
Heimroth et al., Sci. Adv. 7, eabj0829 (2021)     17 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 12

E V O L U T I O N A R Y  B I O L O G Y

The lungfish cocoon is a living tissue with  
antimicrobial functions
Ryan Darby Heimroth1, Elisa Casadei1, Ottavia Benedicenti1, Chris Tsuyoshi Amemiya2, 
Pilar Muñoz3, Irene Salinas1*

Terrestrialization is an extreme physiological adaptation by which African lungfish survive dry seasons. For months 
and up to several years, lungfish live inside a dry mucus cocoon that protects them from desiccation. Light and 
electron microscopy reveal that the lungfish cocoon is a living tissue that traps bacteria. Transcriptomic analyses 
identify a global state of inflammation in the terrestrialized lungfish skin characterized by granulocyte recruitment. 
Recruited granulocytes transmigrate into the cocoon where they release extracellular traps. In vivo DNase I surface 
spraying during terrestrialization results in dysbiosis, septicemia, skin wounds, and hemorrhages. Thus, lungfish have 
evolved unique immunological adaptations to protect their bodies from infection for extended periods of time while 
living on land. Trapping bacteria outside their bodies may benefit estivating vertebrates that undergo metabolic torpor.

INTRODUCTION
Transitioning from water to land was a critical step in vertebrate 
evolution. African lungfish (Protopterus sp.), the extant relative to 
all tetrapods, have a dual mode of living, surviving in both aquatic 
and terrestrial environments (1, 2). Every year, the dry seasons in 
Africa limit the access to food and water to animals such as lungfish. 
Unfavorable environmental cues signal lungfish to begin the estiva-
tion process by which they curl up, reduce their metabolic activity, 
and produce copious amounts of mucus that will ultimately harden 
and form the cocoon (3). While dormancy allows survival during 
unfavorable periods, it drastically increases vulnerability to preda-
tors and pathogens. Estivation is a physiological adaptation that 
requires extensive tissue remodeling at mucosal barriers (4, 5), yet 
the involvement of the immune system in this process remains 
essentially unknown.

Almost a century ago, the investigation of the African lungfish 
immune system revealed unusually large deposits of granulocytes 
located in the gut, gonads, and kidneys of these animals (6). It was 
then proposed that these granulocytes may play a role in estivation 
(6), but these original observations have not been substantiated by 
molecular or functional studies. Here, we asked whether the lung-
fish immune system plays a role in estivation, protecting the skin 
from pathogen invasion during the vulnerable dormant state. Our 
results answer the long-standing question of why lungfish invest in 
maintaining large granulocyte reservoirs during free-swimming 
periods and reveal unique immunological innovations that allow 
lungfish to retain a dual mode of living in water and land.

RESULTS AND DISCUSSION
Tissue reservoirs supply granulocytes to the integument 
during terrestrialization
The presence of very large deposits of granulocytes associated with 
the gut, kidneys, and gonads of free-swimming lungfish was noted 

in the 1930s and hypothesized to play a role in terrestrialization (6). 
Although lungfish granulocytes are eosinophilic on the basis of tra-
ditional hematoxylin and eosin (H&E) stain, they are thought to 
be the functional equivalent of mammalian neutrophils because 
they are the most abundant myeloid cell in lungfish (6). Granulo-
cyte migration to epithelial tissues is a hallmark of mucosal inflam-
mation in mammals (7), and recruited granulocytes can transmigrate 
across epithelia and reach the lumen (7–9). To understand the role 
of lungfish granulocyte reservoirs during terrestrialization, we per-
formed histological analysis on freshwater and lungfish gut and 
kidney that were terrestrialized for 2 weeks. Hematoxylin and eosin 
staining confirmed that the gut wall and the kidney are granulocyte-
rich structures in freshwater lungfish (Fig. 1, A and C). In terrestrial-
ized animals, reservoir tissues contained lower granulocyte numbers, 
increased pigment deposition thought to be granulocyte debris (6), 
and increased number of lymphatic micropumps (Fig. 1, B and D). 
Lymphatic micropumps are a key structure of the Dipnoi lymphatic 
system (10), and the observed changes during estivation may be due 
to changes in cardiovascular homeostasis or inflammation among 
other factors. We also noted that granulocytes entered circulation 
as a result of terrestrialization, as evidenced in the Giemsa-stained 
blood smears (Fig. 1E and fig. S1, A and B).

