no adaptive signifi-
cance for scorpions (Gould & Lewontin, 1979); rather it would
be a relict trait (Frost et al., 2001) or serve a function common
to scorpions, horseshoe crabs and eurypterids.
Although it is not currently possible to speculate about the

function of the hyaline exocuticle and its associated fluorescent
compounds, it is possible to discount some previous hypothe-
ses based in its occurrence in aquatic taxa that trace their

Table 2 Fluorescence of the specimens shown in Fig. 1 under

ultraviolet light. Values shown are fluorescence per unit area; those in

boldface denote specimens that exhibit fluorescence

Eurypterida Eurypterus 46

Undet. eurypterid 49

Opiliones Undet. gonyleptid 221

Leiobunum 34

Scorpiones Heterometrus 1023

Centruroides 1070

Solifugae Galeodes 101

Thelyphonida Typopeltis 50

Xiphosura Limulus 1072
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2 Cuticular structure of chelicerates. Main image shows cuticle under SEM, insets show histological section of cuticle stained with

Mallory’s Triple Stain. (a) Scorpionid scorpion, Heterometrus petersii (Thorell, 1876). (b) Buthid scorpion, Centruroides insulanus (Thorell, 1876).

(c) Thelyphonid whip scorpion, Typopeltis sp. (d) Galeodid camel spider, Galeodes turkestanus Kraepelin, 1899;. (e) Undetermined gonyleptid

harvestman. (f) Phalangiid harvestman, Leiobunum sp. (g) Horseshoe crab, Limulus polyphemus (Linnaeus, 1758). (h) Undescribed sea scorpion.

Abbreviations: En, endocuticle; Ep, epicuticle; Hx, hyaline exocuticle; Ix, inner exocuticle. Scale bars on scanning electron micrographs = 10 lm,

scale bars on histological section insets = 30 lm.
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origins to the Ordovician (Rudkin, Young & Nowlan, 2008;
Van Roy et al., 2010; Lamsdell et al., 2015a,b). Suggestions
that cuticular fluorescence evolved as a prey lure to attract
insects can be discounted as insects had not yet evolved when
the hyaline layer was first expressed in chelicerates, and insects
have been shown to actually avoid fluorescing scorpions
(Kloock, 2005). Similarly, the expression of the hyaline exocu-
ticle in aquatic taxa would suggest that it did not develop as a
protection against UV light during terrestrialization (Lourenc�o
& Cloudsley-Thompson, 1996). Its occurrence among taxa
with a wide range of reproductive modes makes the use of
UV fluorescence in mate determination unlikely (Fasel et al.,
1997). The occurrence of a hyaline layer among eurypterids, a
morphologically diverse group (Lamsdell & Selden, 2017), also
makes it unlikely that difference in fluorescent wavelength acts
as a species-specific identifier (Kloock, 2008). One hypothesis
that has received a degree of experimental support and is not
impacted by the occurrence of the hyaline layer in aquatic taxa
is the role of the hyaline layer in detection of UV light (Blass
& Gaffin, 2008; Kloock, Kubli & Reynolds, 2010; Gaffin
et al., 2012). Horseshoe crab reproduction is linked to the
tidal/lunar cycle (Brockmann, 1990), and UV light detection
could conceivably play a role in gauging the timing of these
events.
The current research confirms the correlation between the

occurrence of the hyaline exocuticle and UV fluorescence, and
extends the recorded occurrence of the hyaline layer beyond
scorpions to horseshoe crabs and eurypterids. Future investiga-
tions should assess the chemical composition of the hyaline
exocuticle across the diversity of scorpions and horseshoe
crabs. The source of the fluorescent compounds within the
cuticle, specifically whether they are formed within the hyaline
exocuticle itself or transported and stored within the hyaline
layer from the hemolymph, should also be investigated. Further
study of chelicerate cuticle through histology and SEM are
also warranted, and may provide context as to whether the
hyaline exocuticle plays a structural function within the sclero-
tized cuticle.

Acknowledgments

We thank Steve Thurston for assistance with the Microptics
digital photomicrography system and Morgan Hill for assis-
tance with SEM. Estefania Rodriguez, Luciana Gusm~ao and
Melanie Stiassny provided reagents and assistance with histo-
logical staining. Steve Davis and Mariah Slovacek assisted
with specimen sectioning and resin impregnation. Carrie
Eaton facilitated the loan of fossils specimens from the
University of Wisconsin Madison Geology Museum. This
research is the result of a Research Experiences for Under-
graduates (REU) Fellowship awarded to M.R under the sup-
port of NSF grant DBI-I358465 to Mark Siddall and Susan
Perkins.

