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ABSTRACT

Melanosomes are membrane-bound organelles of varying geometry, commonly found within a 
range of vertebrate tissues, that contain the pigment melanin. Melanosomes have been identified in 
the fossil record in many exceptionally preserved fossils allowing reconstructions of the coloration 
of many extinct animals. However, these microstructures have also been interpreted as “microbial 
cells” or melanin-producing bacteria based on their geometric similarities to melanosomes. Here we 
test these two conflicting hypotheses experimentally. Our results demonstrate multiple lines of evi-
dence that these fossil microbodies are indeed melanosomes: the geometry of decay-associated 
microbes differs significantly from fossil microbodies; fossil microbodies are very strongly localized 
to in vivo melanized tissues and are absent in tissues typically unmelanized in vivo, in all fossils 
examined regardless of lithology or age.

On the basis of these results, as well as a thorough review of existing literature on melaninlike 
pigments, we are able to rule out a bacterial origin for fossil microbodies associated with exceptional 
vertebrate fossils and demonstrate that fossil microbodies are in fact preserved melanosomes. 
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INTRODUCTION

Integumentary coloration and patterning 
are instrumental to comprehending an ani-
mal’s life history and evolution (Burley et al., 
1982; Butcher and Rohwer, 1989). Coloration is 
commonly utilized by animals for aposematic 
signals, crypsis, sociosexual selection and opti-
mizing physiological functions (Cuthill et al., 

2017). Pigmentary systems (including mela-
nins, carotenoids and porphyrins) produce 
coloration through selective absorbance and 
reflectance of wavelengths of light (Hill and 
McGraw, 2006a; 2006b). Additionally, structural 
integumentary coloration is produced by scat-
tering of different wavelengths of light due to 
nanoscale variations in refractive indices of the 
tissue constituents making up the integumen-
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somes” (Hill and McGraw, 2006b). It is impor-
tant to appreciate, though, that natural 
melanosomes will vary in composition and the 
eumelanosome/phaeomelanosome dichotomy 
is only crudely instructive in describing this 
observed variation.

The reconstruction of color patterns in 
ancient animals is a burgeoning field of pale-
ontological research and is intricately linked 
with the geometry of melanin-bearing “mela-
nosome-like microbodies” (Moyer et al., 2014; 
Lindgren et al., 2015; Schweitzer et al., 2015) 
preserved in fossils. Investigations into the dis-
tribution of melanosomes in fossils led to the 
identification of countershading in extinct ani-
mals allowing ecological and behavioral impli-
cations to be inferred (Vinther et al., 2016; 
Brown et al., 2017; Smithwick et al., 2017). 
However, the identity of such “microbodies” 
has been repeatedly called into question, with 
a counter view (Wuttke, 1983; Toporski et al., 
2002; Moyer et al., 2014; Lindgren et al., 2015; 
Schweitzer et al., 2015) that interprets them as 
fossilized microbial cells, which they were tra-
ditionally identified as, prior to the work of 
Vinther et al. (2008). This traditional view has 
been challenged in several studies evaluating 
the evidence for these microbodies being 
melanosomes, based on four important char-
acteristics: (1) geometric and spatial consis-
tency with extant melanosomes (Vinther et al., 
2008; Li et al., 2010; Zhang et al., 2010; Li et 
al., 2012); (2) concentration of microbodies in 
fossilized vertebrate tissues that originally con-
tained melanosomes, i.e., feathers, eyes, and 
visceral organs (Vinther et al., 2008; Zhang et 
al., 2010; Gabbott et al., 2016); (3) preserved 
color patterns (Vinther et al., 2008); and (4) 
presence of chemical signatures of melanin-
derived compounds in the microbodies (Glass 
et al., 2012 , 2013; Colleary et al., 2015).

Despite this body of direct and indirect evi-
dence, a consensus regarding the identity of 
fossil microbodies has yet to be reached. Four 
main counterarguments have been posited in 
favor of the microbial identity of fossil micro-

tary structures (Prum, 1999). Melanin pigments 
are widespread among vertebrates and have gar-
nered much interest within the paleontological 
community in the last decade (Vinther et al., 
2008, 2010, 2015, 2020; Li et al., 2010, 2012; 
Clements et al., 2016; McNamara et al., 2016; 
Roy et al., 2020) especially because the identi-
fication of fossilized pigments has allowed the 
color of extinct organisms to be interpreted, 
which has provoked significant scientific and 
cultural interest (Vinther, 2015, 2020; Roy et al., 
2020). What makes melanin especially impor-
tant to fossil color reconstruction is its intrinsic 
synthesis as a metabolic product (rather than 
the result of dietary uptake, e.g., carotenoids), 
and its potential for preservation in various taxa 
across deep time (Vinther et al., 2008; Glass et 
al., 2012). 

Melanin is most commonly found within 
vertebrates encased within lysosome-derived, 
membrane-bound and subcellular vesicles 
called melanosomes (Raposo et al., 2001). 
Melanosomes have been described in fossil 
fish (Lindgren et al., 2012; Tanaka et al., 2014; 
Clements et al., 2016; Gabbott et al., 2016), 
amphibians (McNamara et al., 2016, Rossi et 
al. 2019), marine reptiles (Lindgren et al., 
2014), birds (Clarke et al., 2010; Pan et al., 
2016; Gren et al., 2017; Zheng et al., 2017), 
nonavialan dinosaurs (Li et al., 2010, 2012; 
Zhang et al., 2010; Xu et al., 2015; Vinther et 
al., 2016; Hu et al., 2018) and mammals (Man-
ning et al., 2019; Rossi et al., 2019).

Animal melanins create a spectrum of col-
ors within a tissue by varying the ratio of dark-
brown/black, produced by eumelanin, and 
rufous to buff, produced by pheomelanin 
(Vinther et al., 2008). Observations of extant 
mammalian and avian melanosomes show a 
geometrical continuum from spherical to 
“elongate-oblong” shapes. The elongate-oblong 
integumentary melanosomes that contain high 
relative proportions of eumelanin and have 
been termed “eumelanosomes,” whereas spher-
ical melanosomes are typically dominated by 
pheomelanin and are called “pheomelano-
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bodies (Moyer et al., 2014; Lindgren et al., 
2015; Schweitzer et al., 2015): (1) frameworks 
seen in fossil microbodies are formed because 
microbes align themselves in biofilms (Topor-
ski et al., 2002; Moyer et al., 2014); (2) decay-
related microbes readily colonize dead bodies 
and so would naturally be preserved and more 
readily visible than melanosomes, which 
would instead be encapsulated by fossilized 
keratin out of view (Toporski et al., 2002; 
Moyer et al., 2014; Schweitzer et al., 2015); (3) 
microbes are ubiquitous, fossilize easily, and 
are indistinguishable geometrically from mela-
nosomes (Moyer et al., 2014; Schweitzer et al., 
2015); and (4) certain microbes (bacteria and 
fungi) produce melanin pigments that may 

lead to erroneous chemical identification 
rather than the melanin in the tissues of the 
organism itself (Lindgren et al., 2015; Sch-
weitzer et al., 2015). Herein, we test the valid-
ity of these arguments, by designing 
experiments to test the following hypotheses:

(1) Melanosomes and microbial cells are 
geometrically indistinguishable
(2) Microbes localize and align themselves 
in orientations akin to extant melano-
somes
(3) Microbes fossilize easily and are thus 
ubiquitous throughout fossils
(4) Microbes are sources of melanin and 
there is a likelihood of extraneous preser-
vation in fossils.