We previously reported abundant granulocytes in the epidermis 
and dermis of terrestrialized animals compared to free-swimming 
controls (5). Here, granulocyte recruitment to the skin corresponded 
with increased mRNA expression of three granulocyte markers 
including C-X-C motif chemokine receptor 2 (cxcr2), myeloperoxi-
dase (mpo), and neutrophil elastase (elane) in the terrestrialized skin 
(Fig. 1, F to H) (11–16). The cxcr2 gene encodes for the chemokine 
receptor CXCR2, a marker of neutrophils in mammals and whose 
increased expression matches neutrophil recruitment in infected 
and inflamed tissues (11, 12). The mpo product, myeloperoxidase 
(MPO), is a heme-containing peroxidase mainly expressed in neu-
trophils and critical for reactive oxygen species formation (13, 14). 
elane encodes for neutrophil elastase (ELANE), a protease that is 
released by granulocytes during degranulation and extracellular trap 
(ET) formation and activates proinflammatory cytokines (15, 16). 
Expression patterns of these three gene markers were very different 
in lungfish reservoir tissues. While cxcr2 expression was not signifi-
cantly modified in kidney or gut, elane expression was significantly 
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down-regulated (4-fold) in the kidney, and mpo expression was 
highly up-regulated in both gut and kidney (68-fold and 120-fold, 
respectively) of terrestrialized lungfish compared to free-swimming 
controls (Fig. 1H).

As previously reported (5), terrestrialization was accompanied 
by drastic remodeling of the integument of the lungfish. However, 
close examination of multiple histological sections from six different 
terrestrialized animals revealed heterogenous stages of skin remodel-
ing (Fig. 1, I to L). Whereas some regions of the skin showed com-
plete flattening of the epidermis and goblet cell exhaustion as we 
had previously documented (Fig. 1J), others were only partially 
terrestrialized, which gave us a view of the stepwise remodeling pro-
cess that may occur in lungfish skin during terrestrialization. There 
were skin areas where the epidermis was only beginning to show 
some remodeling, including detachment of the basal membrane and 
invasion of few granulocytes into an otherwise intact epidermal layer 
(Fig. 1K). In other areas, the epidermis was in a much more advanced 
stage of inflammation, with granulocytes flooding both the dermis 
and the epidermis. Combined, these data indicate that free-swimming 
lungfish invest in large deposits of granulocytes that are mobilized 
to barrier tissues such as the skin upon terrestrialization. Whereas 
our histological observations suggest a stepwise process of skin re-
modeling starting by granulocyte recruitment to the dermis, trans-
migration to the epidermis, detachment of the basal membrane, and 
inflammation of the epidermis [modeled in Fig. 2 (A and B)], further 
studies are required to ascertain this sequence of events.

The mucus cocoon of terrestrialized lungfish is a living tissue 
that prevents bacteria invasion
Estivating animals such as lungfish and amphibians form cocoon 
structures to reduce evaporative water loss in the dry season (17–19). 
African lungfish live inside their mucus cocoon for months or 
even years (20). Previous studies described the cocoon of anuran and 
urodele amphibians as shed epithelial layers, whereas the lungfish 
cocoon was described as a translucent brownish dried mucus struc-
ture (17, 19, 20–23). Estivating lungfish are likely more vulnerable to 
pathogen attack since they are immobile and continuous skin mucus 
secretion stops once the cocoon is formed. Thus, we hypothesized 
that the cocoon may have important immunological functions thus 
far undescribed. Our histological observations revealed that the 
lungfish cocoon is not a dead, dry mucus layer but, instead, is a living 
tissue with a well-defined cellular structure. The thickness of the 
lungfish cocoon was approximately 350 to 900 m, although this 
may vary from body site to body site, and the distance between the 
epidermis and the cocoon ranged from 15 to 173 m (Fig. 3A). The 
cocoon was composed of different cell types including goblet cells, 
epithelial cells, endothelial cells, and immune cells (Fig. 3B). Trans-
mission electron microscopy confirmed the presence of goblet cells 
with many secretory mucus granules within the cocoon (fig. S3D). 
Moreover, abundant nests of cells were observed surrounded by 
long channels lined by double-layered squamous cells. A series of 
monolayered vessels running parallel and perpendicular to the main 
channel were identified. These nests of cells contained endothelium-
lined vessels that could potentially serve to transport cells into and 
within the cocoon (Fig. 3B). Channels were not filled with mucosal 
secretions based on periodic acid–Schiff staining (Fig. 3C). The 
cocoon contained abundant granulocytic cells (fig. S2A) that were 
MPO+, indicating transmigration of granulocytes into the cocoon 
[fig. S2B; modeled in Fig. 2 (C and D)]. Scanning electron microscopy 