References

Andrews, K., Reed, S.M. & Masta, S.E. (2007). Spiders
fluoresce variably across many taxa. Biol. Lett. 3, 265–267.

Arabi, J., Judson, M.L.I., Deharveng, L., Lourenc�o, W.R.,
Cruaud, C. & Hassanin, A. (2012). Nucleotide composition of
CO1 sequences in Chelicerata (Arthropoda): detecting new
mitogenomic rearrangements. J. Mol. Evol. 74, 81–95.

Bartram, K.M., Jeram, A.J. & Selden, P.A. (1987). Arthropod
cuticles in coal. J. Geol. Soc. London 144, 513–517.

Blass, G.R.C. & Gaffin, D.D. (2008). Light wavelength biases of
scorpions. Anim. Behav. 76, 365–373.

Brockmann, H.J. (1990). Mating behavior of horseshoe crabs,
Limulus polyphemus. Behaviour 114, 206–220.

Brownell, P. & Polis, G. (2001). Scorpion biology and research.
Oxford: Oxford University Press.

Burgess, A., Vigneron, S., Brioudes, E., Labb�e, J.-C., Lorca, T.
& Castro, A. (2010). Loss of human Greatwall results in G2
arrest and multiple mitotic defects due to deregulation of the
cyclin B-Cdc2/PP2A balance. Proc. Natl Acad. Sci. USA 107,
12564–12569.

Dalingwater, J.E. (1973). The cuticle of a eurypterid. Lethaia 6,
179–186.

Dalingwater, J.E. (1975). Further observations of eurypterid
cuticles. Fossil Strata 4, 271–279.

Dalingwater, J.E. (1980). SEM observations on the cuticles of
some chelicerates. 8th Int. Congr. Arachnol. Egermann,
Vienna, 285–289.

Dalingwater, J.E. (1987). Chelicerate cuticle structure. In
Ecophysiology of spiders: 3–15. Nentwig, W. (Ed.). Berlin:
Springer-Verlag.

Dunlop, J.A. (2010). Geological history and phylogeny of
Chelicerata. Arthropod Struct. Dev. 39, 124–142.

Dunlop, J.A. & Lamsdell, J.C. (2017). Segmentation and
tagmosis in Chelicerata. Arthropod Struct. Dev. 46, 395–418.

Dunlop, J.A., Borner, J. & Burmester, T. (2014). Phylogeny of
the chelicerates: morphological and molecular evidence. In
Deep metazoan phylogeny: the backbone of the tree of life:
399–412. Wagele, J.W. & Bartolomaeus, T. (Eds). Berlin: De
Gruyter.

Fasel, A., Muller, P.A., Suppan, P. & Vautley, E. (1997).
Photoluminescence of the African scorpion Pandinus
imperator. J. Photochem. Photobiol., B 39, 96–98.

Filshie, B.K. & Hadley, N.F. (1979). Fine structure of the
cuticle of the desert scorpionm Hadrurus arizonensis. Tissue
Cell 11, 249–262.

Fischer de Waldheim, G. (1839). Notice sur un crustac�e fossile
du genre Eurypterus de Podolie. Bull. Soc. Imp. Nat. Mosc.
11, 125–128.

Frost, L.M., Butler, D.R., O’Dell, B. & Fet, V. (2001). A
coumarin as a fluorescent compound in scorpion cuticle. In
Scorpions 2001: in Memoriam Gary A. Polis: 265–368. Fet,
V. & Selden, P.A. (Eds). Burnham Beeches: British
Arachnological Society.

Journal of Zoology �� (2017) ��–�� ª 2017 The Zoological Society of London 7

M. Rubin et al. Cuticular fluorescence in chelicerates



Gaffin, D.D., Bumm, L.A., Taylor, M.S., Popokina, N.V. &
Mann, S. (2012). Scorpion fluorescence and reaction to light.
Anim. Behav. 83, 429–436.

Garwood, R.J. & Dunlop, J.A. (2014). Three-dimensional
reconstruction and the phylogeny of extinct chelicerate orders.
PeerJ 2, e641.

Gould, S.J. & Lewontin, R.C. (1979). The spandrels of San
Marco and the Panglossian Paradigm: a critique of the
adaptionist program. Proc. R. Soc. Lond. B Biol. Sci. 205,
581–598.