TABLE 1

Melanosomes measured from feathers of modern birds

No.. Species sampled Feather color Sample size Melanosome shape

1 Tragopan sp. Black 162 Elongate rod

2 Sunbittern
(Eurypyga helias) Dark brown 100 Spherical/oblate

3 Turaco
(species unknown) Iridescent 144 Elongate rod

4 Palawan peacock-pheasant 
(Polyplectron napoleonis) Iridescent 150 Elongate rod

5 Chicken
(Gallus gallus) Iridescent tructural 50 Oblong

6 Black-throated trogon
(Trogon rufus) Iridescent structural 50 Elongate rod

7 Bar-tailed trogon 
(Apaloderma vittatum) Iridescent structural 60 Elongate rod

8 Eurasian kingfisher
(Alcedo atthis)

Noniridescent
structural 65 Oblong

9 Black-capped kingfisher
(Halcyon pileata)

Noniridescent
structural 70 Oblong

10 Blue cuckooshrike
(Coracina azurea)

Noniridescent
structural 80 Elongate rod/

oblong

11 Ivory-breasted pitta
(Pitta maxima)

Noniridescent
structural 70 Oblong

12 Rock dove
(Columba livia) Gray 150 Elongate rod

13 Victoria crowned pigeon
(Goura victoria) Gray 131 Spherical/oblong
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TABLE 2

Microbody samples measured from isolated fossil feather specimens

No. Material Accession code Sample size Microbody shape Source

1 feather LEUIG 115562 40 Elongate rod Crato formation, Brazil

2 feather SMF-ME 3850 60 Elongate rod Grube Messel, Germany

3 feather MORS-1003 32 Elongate rod Island of Mors, Fur For-
mation, Denmark

4 feather SMF-ME 3830
(microbody type 1)

54 Elongate rod/
oblong

Grube Messel, Germany

5 feather SMF-ME 3830 (microbody type 2) 31 Oblong/spherical Grube Messel, Germany

6 feather SMF-ME 3800B 40 Elongate rod/
oblong

Grube Messel, Germany

7 feather SMF-ME 3721 30 Elongate rod Grube Messel, Germany

8 feather SMF-ME 3719A 40 Elongate rod Grube Messel, Germany

9 feather SMF-ME 3815 40 Elongate rod Grube Messel, Germany

TABLE 3

Fossilised feather specimens associated with skeletal material, used for sampling  
and measurement of microbodies

No. Specimen Accession code Sample size Microbody shape Taxon Source

1 Danekræ 200 MGUH 28.929 40 Elongate rod Aves Fur, Denmark

2 Eocypselus vincenti MHUG 26729 40 Elongate rod/
oblong

Aves Fur, Denmark

3 Eocoracias sp. Un-accessioned 35 Elongate rod/
oblong

Aves Grube Messel, 
Germany

4 Unknown feather with tail FUM-N 2275 34 Elongate rod Aves Fur, Denmark

5 Hassiavis laticauda HLMD-ME 9047a 50 Elongate rod Aves Grube Messel, 
Germany

6 Messelirrisor halcyrostris SMF-ME 10987b 40 Elongate rod Aves Grube Messel, 
Germany

7 Unknown
(with head crest)

HLMD-ME 15634a 50 Elongate rod/
oblong

Aves Grube Messel, 
Germany

8 Anchiornis huxleyi 
(microbody type 1)

BMNHC PH828 40 Spherical/
oblate

Avialae Liaoning, China

9 Anchiornis huxleyi
(microbody type 2)

BMNHC PH828 40 Elongate rod/
oblong

Avialae Liaoning, China

10 Microraptor gui BMNHC PH881 50 Elongate rod/
oblong

Droma-
eosauridae

Liaoning, China
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MATERIALS AND METHODS

Sampling of Melanosome Geometry 
through Scanning Electron Microscopy

Modern melanosomes were extracted from the 
feathers of 13 extant birds (table 1) and the skin 
and liver of Xenopus sp. Melanin extracts and tis-
sue samples from decay experiments were air 
dried, affixed to aluminium stubs with double-
sided carbon tape, and sputter-coated with gold. 
Fossil microbody samples were measured from 
SEM images of exceptionally preserved specimens 
(tables 2–4). Modern melanosomes and fossil 
microbodies were imaged at an accelerating volt-
age of 5–15 keV using a Hitachi 3500N SEM. 
Melanosomes and microbodies were measured 
using Image J v.1.52 (Schneider et al., 2012).

Decay Experiments to Investigate the 
Geometry of Microbial Cells

Actuopalaeontological laboratory experi-
ments (Valentine, 1989; Kowalewski, 1999; 
Briggs and Crowther, 2008; Sansom, 2014; Zus-
chin and Ebner, 2015) modeling decay under 
submerged, freshwater lacustrine, marine, and 
estuarine conditions, were carried out on a range 
of specimens: (1) isolated feathers (table 5), (2) 
bird carcasses (table 6) and (3) clawed frog (Xen-
opus sp.) tadpole carcasses (table 7). Chicken 
(Gallus gallus) and golden pheasant (Chrysolo-
phus pictus) feathers were chosen for this experi-

ment due to their availability and range of colors 
as well as their prior experimental use to facili-
tate comparisons with these studies (Ichida et al., 
2001; Moyer et al., 2014; Schweitzer et al., 2015). 
Recently deceased bird carcasses were provided 
by the Royal Society for the Prevention of Cru-
elty to Animals (RSPCA). 

 Isolated feathers and bird carcasses were placed 
in individually sealed vessels of two sizes, 250 ml 
and 1 L, filled with either pond water or mineral 
water with estuarine sediment. Within 250 ml glass 
jars, isolated feathers were submerged in: (1) 180 
ml of pond water, sparing amounts of pond sedi-
ment (<5 g), and small amounts of algal material, 
and (2) 180 ml of mineral water with fresh sedi-
ment (30 g) collected from the Severn estuary 
mudflats. The isolated feather decay experiments 
were conducted over two- and four-week intervals. 
Whole carcasses of two British Dipper (Cinclus cin-
clus gularis) and Eurasian Kingfisher (Alcedo atthis) 
were placed in separate 1 L containers. One speci-
men of C. gularis was submerged in 750 ml of pond 
water (<5 g sediment/container). The other C. gula-
ris and A. atthis carcasses were submerged in 120 g 
(wet weight) of estuarine sediment and 750 ml of 
mineral water. All three carcasses were secured 
underwater using a plastic mesh. One feather was 
sampled from each whole bird carcass at several 
locations (head and neck, back, breast, wings, flank, 
abdomen and tail) at one- and two-week intervals. 
Additionally, Xenopus sp. tadpoles, euthanized in 
accordance with Schedule 1 of the United Kingdom 
Animals (Scientific Procedures) Act (1986), were 

TABLE 4

Fossil anuran specimens used for sampling and measurement of microbodies

No. Specimen Accession code Sample 
size Microbody shape Taxon Material Formation

1 Pelobates sp. PW 2005-5034LS_
GDKE 60 Spherical/oblate Anuran 

tadpole Skin Enspel, Germany

2 Pipidae MU 41-13 50 Spherical/oblate Anura Skin Mush valley, Ethiopia

3 Paleobatrachus sp. SMF-ME 11390a 70 Spherical/oblate Anura Skin Messel, Germany
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submerged in small 43 ml sealed containers filled 
with 32 ml of pond water. Three tadpoles (~3 cm 
long) were sampled after 1, 2, and 5 days of decay. 
Each individual sealed container was maintained at 
22.5° C ± 0.1° C within a temperature-controlled 
incubator. Isolated feathers were also placed at the 
bottom of a tank (35 cm × 24 cm × 22 cm) contain-
ing artificial sea water, cyanobacterial blooms as 
well as a variety of marine microflora and fauna 
that had grown and stabilized over a period of 
more than six months. Feathers were harvested 
from the tanks after four weeks. The temperature 
for the cyanobacterial tank experiment was main-
tained between 20°–26° C. 