Fig. 1. Lungfish terrestrialization results in the mobilization of granulocytes 
from reservoir tissues into the integument. H&E staining of (A) control gut, 
(B) terrestrialized gut, (C) control kidney, and (D) terrestrialized kidney tissues of African 
lungfish (n = 3 per group). Black arrows denote examples of granulocytes, and ⋄ 
denotes lymphatic micropumps. Note the increased abundance of brown and black 
pigment deposits in terrestrialized samples possibly corresponding to granulocyte 
debris and senescent granulocytes according to (6). (E) Quantification of granulocyte 
counts in control and terrestrialized lungfish blood smears (n = 3 animals per group, 
10 fields were scored by two independent researchers). Quantification of (F) cxcr2, 
(G) elane, and (H) mpo mRNA levels by real-time quantitative polymerase chain 
reaction (RT-qPCR) in the skin, kidney, and gut of control (black bars) and terrestrial-
ized lungfish (white bars) (n = 3). (I) H&E stain of control free-swimming lungfish skin. 
Asterisks indicate goblet cells. Note the columnar epithelial cells and intact basal 
membrane. (J) H&E stain of terrestrialized lungfish skin 2 weeks after terrestrialization 
showing complete terrestrialized features including absence of goblet cells, fully 
flattened epithelial cells, and a few granulocytes (black arrows). (K) H&E stain of 
terrestrialized lungfish skin 2 weeks after terrestrialization in the initial stages of 
tissue remodeling. Note the presence of goblet cells, the detachment of the 
epidermis from the basal membrane (black arrows), epithelial cells that have not 
yet flattened, and abundant granulocytes infiltrating the dermis (black circled area). 
(L) H&E stain of terrestrialized lungfish skin 2 weeks after terrestrialization in ad-
vanced stages of terrestrialization showing massive infiltration of granulocytes 
(black circled area) and severe edema. Epi, epidermis; Der, dermis (n = 3). Data were 
analyzed by unpaired Student’s t test. *P < 0.05.
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(SEM) showed that during terrestrialization, the flattened smooth 
epidermis of freshwater fish (Fig. 3E) became a disrupted surface 
covered by the cocoon where lungfish cells and groups of bacterial 
cells were observed (Fig. 3F and fig. S2C).

Amphibian cocoons form by successive shedding of epithelial 
layers, resulting in a tightly packed, lamellated structure made up by 
several dozen layers of cornified cells (17, 21–23). Cornification is a 
terminal differentiation process and a form of programmed cell death 
(24) that occurs in amphibian but not in fish skin (25). Uneven cellular 
layers were observed by SEM on lungfish cocoon cross sections 
(Fig. 3D), supporting the idea that lungfish form their cocoon by 
successive shedding of inflamed epidermal layers that regenerate 
multiple times. In support of this idea, staining of lungfish skin 
cryosections for alkaline phosphatase activity, a marker of multi-
potent stem cells (26), showed a large pool of stem cells in the dermis 
of freshwater lungfish, which was significantly reduced in terrestrial-
ized animals [fig. S1, C to E; modeled in Fig. 2 (A to D)]. Multipotent 
stem cells with embryonic characteristics have been identified in the 
mammalian dermis before (27) but, to our knowledge, have not been 
documented in lungfish. Furthermore, staining with anti–proliferating 
cell nuclear antigen (PCNA) antibody revealed active proliferation 
of cells with flattened morphology located in the outer edge of the 
cocoon (Fig. 3G). Single-cell suspensions of mucus cocoon samples 
stained with propidium iodide (PI) or activated caspase-3 confirmed 
that the cocoon is composed of viable cells with only 7% cells being 
PI+ and 2% being activated caspase-3+ (Fig. 3H). Combined, these 
data indicate that the lungfish cocoon is a granulocyte-rich, living 
structure and that lungfish cocoons are sharply different from 
amphibian cocoons.

Previous studies on amphibian cocoons noted the presence of 
bacteria both on the outer surface and the deeper layers of the cocoon 

(21). Our SEM and transmission electron microscopy observations 
led us to hypothesize that the lungfish cocoon serves as a protective 
barrier against bacteria during estivation. Relative quantification of 
bacterial loads by quantitative polymerase chain reaction (qPCR) 
showed that the cocoon contained approximately three orders of 
magnitude higher bacterial loads than the control and terrestrial-
ized skin samples (Fig. 3I). In support, fluorescence in situ hybrid-
ization (FISH) using universal eubacterial oligoprobes (EUB338) 
revealed few bacterial cells in the skin of freshwater lungfish or in 
the skin of terrestrialized animals (Fig. 3, J and K). In contrast, large 
clumps of bacteria were present in the cocoon (Fig. 3L and fig. S2E). 
Higher bacterial loads in the cocoon may be the result of skin com-
mensals accumulating during the successive shedding of epidermal 
layers in the estivation process or of colonizing bacteria from the 
external environment.