Grainge, C.A. & Pearson, R.G. (1966). Cuticular structure in the
Phalangida. Nature 211, 866.

Hackman, R.H. (1982). Structure and function in tick cuticle.
Annu. Rev. Entomol. 27, 75–95.

Hadley, N.F. (1981). Fine structure of the cuticle of the black
widow spider with reference to surface lipids. Tissue Cell 13,
805–817.

Hadley, N.F. & Filshie, B.K. (1979). Fine structure of the
epicuticle of the desert scorpion, Hadrurus arizonensis, with
reference to location of lipids. Tissue Cell 11, 263–275.

Jones, M., Gantenbein, B., Fet, V. & Blaxter, M. (2007). The
effect of model choice on phylogenetic inference using
mitochondrial sequence data: lessons from the scorpions. Mol.
Phylogenet. Evol. 43, 583–595.

Kennaugh, J.H. (1959). An examination of the cuticles of two
scorpions, Pandinus imperator and Scorpiops hardwickii. Q.
J. Microsc. Sci. 100, 41–50.

Kennaugh, J.H. (1968). An examination of the cuticles of three
species of Ricinulei (Arachnida). J. Zool. Lon. 56, 393–404.

Klarman, A., Shaklai, N. & Daniel, E. (1977). Tyrosyl
fluorescence in hemocyanin from the scorpion Leirus
quinquestriatus. Biochim. Biophys. Acta 490, 322–330.

Kloock, C.T. (2005). Aerial insects avoid fluorescing scorpions.
Euscorpius 21, 1–7.

Kloock, C.T. (2008). A comparison of fluorescence in two
sympatric scorpion species. J. Photoch. Photobio. B. 91, 132–
136.

Kloock, C.T., Kubli, A. & Reynolds, R. (2010). Ultraviolet light
detection: a function of scorpion fluorescence. J. Arachnol.
38, 441–445.

Kraepelin, K. (1899). Z€ur systematik der Solifugen. Mitt.
Naturh. Mus. 16, 195–258.

Krishnakumuran, A. (1962). A comparative study of the cuticle
in Arachnida. 1. Structure and staining properties. Zool. Jahrb.
Anat. 80, 49–64.

Kuse, M., Kanakubo, A., Suwan, S., Koga, K., Isobe, M. &
Shimomura, O. (2001). 7,8-Dihydropterin-6-carboxylic acid as
light emitter of luminous millipede, Luminodesmus sequoiae.
Bioorg. Med. Chem. Lett. 11, 1037–1040.

Kuse, M., Yanagi, M., Tanaka, E., Tani, N. & Nishikawa, T.
(2010). Identification of a fluorescent compound in the cuticle
of the train millipede Parafontaria laminata armigera. Biosci.
Biotechnol. Biochem. 74, 2307–2309.

Lamsdell, J.C. (2016). Horseshoe crab phylogeny and
independent colonizations of fresh water: ecological invasion

as a driver for morphological innovation. Palaeontology 59,
181–194.

Lamsdell, J.C. & Selden, P.A. (2017). From success to
persistence: identifying an evolutionary regime shift in the
diverse Paleozoic aquatic arthropod group Eurypterida, driven
by the Devonian biotic crisis. Evolution 71, 95–110.

Lamsdell, J.C., Briggs, D.E.G., Liu, H.P., Witzke, B.J. &
McKay, R.M. (2015a). A new Ordovician arthropod from the
Winneshiek Lagerst€atte of Iowa (USA) reveals the ground
plan of eurypterids and chasmataspidids. Sci. Nat. 102, 63.

Lamsdell, J.C., Briggs, D.E.G., Liu, H.P., Witzke, B.J. &
McKay, R.M. (2015b). The oldest described eurypterid: a
giant Middle Ordovician (Darriwilian) megalograptid from the
Winneshiek Lagerst€atte of Iowa. BMC Evol. Biol. 15, 169.

Lamsdell, J.C., LoDuca, S.T., Gunderson, G.O., Meyer, R.C. &
Briggs, D.E.G. (2017). A new Lagerst€atte from the Late
Ordovician Big Hill Formation, Upper Peninsular, Michigan.
J. Geol. Soc. 174, 18–22.

Lawrence, R.F. (1954). Fluorescence in Arthropoda. J. Ent. Soc.
South Afr. 17, 167–170.

