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Abstract  The deep-sea environment is associated 
with a wide range of anatomically specialized mor-
phologies allowing camouflage in this low or no 
light environment. Specialized ultra-black colora-
tion has been documented in the pelican eel, Eury-
pharynx pelecanoides, but has not been explored in 
the other largely deep-sea inhabiting pelagic anguil-
loid eels. Histological examination of the integument 
revealed a layer of free melanosomes in the superfi-
cial dermis consistent with specialized ultra-black 
camouflage in the swallower eels Saccopharynx, 
the bobtail snipe eel Cyema, the sawtooth eels Ser-
rivomer, and the snipe eels Avocettina and Nemich-
thys. The anatomy in these taxa is consistent with the 
previously described ultra-black morphology, except 
that Nemichthys, Avocettina, and Serrivomer have 
both large amounts of free melanosomes and mel-
anophores. Consideration of this morphology in the 
context of anguilloid eel evolution in the deep-sea 

environment suggests repeated independent evolu-
tion of ultra-black coloration within the anguilloids, 
and greater development in the taxa more specifically 
associated with the bathypelagic habitats and the pro-
duction of bioluminescence.
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Introduction

The deep-sea environment is associated with a wide 
range of anatomically specialized morphologies that, 
in some cases, evolved repeatedly in response to 
the specialized conditions in deep sea environments 
(Priede 2017). Black coloration is very common in 
deep-sea fishes and likely provides camouflage by 
absorbing more of the bioluminescence and limited 
sunlight in these environments (Herring 2002; John-
sen 2005; Priede 2017). In the more typical form of 
black pigmentation in fishes, melanin-containing mel-
anosomes within melanophores can be localized in 
the cell soma, reducing coloration intensity, or be dis-
tributed into dendritic processes, increasing the inten-
sity of overall dark coloration (Fujii 2000; Sugimoto 
2002; D’Alba and Shawkey 2019). Ultra-black colora-
tion in fishes is produced by a dense layer of free mel-
anosomes in the superficial dermis that are not con-
tained in melanophores (Davis et al. 2020). This layer 
of melanosomes results in greater light absorption 
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than in fishes with melanosomes contained within 
melanophores (Davis et al. 2020). Ultra-black camou-
flage is currently known to be present in a wide range 
of distantly related species of fishes, including the 
pelican gulper eel Eurypharynx pelecanoides Vaillant 
1882, and it likely evolved many times in the con-
text of the deep-sea environment (Davis et al. 2020). 
The environment of the deep sea where solar light is 
dim or absent and bioluminescence is common may 
provide a context where a highly light-absorbing 
camouflage is more beneficial than the pigmentation 
plasticity that melanophore-contained melanosomes 
can provide. Although ultra-black camouflage is pre-
sent in diverse taxa, it has not been explored within 
a monophyletic group of species containing a wide 
range of particularly black-pigmented, deep-sea taxa.

After transformation from the leptocephalus larval 
stage, the majority of anguilliform families inhabit 
the deep sea, below 200 m, and many groups have 
received limited study due to these difficult-to-access 
habitats (Böhlke et  al. 1989; Fishelson 1994). The 
suborder Anguilloidei is a mostly deep-sea clade 
that includes the shallow-water spaghetti eels (Mor-
inguidae) and the catadromous freshwater eels that 
spawn pelagically in the deep sea (Anguillidae), as 
well as the primarily deep-sea sawtooth eels (Serriv-
omeridae), snipe eels (Nemichthyidae), one-jaw eels 
(Monognathidae), bob-tail snipe eel (Cyematidae), 
red bob-tail snipe eel (Neocyematidae), pelican eel 
(Eurypharyngidae), and swallower eels (Saccophayn-
gidae) (Santini et  al. 2013; Tang and Fielitz 2013; 
Poulsen et  al. 2018). The deep-sea anguilloids are 
especially notable for their pelagic habitat, the wide 
range of jaw structure, and specialized coloration 
including black, red (in Neocyema), and transparent 
(in Monognathus) species, all of which likely evolved 
in response to their deep-sea habitats (Nielsen and 
Smith 1978; Nielsen and Bertelsen 1985; Bertelsen 
and Nielsen 1987; Bertelsen et al. 1989; Nielsen et al. 
1989; Poulsen et al. 2018).