In support of the idea that the cocoon is a living tissue, in all 
cocoon samples examined, we found active transcription of epithelial 
cell markers genes [ck8, used as house-keeping gene, which encodes 
cytokeratin 8 (CK8)], antimicrobial peptide genes (defb1 to defb4, 
encoding -defensins 1 to 4), proinflammatory cytokines (il1b and 
il8, which encode for interleukin 1 and interleukin 8), goblet cell 
markers (muc2 and muc4 encoding for mucin 2 and mucin 4, re-
spectively, and csta encoding for cystatin A), and granulocyte gene 
markers [cxcr2, elane, h2a, and mpo; protein products CXCR2, 
ELANE, histone 2A (H2A), and MPO] (Fig. 3M). Expression levels 
of the antimicrobial peptide genes defb1 and defb2 were the highest 
(sixfold and ninefold, respectively, compared to ck8) of all genes 
examined in the cocoon. Combined, these results provide evidence 
that lungfish terrestrialization involves the production of a living 
cellular cocoon that traps bacteria and actively transcribes immune 
genes to provide prolonged antimicrobial protection.

Fig. 2. Graphic drawing showing a proposed model for cocoon formation in African lungfish. Free-swimming lungfish skin is characterized by a columnar mucosal 
epithelium. (A) Large numbers of multipotent stem cells with alkaline phosphatase activity (fig. S1) can be observed at the interphase between the epidermis and the 
dermis. Granulocyte deposits in the tissue reservoirs of free-swimming lungfish become mobilized to the skin via peripheral circulation when lungfish begin to sense lack 
of food and water. (B) Skin remodeling begins, with increasing numbers of granulocytes infiltrating the dermal and epidermal layers resulting in loosening of the basal 
membrane and inflammation. (C) The cocoon then starts to form by detachment and shedding of the inflamed epidermis. Many granulocytes are part of the cocoon, and 
they produce ETs in response to the high microbial load. Epithelial cells, goblet cells, and antimicrobial peptides (AMPs) are also present in the cocoon. The pool of stem 
cells starts to regenerate the epidermis, while granulocytes continue to arrive from reservoirs maintaining an inflammatory state. (D) In the next stages of estivation (end 
of the induction phase), the lungfish skin shows complete flattening of the epidermis and goblet cell exhaustion. The cocoon has several layers derived from multiple 
rounds of epidermal shedding and regeneration, and stem cell numbers are severely reduced. Granulocytes in the cocoon continue to undergo ETosis and are still elevated 
in the epidermis and dermis compared to free-swimming controls. It is unknown whether the cocoon continues to thicken beyond 2 weeks after terrestrialization. This 
illustration was created in BioRender. eDNA, extracellular DNA.
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Fig. 3. The lungfish mucus cocoon is a living cellular structure that traps bacteria. (A) H&E staining of lungfish cocoon (large image composite). (B) Magnified view 
of an H&E-stained cocoon. N, nest of cells; CH, channels; IC, intercommunicating channels; LE, loss of eosinophilia of nest cells; ELV, endothelium lined vessels. (C) Periodic 
acid–Schiff staining of lungfish cocoon showing goblet cells (dark blue) and mucus but no positive staining in the channels (n = 3). (D) SEM image of lungfish cocoon cross 
section showing uneven cellular layers. (E) Coronal SEM image of control lungfish skin showing polygonal epithelial cell (EC) and goblet cell openings (white arrows). 
(F) Coronal SEM image of cocoon showing lungfish cells (black arrows) and bacteria (black arrow heads). (G) PCNA staining (magenta) of a cocoon cryosection showing 
proliferating cells at the edge (white arrows). Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; blue). (H) Percent PI+ and activated caspase-3+ cells in 
cocoon single-cell suspensions (n = 3). (I) Relative quantification of bacterial loads by qPCR in control skin, terrestrialized skin, and mucus cocoon (n = 3 to 4). Different 
letters indicate statistically significant differences [one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test]. (J to L) Maximum projection of confocal 
fluorescence images of fluorescence in situ hybridization (FISH) using EUB338 oligoprobe (red) showing bacteria (red arrows) in control skin, terrestrialized skin, and 
mucus cocoon (n = 3). (M) Gene expression of antimicrobial peptide genes (defb1 to defb4), proinflammatory cytokines (il1b and il8), cystatin A (csta), mucins (muc2 and 
muc4), granulocyte markers (cxcr2, mpo, and elane), and h2a in the lungfish cocoon (n = 5) by RT-qPCR. Cytokeratin 8 (ck8) was used as house-keeping gene.
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Terrestrialization induces a proinflammatory environment 
in the lungfish skin
The drastic tissue remodeling observed during physiological terres-
trialization suggested profound changes in the skin transcriptional 
program of lungfish. Transcriptomic analysis of the skin of fresh-
water and terrestrialized fish (n = 4) showed unique transcriptional 
profiles in each group, with a total of 1560 genes differentially 
expressed in the skin of terrestrialized lungfish compared to fresh-
water animals using DESeq and 713 genes using EdgeR analyses 
(Fig. 4, A and B). Gene ontology analysis identified 13 significantly 
regulated biological processes in lungfish skin due to terrestrial-
ization using both DESeq and EdgeR pipelines. The identified bio-
logical processes included immune response, response to hypoxia, 
signal transduction, and negative regulation of apoptotic process 
(Fig. 4C). Kyoto Encyclopedia of Genes and Genomes pathway anal-
ysis further confirmed that up-regulated genes detected in the skin 
of terrestrialized lungfish had predicted roles in inflammation and 
infection, as well as metabolism and cell signaling processes (fig. S3).