Legg, D.A., Sutton, M.D. & Edgecombe, G.D. (2013).
Arthropod fossil data increase congruence of morphological
and molecular phylogenies. Nat. Comm. 4, 2485.

Linnaeus, C. (1758). Systema naturae 1, 1–824.
Lourenc�o, W.R. (2012). Fluorescence in scorpions under UV
light; can chaerilids be a possible exception? C. R. Biol. 335,
731–734.

Lourenc�o, W.R. & Cloudsley-Thompson, J.L. (1996). The
evolutionary significance of colour, colour patterns and
fluorescence in scorpions. Rev. Suisse Zool. 2, 449–458.

Mutvei, H. (1977). SEM studies on arthropod exoskeletons. 2.
Horseshoe crab Limulus polyphemus (L.) in comparison with
extinct eurypterids and recent scorpions. Zool. Scr. 6, 203–
213.

Pavan, M. (1954a). Presenza e distribuzione di una sostanza
fluorescente nel tegumento degli Scorpioni. Boll. Soc. Ital.
Biol. Sper. 30, 801–803.

Pavan, M. (1954b). Primi dati per la caratterizzazione della
sostanza fluorescente nel tegumento degil Scorpioni. Boll. Soc.
Ital. Biol. Sper. 30, 803–805.

Pavan, M. (1954c). Studi sugli Scorpionei. I. Una nuova
caratteristica tipica del tegumentodegli Scorpioni. Ital. J. Zool.
21, 283–291.

Pavan, M. & Vachon, M. (1954). Sur l’existance d’une
substance fluorescente dans les t�eguments des scorpions
(Arachnides). C. R. Acad. Sci. Paris 239, 1700–1702.

Pepato, A.R., da Rocha, C.E.F. & Dunlop, J.A. (2010).
Phylogenetic position of the acariform mites: sensitivity to
homology assessment under total evidence. BMC Evol. Biol.
10, 235.

Reed, S.M., Do, M.T. & Masta, S.E. (2008). Parallel factor
analysis of spider fluorophores. J. Photochem. Photobiol., B
93, 149–154.

Rudkin, D.M., Young, G.A. & Nowlan, G.S. (2008). The oldest
horseshoe crab: a new xiphosurid from Late Ordovician

8 Journal of Zoology �� (2017) ��–�� ª 2017 The Zoological Society of London

Cuticular fluorescence in chelicerates M. Rubin et al.



Konservat-Lagerst€atten deposits, Manitoba, Canada.
Palaeontology 51, 1–9.

Selden, P.A., Lamsdell, J.C. & Qi, L. (2015). An unusual
euchelicerate linking horseshoe crabs and eurypterids, from
the Lower Devonian (Lochkovian) of Yunnan, China. Zool.
Scr. 44, 645–652.

Sharma, P.P., Kaluziak, S.T., P�erez-Porro, A., Gonz�alez, V.L.,
Hormiga, G., Wheeler, W.C. & Giribet, G. (2014).
Phylogenomic interrogation of Arachnida reveals systematic
conflicts in phylogenetic signal. Mol. Biol. Evol. 31, 2963–2984.

Shultz, J.W. (2007). A phylogenetic analysis the arachnid orders
based on morphological characters. Zool. J. Linnean Soc. 150,
221–265.

Stachel, S.J., Stockwell, S.A. & Van Vranken, D.L. (1999). The
fluorescence of scorpions and cataractogenesis. Chem. Biol. 6,
531–539.

Stahnke, H.L. (1972). UV light, a useful field tool. Bioscience
22, 604–607.

Thorell, T. (1876). �Etudes scorpiologiques. Atti Soc. Ital. Sci.
Nat. 19, 75–272.

Tuuling, I. & Flod�en, T. (2013). Silurian reefs off Saaremaa and
their extension towards Gotland, central Baltic sea. Geol.
Mag. 150, 923–936.

Van Roy, P., Orr, P.J., Botting, J.P., Muir, L.A., Vinther, J.,
Lefebvre, B., el Hariri, K. & Briggs, D.E.G. (2010).
Ordovician faunas of Burgess Shale type. Nature 465, 215–
218.

Wankhede, R.A. (2004). Extraction, isolation, identification and
distribution of soluble fluorescent compounds from the cuticle
of scorpion (Hadrurus arizonensis). M.S. Thesis, Marshall
University. 61 pp.

Journal of Zoology �� (2017) ��–�� ª 2017 The Zoological Society of London 9

M. Rubin et al. Cuticular fluorescence in chelicerates