Absorption of light in the deep sea near or below 
the limit of sunlight penetration provides bet-
ter camouflage from bioluminescent sources than 
light-reflective coloration (Priede 2017). Among the 
deep-sea anguilloids, only serrivomerids, some of 
which vertically migrate nearer the surface nightly 
after post-larval  transformation and before reach-
ing adult size, are most common at adult size in the 
mesopelagic and have some reflective coloration in 

addition to black pigmentation (Tighe 1989). Nemich-
thys scolopaceus Richardson 1848, the slender snipe 
eel, and Avocettina infans (Günther 1878), the Avo-
cet snipe eel, usually inhabit the mesopelagic above 
1000 m (Nielsen and Smith 1978; Smith and Nielsen 
1989). Adult-sized individuals of the remaining deep 
sea anguilloids are most commonly collected in 
bathypelagic environments (Böhlke et al. 1989; Fro-
ese and Pauly 2000). The gulper eels in the genera 
Eurypharynx and Saccopharynx are the only known 
bioluminescent members of Anguilloidea and have 
a caudal light organ that has been suggested to be a 
prey lure (Nielsen and Bertelsen 1985; Nielsen et al. 
1989; Priede 2017). The gulper eels are most com-
monly found in the bathypelagic zone and have an 
intense black coloration in life that has been demon-
strated to be ultra-black coloration based on melanin-
containing melanosomes in Eurypharynx (Nielsen 
and Bertelsen 1985; Nielsen et al. 1989; Davis et al. 
2020). Davis et al. (2020) demonstrated that the very 
low reflectance of ultra-black camouflage would be 
particularly advantageous as camouflage from the 
relatively dim light produced by bioluminescence as 
compared to solar light and suggested that this was 
the functional benefit of an ultra-black coloration.

In this study, we explore the presence of ultra-
black camouflage in the deep ocean anguilloid eels 
using gross and histological methods. Ultra-black col-
oration is known to be present in the putatively bio-
luminescent Eurypharynx pelecanoides and all the 
black members of this clade inhabit deep-sea envi-
ronments (Böhlke et al. 1989; Davis et al. 2020). We 
also expect that this camouflage from bioluminescent 
illumination once evolved should provide significant 
adaptive benefits in the deep ocean. Therefore, we 
predict all the black, deep-sea taxa will exhibit integ-
umentary structures consistent with ultra-black color-
ation, but that the development of this coloration will 
be most pronounced in those species that produce 
their own bioluminescence.

Materials and methods

Specimens

We examined preserved museum specimens and did 
not work with live animals. We borrowed specimens 
from the University of Minnesota, Bell Museum of 
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Natural History (JFBM), the University of Califor-
nia San Diego, Scripps Institute of Oceanography 
(SIO), and the Natural History Museum, Los Ange-
les County (LACM). We examined and sampled 
skin from the following specimens: Anguilla ros-
trata (Lesueur 1817) (JFBM 41279*), Avocettina 
infans (LACM 31172-33*); Cyema atrum (Günther 
1878) (SIO 14-133*, 21-13); Eurypharynx peleca-
noides (SIO 60-269*, 72-57, 85-164*); Monognathus 
rosenblatti Bertelsen and Nielsen 1987 (SIO 60-283, 
86-43); Moringua edwardsi (Jordan and Bollman 
1889) (SIO 71-274*), Nemichthys scolopaceus 
(JFBM 49367*), Saccopharynx lavenbergi Nielsen 
and Bertelsen 1985 (SIO 14-167); Saccopharynx 
lavenbergi (SIO 85-163*); Serrivomer sector Garman 
1899 (LACM 422151-1*; SIO 65-578*) (specimens 
sampled histologically indicated with an asterisk (*)). 
We were unable to examine the red-pigmented Neocy-
ema because only six specimens are known to science 
(Poulsen 2015; Poulsen et  al. 2018) and we did not 
histologically sample any of the species of Monogna-
thus, all of which are transparent and are notably rare 
in collections (Bertelsen and Nielsen 1987).