All the tissue samples were fixed using 10% 
neutral buffered formalin (for 30 minutes) and 
dehydrated using standard histological tech-
niques (Suvarna et al., 2019). Samples were criti-
cal point dried (using CO2 gas), mounted on 
aluminum stubs using double-sided carbon tape 
and sputter-coated with gold. The stubs were 
imaged using a Hitachi S-3500N SEM.

Measurements and Statistical  
Data Analysis

Length, diameter, and aspect ratio (length ÷ 
diameter) of melanosomes (n = 1521), microbodies 
from exceptionally preserved fossils (n = 927) and 
microbial cells from decay experiments (n = 2117) 
were measured. These measurements were pooled 
into three categories based on their source. The raw 
data are available at Dryad (https://doi.org/10.5061/
dryad.xgxd254dj). Statistical tests were employed to 
better understand the extent of geometrical overlap 
between melanosomes, fossil microbodies, and 
decay-associated microbes. 

The datasets were first standardized and the 
residuals were examined for normality using the 
Kolmogorov-Smirnov (KSL) and Shapiro-Wilk 
(S-W) goodness-of-fit tests (Yap and Sim, 2011) 
using JMP, 14.0 (SAS Institute Inc., 1989–2019). 
Secondly, since the residuals for all three catego-
ries have significant departures from normality 
(p <0.001), we opted for nonparametric analyti-
cal methods (Lehmann, 2006) of comparing 

TABLE 5 

Treatments, sample sizes and bacterial morphotypes observed in isolated feather decay experiments
(* measured from Ichida et al., 2001: fig. 6)

No. Isolated feathers Decay time Treatments Sample
size Bacterial morphotypes

1 Keratin digesting bacteria 4 weeks * 35 baciliform, coccoid, coccobaciliform

2 Black chicken feather 2 weeks
Estuarine sediment 

+
mineral water

42 baciliform, coccoid

3 Black chicken feather 2 weeks Pond water 100 baciliform, coccoid, flagellated vibrio, 
fusiform

4 White chicken feather 2 weeks Pond water 45 baciliform, coccoid

5 Variegated golden pheas-
ant feather 2 weeks Pond water 80 baciliform, coccoid, vibrio, actinomy-

cetes

6 Black chicken feather 4 weeks Pond water 68 baciliform, coccoid, actinomycetes

7 White chicken feather 4 weeks Pond water 28 baciliform, coccoid

8 Variegated golden pheas-
ant feather 4 weeks Pond water 49 baciliform, coccoid, coccobaciliform 

vibrio, actinomycetes

9 Black chicken feather 4 weeks Cyanobacterial tank 111 baciliform, coccoid

10 White chicken feather 4 weeks Cyanobacterial tank 45 baciliform, coccoid
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TABLE 6

Treatments, sample sizes and bacterial morphotypes observed in bird carcass associated  
feather decay experiments

(– indicates no microbial growth)

Bird carcass Treatment Feather  
location Feather color Sample

size Decay time Bacterial morphotypes

British Dipper 
(Cinclus cinclus 

gularis) #1 Pond water

Head & neck Black 58 1 week Baciliform, coccoid, 
coccobaciliform

Shoulder Black 86 1 week Baciliform,
club-rod

Breast Black-tipped 
white 31 1 week Baciliform, vibrio, 

spirochaete

Flank Grayish black 27 1 week Baciliform

British Dipper 
(Cinclus cinclus 

gularis) #2

Estuarine 
sediment

+
mineral water

Head & neck Black – 1 week –

shoulder Black - 1 week –

Breast Black-tipped 
white 43 1 week Baciliform

Flank greyish black 19 1 week Baciliform, actinomycetes

Eurasian 
 Kingfisher 

(Alcedo atthis)

Estuarine 
sediment

+
mineral water

Head (back) Gray 94 1 week
Baciliform, coccoid, 

coccobaciliform, 
actinomycetes

Shoulder Greenish blue 35 1 week Baciliform

Abdomen
White & 

ginger with 
black tip

– 1 week –

Tail Pale blue 95 1 week Baciliform

British Dipper #1 Pond water

Head & neck Black 112 2 weeks Baciliform, coccobaciliform, 
actinomycetes

Shoulder Black 61 2 weeks Baciliform, coccobaciliform, 
actinomycetes

Breast Black-tipped 
white 52 2 weeks Baciliform, coccobaciliform,

Flank Grayish black 115 2 weeks Baciliform, coccoid, 
coccobaciliform

British Dipper #2

Estuarine 
sediment

+
mineral water

Head & neck Black 2 weeks Baciliform, 
club rod

shoulder black 75 2 weeks Baciliform, coccoid, 
coccobaciliform

breast Black-tipped 
White 80 2 weeks Baciliform, 

club rod

Flank Grayish black 41 2 weeks
Baciliform, coccoid, 

fusiform,
actinomycetes
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medians, followed by multiple comparisons 
(Neuhäuser and Bretz, 2001; for nonpooled anal-
yses using rarefied taxonomic groups, see appen-
dix 1 in the online supplement at: doi.
org/10.5531/sd.sp.44). Additionally, principal 
components analysis (PCA), which has been pre-
viously used to separate characteristic ToF-SIMS 
peaks in the chemical discrimination of fossil-
ized melanin pigments (Colleary et al., 2015), 
has also been utilized in this study to further 
visualize the differences between each category’s 
geometrical space. In parallel to pairwise com-
parisons and PCA, we also log-transform and 
reexpress the two initial independent variables 
into two new parameters: 

Shape = log (length) + log (diameter) (1)
Size = log (length) – log (diameter) (2)

While shape parameter (1) serves as an esti-
mate of the area, a size parameter (2) captures an 
estimate of aspect ratio, both of which can ade-
quately characterize regular shapes. Since one of 
the major questions investigated by this study is 
the possibility of discriminating between our 
three sources of data, two statistical methods, dis-
criminant analysis and logistic regression, could 
potentially be of interest. To accurately capture the 
estimates of area and aspect ratio, length and 
diameter were operationalized into variables, i.e., 
size and shape. However, none of the categories 
seem to show normal distribution as evidenced by 
low goodness-of-fit values from KSL test and Nor-
mal quantile plots. Since normality of factor dis-

tributions is an important assumption for 
discriminant analysis applied to categorize mela-
nosome types (Li et al., 2010, 2012; Hu et al., 
2018), it cannot be applied in this case. Hence, 
logistic regression, which does not assume any 
normality of distribution in fitting a nominal mul-
tilevel response to independent explanatory vari-
ables, was the method of choice. The sources of 
the data were categorized into three response lev-
els (modern melanosomes, fossil microbodies, 
and decay-associated microbes) of the dependent 
variable “Type” (Y, Response). (1) and (2) then 
become the independent predictor variables (X, 
Factors). Nominal logistic regression of the two 
predictor variables (1) and (2) were performed on 
“Type” first individually to examine the cumula-
tive probability plots and then multinomially to 
estimate the probabilities of choosing one of the 
three response levels as a smooth function of the 
independent explanatory variables. 