Terrestrialization resulted in high up-regulation of canonical pro
inflammatory signature characterized by il8, il1b, mif, mpo, ccl20, 
and cd209 expression and an antimicrobial signature characterized 
by up-regulated expression of defb5 in the skin. Conversely, terrestrial-
ization resulted in down-regulation of the ELANE inhibitor serpinb1, 
mucin 16 (muc16), a marker for goblet cells, anticoagulant molecule 
annexin A5 (anxa5), and genes related to antigen presentation such 
as b2m, hla-drb1, hla-a, gp2, and immunoglobulin K light chain 

(igk) in the lungfish skin (Fig. 4, D and E). This proinflammatory 
environment may prolong lungfish granulocyte life span, as it has 
been documented for mammalian eosinophils (28, 29), a question 
that deserves further investigation. Collectively, our results show 
that terrestrialization leads to marked tissue remodeling and creates 
a proinflammatory environment in the lungfish skin. Furthermore, 
inflammation observed in terrestrialized lungfish skin shows many 
of the hallmarks of mammalian wounded skin such as neutrophil 
recruitment and elevated cytokine, chemokine, and antimicrobial 
peptide expression.

Lungfish granulocytes produce ETs during estivation
From plants to mammals, ET formation is one of the most ancient 
and conserved mechanisms of innate immunity (30–33). ETs are 
released from cells and are composed of decondensed chromatin 
decorated by histones and up to 30 different globular proteins (34–38). 
ETs play critical roles in infection, inflammation, injury, tissue re-
modeling, and autoimmunity (39–42). In humans, the presence of 
ETs in the skin has been described in several pathological states in-
cluding delayed wound healing in diabetes (43), psoriasis (44–46), 
and systemic and cutaneous lupus erythematosus (47, 48).

Using immunofluorescence staining with anti-ELANE and anti-
H2A antibodies, we found that the skin of terrestrialized lungfish did 
not contain granulocytes undergoing ETosis in vivo (Fig. 5A). In 
contrast, the presence of cells undergoing ETosis was found in all 
cocoon samples examined [Fig. 5B; modeled in Fig. 2 (C and D)]. 