Gross examination

We grossly examined skin surfaces of museum speci-
mens with a Leica MZ 12.5 stereomicroscope for 
coloration and evidence of discrete melanocytes. 
We photographed freshly captured whole specimens 
using an iPhone 8 on a research cruise (SR2007 on 
the R/V Sally Ride) in August 2020 supported by the 
National Science Foundation. During whole-speci-
men image preparation, we removed the background 
from whole specimen images using image-editing 
software.

Histology

We took approximately 5 mm × 5 mm histological 
samples of the right dorsolateral integument, and 
when possible sampled 2 to 3 mm into the underlying 
muscle. We dehydrated samples in an ethanol series, 
followed by clearing in xylene, embedding in paraf-
fin, sectioning every 10 μm on a rotary microtome, 
and mounting on slides (Humason 1979). We stained 
every other slide using a Toluidine Blue O pH 4.1-
Fast Green procedure (Melrose et al. 2004; Bergholt 
et  al. 2019) and the Masson’s trichrome procedure 

to differentiate muscle and collagen (Sheehan and 
Hrapchak 1980; Ghedotti et al. 2019, 2021; Suvarna 
et  al. 2019). We examined slides with a Leica DM 
2500 compound microscope and took digital images 
with an attached Retiga R6 Teledyne Qimaging pho-
todocumentation system. During histological image 
preparation, we adjusted brightness and contrast 
evenly across the images and eliminated the mounting 
medium surrounding the tissues using image-editing 
software. We did not otherwise modify photographic 
components of images and we did not modify or 
enhance specific structures.

Results

Gross anatomy

Whole fresh specimens of Eurypharynx pelecanoides 
and Saccopharynx spp. have an intense black, matte 
coloration on the whole body except for the caudal tip 
(Fig. 1A, C). Under microscopic examination of pre-
served specimens, E. pelecanoides and Saccophar-
ynx spp. exhibited a continuous dark coloration 
without melanophores. Cyema atrum has a similar 
matte black coloration in fresh specimens except for 
around the jaws and behind the eye, although micro-
scopic examination demonstrates a distinctive micro-
reticulate color pattern without any distinctly stellate 
melanophores (Figs.  1E and 2B). In the preserved 
specimens examined of Moringua edwardsi and 
Anguilla rostrata, stellate melanophores on a lighter 
background are visible in most of the integument. In 
Avocettina infans, Nemichthys scolopaceus, and Ser-
rivomer sector, we observed both areas of continu-
ous dark coloration without distinct melanophores 
and infrequent, scattered stellate melanophores which 
were most common on the caudal peduncle (Fig. 2A). 
Pigmentation in the museum specimens we examined 
often is more discontinuous and faded as a result of 
damage to the integument during capture and the 
long-term effects of preservation. However, stellate 
melanophores and the diffuse, continuous dark col-
oration associated with ultra-black coloration usually 
were discernable when present on most specimens.
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Histology

Histological sampling revealed a similar anatomy 
in all sectioned anguilloid samples with black 

coloration. In the sectioned samples of all deep-sea 
species, the epidermis is absent except for occa-
sional, small cellular remnants suggesting that the 
epidermis is relatively thin and easily dislodged from 
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the underlying dermis. Damage during deep-water 
trawl capture combined with a thin and more loosely 
adhered epidermis likely explains the consistency of 
this absence.