SURVEY OF BEDDING PLANES IN 
EXCEPTIONALLY PRESERVED FOSSILS 

The matrix of seven exceptionally preserved 
fossils were investigated using a Zeiss Sigma HD 
VP Field Emission SEM (FE-SEM) to assess the 
prevalence of microbodies present in the matrix 
(table 8). Areas of the fossil likely to be heavily 
melanized in life (e.g., eyes, feather barb/barbules) 
were marked with copper tape pointers. A 3×3 
grid with nine centered points, each at a vertical 

Bird carcass Treatment Feather  
location Feather color Sample

size Decay time Bacterial morphotypes

Eurasian 
Kingfisher

Estuarine 
sediment

+
mineral water

Head (back) Gray – 2 weeks –

Shoulder Greenish blue 106 2 weeks
Baciliform, 
fusiform,

actinomycetes

Abdomen
White & 

ginger with 
black tip

97 2 weeks Baciliform, coccoid, 
actinomycetes

Tail Pale blue 42 2 weeks Baciliform

TABLE 6 continued

https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
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and horizontal distance of 100 µm apart were set 
up at the rear ends of the copper tape pointer in 
the matrix. In each specimen a total area of 8748 
µm2 of the matrix was scanned for microbodies. 

RESULTS

Decay Experiments on Isolated  
Feathers and Carcasses

Isolated chicken (Gallus gallus) and golden 
pheasant (Chrysolophus pictus) feather samples 
decayed in pond water, yielded microbial growth 
after one week and two weeks of decay respectively. 
SEM images revealed microbial activity on the sur-
face of barbs, barbules, and the rachis of feathers 
after one and two weeks of decay in brackish and 
freshwater conditions. The major bacterial morpho-
types observed include rod-shaped, spherical, heli-
cal, commashaped, and stalked subspherical forms 
(table 5). One black feather that had decayed for 
two weeks using sediment inoculum showed ran-
domly oriented bacterial cells with diverse geom-
etry, ranging from bacilliform and coccoid cells to 
stalked spherical forms. Some of the bacilliform 
cells were captured in a state of division (fig. 4K).

After one and two weeks of decay, the major 
bacterial morphotypes observed on the isolated 
feathers also appear on feathers removed from 
the whole bird carcasses (fig. 4H–K, table 6). The 
Xenopus tadpoles showed a dense accumulation 
of bacterial and fungal growth on the wrinkled 
and partially degraded epidermis after one and 
two days of decay. After five days the tadpole 
body had completely disintegrated, so microbes 
could not be visualized. The morphotypes of 
microbes observed include rod-shaped and sub-

spherical cells often forming chainlike or three-
dimensional multicellular aggregate structures 
(fig. 4I, table 7).

Statistical Appraisal of the Geometrical 
Similarity in Melanosomes,  

Fossil Microbodies, and Decay-Associated 
Microbial Consortia

KSL and S-W goodness-of-fit tests for the 
residuals for all three categories show statistically 
significant deviation from normal distributions, 
necessitating the use of nonparametric tests. 
Thus, to avoid violating the normality assump-
tions for one-way analysis of variance (ANOVA), 
Wilcoxon/Kruskal Wallis (rank sums) was opted 
for, which independently demonstrated that for 
all three variables—length, diameter, and aspect 
ratio—the null hypothesis (H0: samples originate 
from identical populations) was rejected in favor 
of the alternative hypothesis (HA: samples origi-
nate from dissimilar populations). Multiple pair-
wise comparisons to further scrutinize the 
differences between the three categories, the 
Steel-Dwass method (a nonparametric alterna-
tive to the parametric Tukey-Kramer test) exhib-
ited significant differences (p <0.0001) between 
all possible pairs (modern melanosomes; fossil 
microbodies, fossil microbodies; decay-associ-
ated microbes, modern melanosomes; decay 
associated microbes) for all three variables. The 
Hodges-Lehmann statistic (an estimate of the 
median of the difference) indicates the extent of 
the differences between the pair (table 9). 

The observations from the significant Steel-
Dwass test (p <0.05) show that when all three of 
the parameters are used to make pairwise com-

TABLE 7

Treatments, sample sizes and bacterial morphotypes observed in tadpole decay experiments

Xenopus Tadpole Treatment Sample size Decay time Bacterial morphotypes

#1 Pond water 183 1 day Baciliform, coccoid, coccobaciliform, vibrio,
streptobacilli

#2 Pond water 124 2 days Baciliform, coccoid, coccobaciliform,
streptobacilli
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parisons between modern melanosomes and fos-
sil microbodies, the values of Hodges-Lehmann 
statistic are the least. Lower values of the Hodges-
Lehmann statistic indicate that there is very little 
difference between the two categories. Addition-
ally, the pairwise relative differences between the 
other two categories (fossil microbodies and 
decay-associated microbes; modern melano-
somes and decay-associated microbes) elicit the 
largest values for Hodges-Lehmann statistic indi-
cating that these pairs are very different from 
each other.

Secondly, PCA also provides further evidence 
of the distinction between the three categories 
using the same variables: length, diameter, and 
aspect ratio. The two-main principal components 
accounted for 83.84% of the total variance, with 
PC1 and PC2 accounting for a variance of 
43.28% and 40.56% respectively. PC1 was posi-
tively correlated with long-axis description 
parameter, whereas PC2 was negatively corre-
lated with short-axis description parameter (see 
table 10 for eigenvalues and loadings). The score 
plot (fig. 1), revealed the presence of two main 

TABLE 9

Steel-Dwass multiple comparison tests with the Hodges-Lehmann statistics
(* indicates significant differences)

Pairwise comparisons p Value Hodges-Lehmann

Length

Modern melanosomes Fossil microbodies <.0001* -0.112000

Fossil microbodies Decay-associated microbes <.0001* -0.358000

Modern melanosomes Decay-associated microbes <.0001* -0.463000

Diameter

Modern melanosomes Fossil microbodies <.0001* -0.071000

Fossil microbodies Decay-associated microbes <.0001* -0.156000

Modern melanosomes Decay-associated microbes <.0001* -0.229000

Aspect ratio

Modern melanosomes Decay-associated microbes <.0001* 0.4592003

Fossil microbodies Decay-associated microbes 0.0006* 0.2450064

Modern melanosomes Fossil microbodies 0.0003* 0.2753790

TABLE 8

Specimens used in survey of bedding planes for preserved microbes

No. Specimen Accession code Taxon Location

1 Isolated feather IVPP V15388B Avialae Jehol Group, N.E. China

2 Isolated feather MORS-1003 Aves Fur Formation, Denmark

3 Antigonia sp. Unaccessioned Actinopterygii Ølst formation, Denmark

4 Esconicthys apopyris ROM56792 Dipnoi Mazon Creek, IL

5 Acanthodes sp. PF11509 Acanthodii Mazon Creek, IL

6 Acanthodes sp. ROM56807 Acanthodii Mazon Creek, IL

7 Bandringa rayi ROM56789A Chondrichthyes Mazon Creek, IL
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groupings, one composed of microbial cells and 
the other composed of fossils and melanosome 
microbodies. Results indicate that microbial cells 
are highly variable in terms of long-axis mea-
surements, and larger in short-axis measurement 
parameters. Melanosomes and fossil microbod-
ies were, unlike bacterial cells, better described 
as having the smaller short-axis and moderate 
long-axis measurements.