Fig. 4. Terrestrialization results in a global proinflammatory state in the lungfish skin. (A) Principal components analysis of control and terrestrialized lungfish skin samples 
used in RNA sequencing (RNA-seq) analyses. (B) Number of differentially up- and down-regulated genes in control and terrestrialized lungfish skin using DESeq and EdgeR. DE, 
differentially expressed. (C) Gene ontology analyses of RNA-seq results showing the top 13 significantly up- and down-regulated biological processes in lungfish skin due to 
terrestrialization using both DESeq and EdgeR pipelines. (D) Heatmap of the top 30 significantly regulated genes in terrestrialized lungfish skin compared to controls. (E) Changes 
in gene expression (log2 fold) of the top 16 up-regulated and 12 down-regulated immune genes in terrestrialized lungfish skin compared to control free-swimming skin.
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Skin cell suspensions from terrestrialized animals that were stimu-
lated ex vivo with phorbol 12-myristate 13-acetate (PMA) con-
tained 40 to 60% of the cells undergoing ETosis (Fig. 5, C and E). 
Lungfish ETs in skin cell suspensions stimulated with PMA had 
cloud-like or spike-like morphologies. Treatment with the inhibitors 
diphenyleneiodium chloride (DC) or cytochalasin A (Cyto) before 
PMA stimulation resulted in similar percentages of cells undergoing 
ETosis as in the unstimulated controls (Fig. 5, D and E). Cocoon 
single-cell suspensions treated with PMA did not trigger ET forma-
tion. As controls, we used PMA-stimulated gut cell suspensions from 
control freshwater lungfish and found that ETosis could be inhibited 
upon treatment with the ETosis inhibitors DC or Cyto (fig. S4, C to E). 
Collectively, these experiments indicate that during terrestrializa-
tion, granulocytes provide lungfish with two different layers of pro-
tection: the outer layer found in the microbial-rich cocoon where 
transmigrating granulocytes actively undergo ETosis and a second 
immunological layer located in the inflamed skin where infiltrating 
granulocytes can undergo ETosis upon stimulation.

Extracellular DNA is essential for preventing infection 
during lungfish estivation
In plants, roots exposed to a root-rotting fungal pathogen and 
treated with deoxyribonuclease I (DNase I) suffer from severe root 
necrosis (49). To determine the impact of skin ETosis on lungfish 
terrestrialization, DNase I treatment was performed in vivo by 
surface spraying the lungfish once a day to deplete extracellular 
DNA. Spraying treatment effectively eliminated ETs in the skin and 
cocoon (fig. S4, A and B) and the ability of terrestrialized lungfish 
skin cell suspensions to form ETs following PMA stimulation 
(Fig. 5, C to F).

DNase I treatment during terrestrialization resulted in deleterious 
effects on lungfish including skin lesions, hemorrhages, head edema, 
and a prolapsed anus (Fig. 5, G, H, and K). Upon closer investigation 
of blood smears, we found that DNase I treatment was associated 
with the presence of large numbers of bacterial cocci in circulation, 
a sign of septicemia (Fig. 5I). These pathologies occurred despite 
the fact that granulocytes of DNase I–treated terrestrialized animals 
still entered systemic circulation (Fig. 5J) and that the cocoon struc-
ture appeared intact (Fig. 5L). EUB338 FISH staining of DNase 
I–treated skin and cocoon cryosections showed large numbers of 
bacteria that were able to penetrate through the cocoon and reach 
the skin (fig. S4, G and H).

Terrestrialization causes a significant increase in expression of 
antimicrobial peptides, granulocyte markers, and proinflammatory 
marker genes in the lungfish skin based on our RNA sequencing 
(RNA-seq) results. To understand whether DNase I treatment affected 
this transcriptional pattern, we checked expression levels of relevant 
gene markers in the skin of DNase I–treated lungfish. In vivo 
DNase I treatment did not significantly affect the expression of il1b, 
il8, elane, and defb2 to defb4 in lungfish skin but resulted in in-
creased mRNA expression levels of defb1 and h2a (Fig. 5, M to P, 
and fig. S4, H to L). Antimicrobial peptides such as LL-37 and 
-defensin play active roles in NETosis formation, stabilization, 
and function (45, 50–52). Whether -defensins are part of the ET 
complex in lungfish requires further investigation, but our data point 
toward a potential compensatory role of defb1 in lungfish skin 
defense when extracellular DNA is eliminated. Collectively, these 
results show that extracellular DNA in lungfish skin is essential for 
microbial control during terrestrialization.