In Moringua ewardsi, a shallow water species col-
lected using ichthyocides, the thin epidermis consist-
ing of only two to five layers of cells was usually pre-
sent in specimens but often was separated from the 
underlying dermis in histological sections, indicating 
that the epidermis is not tightly adhered to the dermis 
in at least this anguilloid. The epidermis is present as 
a thick many-layered stratified epithelium superficial 
to the underlying dermis to which it is well adhered 
in the freshwater-stage Anguilla rostrata examined in 
this study, consistent with the morphology observed 
by Pankhurst and Lythgoe (1982).

In the examined histological samples from Eury-
pharynx pelecanoides and Saccopharynx lavenbergi, 
there is a near continuous layer of free melanosomes 
in the superficial dermis (Fig.  1B, D) as described 
in Davis et  al. (2020) for ultra-black coloration in 
E. pelecanoides. Samples from Avocettina infans, 
Cyema atrum (Fig.  1F), Nemichthys scolopaceus 
(Fig. 1G), and Serrivomer sector show a similar mor-
phology with extensive, superficial melanosomes in 
the superficial dermis; however, the melanosomes 
are less continuous with occasional small gaps. The 
melanosomes in Cyema atrum are notably larger, 

approximately twice the size and the melanosomes of 
other species with free melanosomes (Fig.  1F). The 
melanosomes in Serrivomer sector are more elongate 
than the melanosomes of other species with free mel-
anosomes and this species also has a distinct layer of 
muscle tissue present within the dermis. The shallow-
water species, An. rostrata and M. ewardsi, have dis-
crete melanophores. These melanophores are between 
collagen fibers in the superficial dermis as well as 
scattered in deeper dermal layers (Fig. 1H). The deep 
dermis is underlain by the myotomal skeletal muscu-
lature in all species examined.

Discussion

As predicted, all deep-sea anguilloid species exam-
ined histologically have extensive free melanosomes 
in the superficial dermis consistent with an ultra-black 
morphology associated with camouflage (Davis et al. 
2020). An ultra-black dermal morphology is consist-
ent with the freshly caught deeply black coloration 
observed in Cyema atrum, Eurypharynx pelecanoides, 
and Saccopharynx lavenbergi (Fig. 1A, C, E), whereas 
the specimens from shallow-water habitats exhibit the 
more typical melanophore-based structure and a more 
brownish coloration (Pankhurst and Lythgoe 1982; 
Sorensen and Pankhurst 1988; Caruso et al. 2010).

The association of ultra-black coloration with cam-
ouflage from bioluminescent sources of light (Davis 
et  al. 2020) is consistent with ultra-black anatomy 
seen in the examined species. The species observed 
with this anatomy all have estimated depth ranges 
between 100 and 7625 m with most occurrences 
below the depth of sunlight penetration where biolu-
minescence would be the only source of light (Smith 
1989; Froese and Pauly 2000; Coad and Reist 2004; 
Love et al. 2021). The two examined species that pos-
sess caudal bioluminescent lures, Eurypharynx pele-
canoides and Saccopharynx lavenbergi, exhibit the 
highest observed densities of melanosomes within the 
superficial dermis of the sampled angulloids (Fig. 1B, 
D), supporting the suggestion of Davis et  al. (2020) 
that bioluminescence may be associated with a need 
for greater light absorbance. The effect of the larger 
size and elongate shape of the melanosomes in Cyema 
atrum and Serrivomer sector, respectively, likely can 
still produce ultra-black coloration as they fall within 
the range of melanosome size variation documented 