Finally, individual logistic fits of “Type” against 
shape (χ2 = 56.070, p <0.0001) and size (χ2 = 
2607.614, p <0.0001) both show statistical signifi-
cance (fig. 2). Better model fit is exhibited by size 
(R2 = 0.2730) compared to shape (R2 = 0.0059); 
therefore, size is more important in classification 
of the collected data into modern melanosomes, 
fossil microbodies, and decay-associated micro-
bodies. This receives further support through the 
misclassification rate, which is comparatively 
lower for size (33.03%) than for shape (52.46%). 
When shape and size, taken together, were 
regressed against Type, the logistic fit was still sta-
tistically significant (χ2 = 2757.983, p <0.0001), the 
model fit improves (R2 = 0.2887) and the misclas-
sification rate drops to 32.31%. Lack-of-fit test for 
the combined logistic regression is also statisti-
cally significant (χ2 = 6769.544, p ≈ 1), also sug-
gesting that the model fit is quite good. Given that 
there are three response levels to the dependent 
variable Type, a misclassification rate cutoff for 
statistically nonsignificant classification would be 

66%. Thus, the results show that we can indeed 
classify the collected geometrical data based on 
the source, i.e., melanosomes from modern ani-
mals, microbodies from fossils and microbial cells 
associated with decay of tissues.

Survey of Fossil-Bearing Bedding Planes

All fossils exhibited localization of microbodies 
to the tissues and organs that were melanin bear-
ing in life (fig. 3; see also figs. S3–S9 in the online 
supplement at: doi.org/10.5531/sd.sp.44). Organic 
microbodies preserved in three dimensions 
appear in the feather from the Fur Formation 
(MORS-1003), but the adjacent matrix sampled in 
the 3 × 3, 100 µm grid yielded no microbodies 
either as organic structures or impressions (see fig. 
S9 in appendix 2 in the online supplement at: doi.
org/10.5531/sd.sp.44). The same was the case for 
the feather from Jehol Group (IVPP V15388B), 
although the microbodies here were preserved 
only as impressions (see fig. S8 in appendix 2 in 
the online supplement at: doi.org/10.5531/
sd.sp.44). Microbodies in the feathers were fur-
thermore aligned along the barb and barbule axes. 
The eyes of all Mazon Creek specimens examined 
in this study and Antigonia sp. (Bonde, 1997) 
from the Fur Formation (see figs. S4–S9 in appen-
dix 2 in the online supplement: doi.org/10.5531/
sd.sp.44) display clusters or layers of distinct 
oblong and oblate microbodies. Like the feathers 

TABLE 10

Importance of components and component score coefficients’ matrix obtained from PCA

PC1 PC2 PC3 PC4

Standard deviation   1.3155 1.2737 0.7550 0.2778

Proportion of variance 0.4328 0.4056 0.1425 0.0193

Cumulative proportion 0.4328 0.8382 0.9807 1.0000

PC1 PC2

Length 0.9469427 0.0569732

Diameter 0.2407538 -0.8809818

Aspect ratio 0.6956320 0.6941172

Type 0.5403630 -0.6008939

https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
https://doi.org/10.5531/sd.sp.44
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examined, the systematic survey of the adjacent 
matrix yielded no microbodies. Pockets of pyrite 
framboids appear quite frequently in the matrix 
but are easily distinguishable from coccoid bacte-
rial cells by their less rounded, regular crystalline 
facets and framboidal habits. 

DISCUSSION
Decay Experiments

The results of the decay experiments demon-
strate that geometrically diverse microbes colonize 
isolated feathers and carcasses (fig. 4). While some 

microbes do overlap with melanosomes in shape, 
their size distribution is broader and exceeds the 
range of sizes observed in melanosomes (fig. 1). 
Bacterial cells in our experiments are not observed 
to concentrate or align themselves along barbs or 
barbule axes like melanosomes in any of our exper-
iments, allowing the rejection of the hypothesis that 
microbes align like elongate melanosomes in mod-
ern avian feathers. Decay microbes typically popu-
lated areas of the feather that were sheltered and 
relatively secluded from strong flow regimes (there-
fore, efficacious for attachment an establishment of 
biofilms, e.g., at platelike barbule surfaces, junction 

FIG. 1. PCA plot with PC1 and PC2 as axes establishes the presence of two main groupings, one composed 
of microbial cells and the other composed of intermingled fossils and melanosome microbodies populations; 
95% confidence intervals shown by colored ellipses.
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points between the barbs and rachis, and regions 
between consecutive barbules). The microbial 
aggregates were not affected by pigmentation or 
lack of it, but there are alternate views (Peteya et al., 
2017). If the bacterial identity of the microbodies 
associated with fossil soft tissue is assumed to be 
true, then the sources of these microbes would have 
to be an amalgamation of nonsaprotrophic bacte-
ria, obligate and facultative saprotrophic bacteria 
from the external environment, and endogenous 
intestinal flora released to surrounding environ-
ment by degradation of the integument in the car-
cass. Studies have illustrated how bacterial 
communities fluctuate over seasons and tempera-
ture regimes (Dickson et al., 2011), and as a result 
they should encompass a large variety of shapes 
and sizes, as opposed to more uniform melano-
somes and microbodies. Additionally, melano-
somes are concentrated in certain tissues and are 
often structured in a distinct fashion such as align-
ment of oblong melanosomes along the axes in the 
feather cortex or barbules (Vinther et al., 2008; Vin-
ther et al., 2010), features also not observed in 
decay bacteria. 

Spherical and subspherical shapes are the 
most conducive shapes for any membrane-bound 
structure exposed to osmotic pressure (Jiang et 
al., 2015), as would be the case for both microbes 

and subcellular organelles like melanosomes. 
Moreover, the bacterial samples are a mixed 
assemblage of geometries. Even if only the rod 
and spherical shapes are considered, size differ-
ences extend over a broad range (a scenario akin 
to measuring a considerable number of objects 
of dissimilar sizes), while melanosomes are char-
acteristically more uniform and overlap with fos-
sil microbodies in our PCA plots. 