Fig. 5. Skin ETosis is essential for preventing infection during terrestrialization 
in lungfish. Terrestrialized lungfish (A) skin and (B) cocoon stained with DNA stain 
DAPI (blue), anti-H2A antibody (green), anti-human ELANE antibody (red), and merged. 
Cell suspensions (50,000 cells per treatment) were either not stimulated (control), 
stimulated with PMA, or stimulated with PMA and treated with the ETosis inhibitors 
diphenyleneiodium chloride (PMA + DC) or Cyto (PMA + Cyto). Cells were stained with 
DNA stain DAPI (blue), anti-H2A (green), anti-human ELANE antibody (red), and 
merged. (C) Representative confocal microscopy images of terrestrialized lungfish 
skin stimulated with PMA. (D) Representative confocal microscopy images of 
terrestrialized lungfish skin stimulated with PMA + Cyto. (E) Quantification of the 
percentage of cells undergoing ETosis in control terrestrialized lungfish skin (n = 2). 
PBS, phosphate-buffered saline. (F) Quantification of the percentage of cells under-
going ETosis in in vivo deoxyribonuclease I (DNase I)–treated terrestrialized lungfish 
skin (n = 2 fish). Counts were performed in n = 10 fields per fish and treatment. (G) Skin 
lesion and (H) prolapsed anus in DNase I–treated terrestrialized lungfish. (I) Giemsa-
stained blood smear of terrestrialized lungfish treated with DNase I showing bacteria 
in circulation. (J) Average number of granulocytes in blood smears of control ter-
restrialized and DNase I–treated terrestrialized lungfish (n = 3). (K) Representative 
H&E stain of DNase I–treated lungfish skin from a wound area showing hemorrhages. 
(L) DNase I–treated mucus cocoon of terrestrialized lungfish (n = 3). (M to P) Quan-
tification of gene expression levels of antimicrobial peptide genes (defb1 to defb4) 
in control free-swimming lungfish skin (C), terrestrialized lungfish skin (TS), and 
DNase I–treated terrestrialized lungfish skin (DTS) (n = 3 to 5). Gene expression levels 
were normalized to the house-keeping gene pgk-1. Data were analyzed by unpaired 
Student’s t test. *P < 0.05.

D
ow

nloaded from
 https://w

w
w

.science.org on January 03, 2022



Heimroth et al., Sci. Adv. 7, eabj0829 (2021)     17 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 12

Microbiome profiling of terrestrialized integument provides 
evidence of extracellular DNA protection during estivation
ETs trap and inactivate bacteria (34). We hypothesized that confining 
bacteria to the outer cocoon layer may be beneficial to estivating 
lungfish to conserve energy reserves. Microbiome analysis showed 
that the mucus cocoon has a distinct microbial community com-
pared to that of control and terrestrialized skin. Shannon diversity 
index indicated that the control and terrestrialized skin have a higher 
microbial diversity than the rest of the samples including the cocoon, 
DNase I–treated skin, and DNase I–treated cocoon (Fig. 6A and 
fig. S5A). At the phylum level, the microbial communities of all were 
largely dominated by Proteobacteria, which accounted for 75.4 and 
65.5% of all diversity in the control and terrestrialized skin and 
82.5% of the total diversity in the cocoon (Fig. 6B). No significant 

changes at the phylum level were detected between the freshwater 
skin and the terrestrialized skin bacterial communities (Fig. 6B), 
suggesting that the cocoon and the active ETosis that occurs in the 
cocoon define the composition and spatial localization of bacterial 
communities in African lungfish, confining bacteria outside the 
lungfish body during terrestrialization. In support, the cocoon 
microbial community was enriched in members of the families 
Comamonadaceae, Methylophilaceae, and Xanthomonadaceae com-
pared to the skin samples (Fig. 6C). A total of 37 different operational 
taxonomic units (OTUs) were identified to be significantly different 
among all treatment groups (Fig. 6D). DNase I treatment resulted 
in profound changes in the microbial community composition of 
the cocoon, particularly in the phyla Actinobacteria, Bacteroidetes, 
and Firmicutes. Specifically, significant increases in abundance of 