Fig. 1   Anatomy of the integument in anguilloid eels. A 
Eurypharynx pelecanoides, freshly captured specimen, not 
cataloged. B E. pelecanoides dorsolateral skin cross-section 
(SIO 60-269: 458 mm TL). MT. C Saccopharynx lavenbergi 
freshly captured specimen, not cataloged. D S. lavenbergi dor-
solateral skin cross section (SIO 85-163: 780 mm TL). MT. 
E Cyema atrum freshly captured specimen with jaw tip dam-
age, not cataloged. F C. atrum dorsolateral skin cross section 
(SIO 14-133: 133 mm TL). MT. G Nemichthys scolopaceus 
dorsolateral skin cross section (JFBM 49367: 789 mm TL). 
MT. H Anguilla rostrata dorsolateral skin cross section 
(JFBM 41279: 153 mm TL). Scale bars = 50 μm unless oth-
erwise indicated. * = melanocyte; ct = collagen-rich connec-
tive tissue in dermis; ep = epidermis; m = muscle; arrow = 
free melanosome. (i) Phylogeny of relationships depicted in 
Poulsen et al. (2018). Bold black text indicates taxa with mem-
bers that have ultra-black coloration (Davis et  al. 2020) other 
colors indicate predominant post-metamorphosis color. Blue 
dots indicate inferred mitochondrial specific gene rearrange-
ments that have a very low likelihood of occurring and provide 
especially strong support to nodes. Gray lines indicate depth of 
occurrence, with darkest gray indicating most common capture 
depths, based on Froese and Pauly (2000) and sources cited in 
text

◂
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by Davis et al. (2020). Additionally, E. pelecanoides 
exhibited the smallest melanosome size documented 
in ultra-black fishes (Davis et al. 2020).

Because melanophores likely produce free mela-
nosomes by either extrusion or release from a dying 
melanocyte, at some point during the ontogeny of all 
fishes with ultra-black coloration, both melanophore-
contained and free melanosomes exist within the 
same individual (Fujii 2000; D’Alba and Shawkey 
2019; Parichy 2021). Therefore, the new observation 
of melanophores existing in the skin alongside free 
melanosomes in adult-sized specimens of the exam-
ined nemichthyids, Avocettina infans and Nemichthys 
scolopaceus, and the serrivomerid, Serrivomer sec-
tor, is not surprising. Nemichthys scolopaceus and 
Avocettina infans are most commonly encountered 
in the mesopelagic zone where dim solar light is pre-
sent (Smith and Nielsen 1989; Love et al. 2005) and 
Serrivomer sector occasionally has been collected 
near the surface at night (Fitch and Lavenberg 1968; 
Charter 1996). Having both melanophore-based pig-
mentation that allows rapid change in degree of pig-
mentation and static but especially light-absorbing 
ultra-black coloration may allow these fishes some of 
the benefits of each method of pigmentation on differ-
ent body regions and in different light environments.

The pattern of ultra-black morphology in the con-
text of the most recent phylogeny (Poulsen et al. 2018) 
is contrary to our initial assumption and indicates 
that three separate origins of ultra-black coloration is 
more likely than a single origin of this anatomy in a 
common ancestor followed by three losses. Although 
repeated homoplasy of pigmentation characteristics in 
fishes is well documented (Davis et al. 2020; Parichy 
and Liang 2021), these results suggest a high evolu-
tionary lability associated with repeated origin of this 
characteristic within deep-sea anguilloids.

Although we confirmed melanophore-based dark 
coloration in the freshwater stages of Anguilla ros-
trata, reproductively transformed freshwater eels 
develop a pronounced black coloration as they 
reach their deep-ocean spawning grounds (Sorensen 
and Pankhurst 1988; Kurogi et  al. 2011), and it is 
unknown if this coloration is associated with changes 
in melanophores or the production of the free mela-
nosomes associated with ultra-black coloration. Like-
wise, the condition of chromatosomes and/or chro-
matophores in the transparent Monognathus and the 
red-colored Neocyema is unknown. Transparency is 
the common condition of the leptocephalus larvae of 
all eels (Böhlke et  al. 1989) and its presence in the 
small and putatively neotenic Monognathus is not 
surprising (Bertelsen and Nielsen 1987). If speci-
mens of Neocyema can be histologically studied, the 
presence or absence of erythrosomes and/or erythro-
phores would further contribute to our understand-
ing of evolution of this specialized coloration and its 
environmental associations in anguilloids.
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