Statistical Analyses of Microbody 
Geometry 

Nonparametric comparisons and PCA of 
microbody geometry demonstrate that fossil 
microbodies and microbial cells are signifi-
cantly dissimilar in shape and size. If the fossil 
microbodies measured represent melanosomes, 
differences in geometry between modern mela-
nosomes and fossil microbodies could be due to 
alteration of melanosome size during diagenesis 
(Colleary et al., 2015). It has recently been pro-
posed that non-integumentary melanosomes in 
fossils can be redistributed due to weak lakebed 
currents and can potentially bias reconstruc-
tions of the colors of fossil vertebrates (McNa-
mara et al., 2018). The range of melanosome 
geometry present in vertebrate tissues has yet to 
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FIG. 2. Logistic fits of “type” against size (χ2 = 2607.614, p <0.0001) and shape (χ2 = 56.070, p <0.0001) both 
statistically significant. Size (R2 = 0.2730) compared with shape (R2 = 0.0059) is more important in classifica-
tion of the collected data into modern melanosomes, fossil microbodies, and decay-associated microbodies. 
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FIG. 3. SEM bedding plane survey for microbodies in the 300 Myr old lungfish Esconicthys apopyris 
(ROM56792), from Mazon Creek, Illinois. The asterisk indicates the region within the outline of the eye, 
which contains a fabric of microbodies (inset). By contrast, none of the grid points (1–9) show any evidence 
of such microbodylike structures in the matrix. Scale bars on images = 5 µm. 
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FIG. 4. A wide range of bacterial morphotypes observed in the decay experiments. Bacteria are shown in false 
colors in the SEM images: A, Club rods; B, E, spirochaetes; C, N, actinomycetes; D, flagellated vibrio; F, fusiform 
G, H, curved vibrio; I, J, O, cocci and coccobacilli; and K, M, bacilli; L, streptobacilli. Scale bars = 5 μm.
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be comprehensively cataloged, although varia-
tion in melanosome geometry between tissues 
and organs is expected to be minimal relative 
to the geometrical diversity of decay bacteria. 
Thus, the potential movement of internal mela-
nosomes around the carcass during decay is 
unlikely to result in consortia of fossil micro-
bodies superficially similar to a community of 
decay bacteria.

Investigation of Bedding Planes in 
Exceptionally Preserved Fossils

We surveyed fossil vertebrate material from a 
range of Lagerstätte localities in which verte-
brates are preserved with soft tissues, such as the 
Cretaceous Jehol Biota from Liaoning, China 
(Zhang et al., 2010; Chang et al., 2011), the Car-
boniferous Mazon Creek of Illinois (Clements et 
al., 2016; Gabbott et al., 2016) and the Eocene 
Fur and Ølst formations of Denmark (Vinther et 
al., 2008; Pedersen et al., 2011; Lindgren et al., 
2012; Field et al., 2013). These samples represent 
a multitude of paleoenvironments with varied 
diagenetic regimes, permitting a robust investi-
gation of the distribution of fossil microbodies. 
None of the fossil bedding planes investigated 
showed evidence for microbodies in the sur-
rounding matrix or in tissues that were not origi-
nally melanin bearing—fundamentally, fossil 
microbodies are restricted to specific tissues 
within the fossil. The lack of microbodies outside 
of melanin-bearing tissues has also been noted in 
other studies (Clements et al., 2016; Gabbott et 
al., 2016). Our findings therefore reject the bac-
terial hypothesis since decay-associated microbes 
would be expected to be ubiquitous on the car-
cass as well as the adjacent sediment, and not 
restricted to specific tissues. Thus, it can be con-
cluded that it is not common for microbes to fos-
silize, and particularly not as three-dimensional 
organic microbodies. 

Rare examples of microbes are known from 
the fossil record, these are mainly restricted to 
occurrences in which the microbes were 
entombed alive in rapidly forming cements, such 

as calcium phosphates (Xiao and Knoll, 1999; 
Briggs et al., 2005), manganese carbonate (Loz-
ano and Rossi, 2012), amber (Cano and Borucki, 
1995; Girard et al., 2009), and chert (Qu et al., 
2017). Soft-tissue replacement by authigenic 
minerals such as calcium phosphate is relatively 
common in fossil Lagerstätten and generally rep-
licates intestinal tracts (Butterfield, 2002; Van-
nier et al., 2014), muscle tissue (Briggs et al., 
2005; Parry et al., 2015; Wilson et al., 2016; 
Young et al., 2017), and skin (McNamara et al., 
2009; Navalon et al., 2015). Calcium phosphate 
can preserve tissue and eukaryotic cellular-level 
fidelity, however, despite the contribution 
microbes make to the formation of diagenetic 
and sedimentary calcium phosphate (Briggs, 
2003; Crosby and Bailey, 2012), there are few 
convincing examples of fossilized microbes in 
this medium (Xiao and Knoll, 1999; Briggs et al., 
2005). Examples of microbes that are preserved 
within manganese carbonates of cave stromato-
lites are assumed to be due to young ages of the 
rocks and their lack of diagenesis (Lozano and 
Rossi, 2012). Silica chert is the most persistent 
medium for microbial preservation; with bacte-
rial and cyanobacterial fossils documented in 
rocks from the Archaean (Westall et al., 2001). 
While cherts commonly preserve microbes, there 
are limitations to this medium for preservation 
because precipitation rates vary: increased pre-
cipitation through intertidal exposure and the 
fluctuating conditions will affect the bacterial 
consortia preserved and intervals with less rapid 
precipitation often lack microbes altogether 
(Knoll and Golubic, 1979). Observations of 
modern hydrothermal systems (Jones et al., 
2001, 2004) show that silicification may alter 
bacterial geometry markedly and may not cap-
ture key anatomical features that would allow for 
confident diagnosis. Thus, even the best tapho-
nomic settings for microbial preservation lead to 
unreliable and inconsistent preservation of 
microbes. Most importantly, we know of no 
microbes fossilized in sedimentary environments 
that otherwise give way to carbonaceous preser-
vation of cellular organelles like melanosomes.
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Melanins beyond the Metazoa:  
Not All That Is Black, Brown, or Red  

Is Eumelanin/Pheomelanin

Two prior publications (Lindgren et al., 2015; 
Schweitzer et al., 2015) have proposed alternative 
scenarios in which the microbial consortia colo-
nizing decaying carcasses assist in (1) exceptional 
preservation of carbonaceous films in highly flat-
tened fossils; and (2) the exogenous secretion of 
extracellular polymeric substances (EPS) and/or 
melanin by some microbial consortia, in turn, 
facilitates preservation of these microbial cells, 
which are being misinterpreted as melanosomes 
(contra: integumentary melanosomes are the pri-
mary cause of preservation of soft tissues in the 
form of carbonaceous films). However, our 
review of the literature rules out these alterna-
tives. The term “melanin” has been used rather 
loosely for several diverse chemical entities. Sev-
eral attempts to classify these chemicals over the 
last five decades have occurred (Marks and 
Seabra, 2001; Prota, 2012), but an all-encompass-
ing definition remains elusive. There are further-
more classes of complex molecules formed from 
degradation of proteins, sugars, and lipids 
through Maillard reactions called melanoidins, 
thought to be involved in kerogen formation 
(Larter and Douglas, 1980) and are suspected to 
form inside mollusc shells from their organic 
shell matrix (Collins et al., 1992). These mole-
cules are, however, compositionally disparate 
from eu- and pheomelanin. The major enzymes 
catalysing the synthesis of melanins are tyrosi-
nases, laccases, polyketide synthases, 4-hydroxy-
phenylacetic acid hydroxylase, and 
p-hydroxyphenylpyruvate oxidase.

The forms of melanin most common to verte-
brates—eumelanin and pheomelanin—originate 
from branches of the catabolic pathway for the 
amino acids tyrosine and phenylalanine through 
the action of tyrosinases (Borovansky and Riley, 
2011). Forms of melanin more commonly associ-
ated with microbial systems are allomelanin and 
pyomelanin. Allomelanin, also known as 1,8-dihy-
droxynapthalene (DHN) melanins, is a varied 

group produced from the precursor Acetyl-CoA 
via a pathway called pentaketide pathway (Lang-
felder et al., 2003) via polymerization through 
action of polyketide synthases, laccases, 
4-hydroxyphenylacetic acid hydroxylase (Plonka 
and Grabacka, 2006), and through oxidation of 
catecholamines (Wang et al., 1995, 1996). Pyo-
melanin is produced via part of the tyrosine/phe-
nylalanine catabolism pathway followed by the 
oxidation and polymerization of homogentisic 
acid (HGA) through the enzyme p-hydroxyphe-
nylpyruvate oxidase (Plonka and Grabacka, 2006). 

Several bacterial strains produce allomelanin 
and pyomelanin. Strains of Streptomyces from 
various environments, marine sources (Vasan-
thabharathi et al., 2011; Sivaperumal et al., 2014), 
field soils (Dastager et al., 2006), and limestone 
quarries (Quadri and Agsar, 2012) are reported to 
produce melanin/melanoid compounds. These 
compounds act as alternatives for conventional 
electron acceptors (Turick et al., 2002), act to pre-
vent UV damage (Plonka and Grabacka, 2006; 
Gao and Garcia-Pichel, 2011), or enable survival 
in nutrient-deficient (Chatfield and Cianciotto, 
2007; Zheng et al., 2013) and/or hostile environ-
ments (Gessler et al., 2014). However, there are 
instances of microorganisms producing eumela-
nin/pheomelanin (or slightly similar chemical 
entities) that function analogously to those of 
allomelanin and pyomelanin. An Aeromonas 
media strain “WS” isolated from lacustrine set-
tings has been shown to produce elevated levels of 
melanin (from L-3,4-dihydroxyphenylalanine pre-
cursor) (Wan et al., 2007). Other species such as 
Marinomonas mediterranea have been known to 
possess a two-component melanogenic system, 
utilizing both tyrosinase (Lopez-Serrano et al., 
2002, 2004) and laccase mediated pathways 
(Solano, 2014), indicating a potential for highly 
adaptive melanin synthesis. 

Strains of Bacillus-producing melanin contain 
active tyrosinases and they become heavily pig-
mented in the presence of L-tyrosine in the 
media (Aghajanyan et al., 2005; Drewnowska et 
al., 2015). Bacillus subtilis also synthesizes a 
brown pigment related to melanin for sporula-
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tion, but this process is catalyzed by a laccase-
related protein named cot A (Barnett and 
Hageman, 1983). Vibrio cholerae has been 
reported to produce pyomelanin but switches to 
eumelanin under stress conditions, like elevated 
temperatures, hyperosmotic medium, and star-
vation (Plonka and Grabacka, 2006). One hyper-
toxic mutant strain of V. cholerae HTX-3 has 
even been described to make pheomelanin (Ivins 
and Holmes, 1980; 1981). Streptomyces antibioti-
cus (a spore-bearing filamentous bacterium) pro-
duces eumelanin in which the operon melC 
controls melanin production. The main factor 
inducing the expression of the MelC protein is 
the amino acid methionine (Chen et al., 1992; 
Chen et al., 1993). Contrary to the synthesis of 
animal melanin within well-confined subcellular 
compartments, bacterial melanin formation usu-
ally takes place by autooxidation and subsequent 
polymerization of the precursors secreted out-
side the cell (Plonka and Grabacka, 2006).

Fungal melanins are a diverse group of nega-
tively charged, high-molecular-weight hydro-
phobic pigments (Pombeiro-Sponchiado et al., 
2017). Although these pigments are quite com-
mon in fungi, their production is limited to cer-
tain growth stages on the mycelia, spore 
formation, or in response to wounding (Bell 
and Wheeler, 1986). Allomelanin (DHN-mela-
nin) is frequent in ascomycetous fungi and 
some fungi imperfecti except Aspergillus niger 
and basidiomycetes (Wheeler, 1983). The asco-
mycete fungi Cryptococcus neoformans, a para-
site of the central nervous system, produces 
melanin precursors 3,4-dihydroxyphenylala-
nine (DOPA) and catecholamines (Wang et al., 
1995; Wang et al., 1996) but the chemical nature 
of the pigments (eumelanin or otherwise) 
remain contentious (Liu et al., 1999). Basidio-
mycetes like Agaricus bisporus contain a very 
active tyrosinase enzyme and produce eumela-
nin from a γ-glutaminyl-4-hydroxybenzene 
precursor (Solano, 2014), but the process does 
not take place within the mycelium. Unlike ani-
mal melanin, fungal melanin predominantly 
occurs either as electron-dense granules in 

extracellular secretions or is deposited within 
the outermost layer of the chitinous cell wall.

Microbial Melanin Neither Yields 
Melanosomelike Bodies Nor Is Chemically 

Identical to Animal Melanins

While the literature is replete with evidence of 
microorganisms synthesizing allomelanin and pyo-
melanin, evidence for microbial synthesis of 
eumelanin and pheomelanin is limited. Melanin 
synthesis by V. cholerae is of particular interest 
because of the reported switch from pyomelanin to 
eumelanin production during conditions of stress. 
The genetic mechanisms for reported production of 
pheomelanin by the strain V. cholerae HTX-3, how-
ever, are still pending investigation. The fact that 
the amino acid methionine is needed to induce the 
expression of MelC protein in S. antibioticus is 
peculiar. Methionine, which forms an integral part 
of the prokaryotic protein translation machinery, is 
one of the less abundant amino acids in the pro-
karyotic metabolome (Pasamontes and Garcia-
Vallve, 2006), thus indicating a tightly controlled 
melanogenic pathway activated only during certain 
situations (Plonka and Grabacka, 2006). 

Fungal melanins perform the same functions 
as bacterial melanins and are known products 
that offset stressful environments. Melanization 
offers defense against UV light and ionizing radi-
ation, and resistance to heat or cold and activity 
of inorganic antimicrobial compounds, such as 
silver nitrate (Plonka and Grabacka, 2006). A 
particularly extreme form of this is observed in 
certain fungal species, such as Cladosporium 
spp., Alternaria alternata, Aureobasidium pullu-
lans, and Hormocornis resinae, found on the 
walls of the damaged reactors in Chernobyl, 
which overproduce melanin to withstand ele-
vated levels of ionizing radiation (Dadachova 
and Casadevall, 2008; Gessler et al., 2014). 

However, none of the aforementioned 
extremophilic microbes carrying out melanin 
synthesis have been reported to colonize environs 
like decaying feathers or carcasses. Additionally, 
their mode of secretion either extracellularly 
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or as thin peripheral sheets would not lead to 
melanosomelike microbodies, which are solidly 
packed with melanin (apart from some irides-
cent feathers with hollow melanosomes (Durrer, 
1977), which would still have a thicker wall of 
melanin than those microbes produce. Further-
more, as shown here, these microbes would have 
different modes of growth and geometry than 
melanosomes do.

Although it could be argued that the confu-
sion in the differentiation between fossilized 
microbodies and microbial cells was brought 
about using biased qualitative-based imaging 
analysis methods, the current study demon-
strates that semiquantitative analysis led to a 
promising deconvolution of the studied bodies. 
We acknowledge that body dimensions were 
manually recorded during SEM image analysis 
in the hope that future method developments 
will include automated and standardized image 
analysis for the interpretation of SEM data 
from fossils of interest. While semiquantitative 
analyses of nonfossilized microbodies led to 
clear distinctions between melanosomes and 
bacterial bodies, one should also take into 
account the possibility of artifacts during SEM 
preparations, and the challenges of properly 
attributing three-dimensionality to bodies 
from two-dimensional micrographs. Future 
differentiation experiments should consider 
using other methods that allow for proper 
three-dimensional quantification of microbod-
ies, which would then validate the evidence 
presented in this study. 

Criteria for Fossil Melanin/Melanosome 
Identification

Since microbes have clear ethological, compo-
sitional, and geometrical differences to metazoan 
melanosomes it is pertinent to evaluate the 
means of identifying melanin/melanosomes 
from the fossil record. Melanosomes can be 
identified by several lines of evidence:

They are localized to certain tissues: In verte-
brates, melanosomes are present in the skin and 

epidermal appendages, such as scales, hair, and 
feathers (Vinther et al. 2015; Colleary et al., 
2015) while some organs, like the eyes, liver, 
peritoneum, and parts of the nervous system 
(McNamara et al., 2018; Rossi et al. 2019) have 
these localized to them. Hence, if the melano-
somes form distinct associations that resemble 
the outline of a feather, liver, or eye, this con-
forms to a melanosome interpretation.

They may be aligned or layered within said tis-
sues: Melanosomes are oriented in specific direc-
tions in different tissues or may be arranged into 
different layers and this organization has a critical 
biological function in extant animals (Maia et al., 
2012), thus allowing their reliable identification 
even in fossilized soft tissues. They are likely to 
occur only in recalcitrant tissues and rarely in 
exceptionally preserved organs such as the eye. In 
many soft tissues, decay will result in collapse and 
potential dispersal of any layers or organization.

Certain taxa may have a limited melanosome 
geometry: Exemplified in amphibians, the integ-
umentary melanosomes are generally oblate in 
shape and intermediate between pheomelano-
somes and eumelanosomes seen in birds and 
mammals. Mammals appear to exhibit a more 
limited diversity of melanosome shape compared 
to birds (Li et al., 2014), which utilize melano-
somes to produce more diverse colors such as 
structural iridescence and gray, in which the 
melanosome geometry may play a role in the 
self-assembly into these conformations (Maia et 
al., 2012). Very little is known about the true 
extent of melanosome geometry and arrange-
ments extending across different tissues and taxa; 
work to address these knowledge gaps in modern 
animals is currently underway. However, despite 
the true variety of melanosome geometry being 
unknown, it is unlikely this variety would exceed 
that observed in microbes.

Chemical analyses can identify melanin signa-
tures: The most reliable method for identifying 
melanin in extant samples (Wakamatsu and Ito, 
2002) is through permanganate oxidation of 
eumelanin and hydriodic acid reductive hydroly-
sis of pheomelanin. This method has been applied 
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to quantify molecularly intact melanin in Jurassic 
coleoid ink but is otherwise too destructive for 
most fossil samples preserving melanin. Another 
confounding factor is that fossil melanin is diage-
netically altered. Other methods provide signa-
tures for melanin such as time of flight–secondary 
ion mass spectrometry (ToF-SIMS), which pro-
vides spectra of molecular ionized fragments that 
can be visually compared (Lindgren et al., 2012, 
2014), or using principal component analyses 
(Colleary et al., 2015). Colleary et al. (2015) 
showed that fossil and fresh melanin are distinct 
in ToF-SIMS, but that artificial maturation experi-
ments yield signatures more similar to fossil spec-
tra. Pyrolysis-GCMS (Py-GCMS) is also valuable 
for analyzing small amounts of fossil tissue, which 
yield a suite of distinct markers (Dzierzega-Lec-
znar et al., 2012; Brown et al., 2017) and the dia-
genetic alteration of these can also be studied with 
Py-GCMS (Glass et al., 2012, 2013).

Melanosomes have a distinct geometry: As 
reviewed herein and presented elsewhere (Vin-
ther et al., 2008, 2010, 2016; Li et al., 2010, 2012), 
melanosomes present themselves as microstruc-
tures with a very distinct geometrical range and 
have distinct size variation within tissues (Rossi 
et al., 2019). Their fossilization potential is high, 
as they have been confidently diagnosed from 
sample fossil tissues as old as Carboniferous (300 
Myr) (Clements et al., 2016; Gabbott et al., 2016) 
and can leave impressions in the matrix cement 
when secondarily oxidized.

In total, several lines of evidence are available 
to detect melanin, and only a subset of these is 
necessary to diagnose its presence. While a single 
piece of evidence is persuasive by itself, separate 
lines of evidence (congruence) make the judg-
ment stronger and this is generally advocated. It 
has been argued that chemical analyses are war-
ranted in every instance because microbes and 
melanosomes are indistinguishable (Lindgren et 
al., 2012, 2014, 2015). Given the evidence pre-
sented here, this perspective cannot be justified 
based on those assumptions. To simply diagnose 
the preservation of melanin or melanosomes, 
identifying their distinct microbodies and observ-

ing their presence in tissues that are known to be 
melanin bearing is adequate as separate lines of 
evidence on which to make a judgment. This 
allows for diagnosis of melanosomes even when 
they are not preserved organically, but only as 
impressions. However, sometimes melanosome 
geometries are lost, and the melanin has merged 
into a solid mass (Carney et al., 2012). In these 
instances, chemical analyses may be helpful in 
providing a complementary line of evidence in 
addition to patterns of distribution (Brown et al., 
2017). Likewise, if melanosomes are found outside 
a tissue that is assumed to be melanin bearing, 
then chemical analyses may be advisable (Vinther 
et al., 2016).

There is still much to be learnt about the rela-
tive stability and survival of melanins through 
diagenesis and geological time; a question also 
remains as to whether eumelanin and pheomela-
nin have different survival potentials. Chemical 
surveys should aim to synthesize evidence in 
larger frameworks rather than targeting single 
specimens for the sake of diagnosing it as mela-
nin bearing or not (Gren et al., 2017).

CONCLUSIONS

The results of this study demonstrate that the 
interpretation of microbodies in fossil vertebrate 
tissues as microbes (Moyer et al., 2014; Lindgren 
et al., 2015; Schweitzer et al., 2015) cannot be 
justified and that they conform to melanosomes 
in terms of shape and size. During decay experi-
ments, microbes are not localized to melanin-
bearing tissues, nor do they exhibit the ordered 
arrangement common to extant melanosomes. 
Conversely, in fossil material, the microbodies 
are restricted to tissues known to be melanosome 
rich in vivo. The microbodies are not present in 
the adjacent matrix or continuously across 
boundaries of melanized and unmelanized tis-
sues—contradicting a bacterial diagnosis. The 
geometry (Ivins and Holmes, 1980; 1981; Chen 
et al., 1992, 1993), mode of secretion (Plonka 
and Grabacka, 2006; Solano, 2014), and chemical 
composition (Wang et al., 1995; Wang et al., 
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1996; Plonka and Grabacka, 2006) of melanin-
synthesizing microbes would also negate any 
conflation with melanosomes.

Based on our results, we reject all four of our 
original hypotheses: (1) melanosomes and 
microbial cells are geometrically indistinguish-
able; (2) microbes localize and align themselves 
in orientations akin to extant melanosomes; (3) 
microbes fossilize easily and are thus ubiquitous 
throughout fossils; and (4) microbes are sources 
of melanin and there is a likelihood of extrane-
ous preservation in fossils. The rejection of 
hypotheses 1–4 strongly upholds the interpreta-
tion of fossil microbodies as melanosomes. 
Additionally, as multiple lines of evidence sup-
port melanosome identification, we suggest that 
only a subset of these evidence sources are neces-
sary for the interpretation of fossil melanin and 
its use in inferring tissue identity, structure, evo-
lution, and color.
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