Fig. 6. The lungfish cocoon harbors a unique microbial community and removal of extracellular DNA results in dysbiosis. (A) Shannon diversity index of the 
microbial communities of control free-swimming lungfish skin (C), terrestrialized lungfish skin (TS), terrestrialized cocoon (TC), DNase I–treated terrestrialized lungfish skin 
(DTS), and DNase I–treated terrestrialized lungfish cocoon (DTC) (n = 3). (B) Microbial community composition at the phylum level of the microbial communities of control 
free-swimming lungfish skin (C), terrestrialized lungfish skin, terrestrialized cocoon, DNase I–treated terrestrialized lungfish skin, and DNase I–treated terrestrialized lungfish 
cocoon. (C) Microbial community composition at the family level of the microbial communities of control free-swimming lungfish skin, terrestrialized lungfish skin, terrestrial-
ized cocoon, DNase I–treated terrestrialized lungfish skin, and DNase I–treated terrestrialized lungfish cocoon. (D) Heatmap of the top 36 bacterial genera with differential 
abundances in the bacterial communities of control free-swimming lungfish skin, terrestrialized lungfish skin, terrestrialized cocoon, DNase I–treated terrestrialized lungfish 
skin, and DNase I–treated terrestrialized lungfish cocoon (P < 0.05). The heatmap was generated using the online free tool Heatmapper using average linkage as a clustering 
method followed by the Spearman rank correlation for distance measurement. (E) Mean relative abundance at the genus level of Variovorax sp., Stenotrophomonas sp., 
Limnobacter sp.; Aeromonas sp., and Methylophilus sp. in the microbial communities of control free-swimming lungfish skin, terrestrialized lungfish skin, terrestrialized 
cocoon, DNase I–treated terrestrialized lungfish skin, and DNase I–treated terrestrialized lungfish cocoon. Data were analyzed in Quantitative Insights Into Microbial 
Ecology (QIIME) 1.8. Differential abundances were determined by unpaired Student’s t test. *P < 0.05.
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Actinobacteria (P = 0.021) and Firmicutes (P = 0.046) were observed 
in the DNase I–treated cocoon compared to the untreated cocoon. 
The abundance of Tenericutes decreased from 1% in the untreated 
cocoon to 0% in the DNase I–treated cocoon (P = 0.007), whereas 
Bacteroidetes abundance decreased from 7% of the untreated cocoon 
to 1.2% in the DNase I–treated cocoon (P = 0.231).

In terrestrialized skin, DNase I treatment resulted in several changes 
that did not reach significance because of high interindividual vari-
ability. This may be due to the fact that each lungfish was main-
tained in an individual tank to avoid physical attack. However, a 
trend to increased Proteobacteria abundance (65.5% in control 
terrestrialized skin versus 88.9% in DNase I–treated terrestrialized 
skin, P = 0.43), decreased Actinobacteria abundance (10.5% in con-
trol terrestrialized animals versus 1.3% in DNase I–treated animals, 
P = 0.08), and Firmicutes abundances (7% in terrestrialized skin to 
3.9% in the DNase I–treated terrestrialized skin; P = 0.78) was ob-
served. The dysbiosis caused by DNase I treatment was evident at 
the family and genus levels (Fig. 6, C to E, and fig. S5, B and C). In-
creased abundances of pathogenic taxa such as Stenotrophomonas sp. 
and Aeromonas sp. served in the skin and cocoon treated with DNase I 
(Fig. 6E). The relative abundances of Variovorax sp., Methylophilus sp., 
and Limnobacter sp. overall decreased as a result of DNase I treat-
ment in both the skin and the cocoon (Fig. 6E). These results indicate 
that extracellular DNA and ETosis are critical for the homeostasis 
of the lungfish cocoon and skin microbial communities during 
terrestrialization.

Estivating vertebrates form cocoons to prevent water loss during 
drought periods. Our findings extend the function of the cocoon to 
not only a physical barrier but also an immunological one. In many 
ways, the tissue remodeling and inflammation that takes place in 
the lungfish skin recapitulate mucosal inflammatory disorders and 
dermatological diseases described in mammals characterized by 
granulocyte infiltration of epithelia, granulocyte transmigration, and 
production of ETs (7, 47). However, lungfishes are able to physio-
logically induce this inflammatory process every dry season, their 
mucosal barriers restoring once water returns. Thus, future investi-
gations in lungfish may reveal new mechanisms by which barrier 
tissues are remodeled and restored following inflammatory damage. 
The lungfish immune system has long been considered enigmatic 
because of its unusually large deposits of eosinophilic granulocytes. 
We unravel notable adaptations of the lungfish immune system to 
support the physiological process of terrestrialization. Our study 
reveals a remarkable new form of granulocyte-driven antimicrobial 
defense consisting of an outer living tissue that wraps the lungfish 
body and traps bacteria. Since estivation can last several months 
and up to years and our study was limited to the first 2 weeks of esti-
vation, we cannot conclude for how long this outer layer effectively 
protects lungfish against infection. It appears, however, that this 
extracorporeal bacterial trapping device is likely advantageous in 
estivating animals during metabolic torpor.

MATERIALS AND METHODS
Animals
Juvenile Protopterus dolloi (slender lungfish) (300 to 800 g) were ob-
tained from ExoticFishShop.com (https://exoticfishshop.net/) and 
maintained in individual 10-gallon aquarium tanks with dechlori-
nated water and a mixture of sand/gravel substrate, at a temperature 
of 27° to 29°C. Fish were acclimated to laboratory conditions for 

4 weeks before being used in experiments. During this acclimation, 
fish were fed one earthworm every third day, with feeding terminated 
48 hours before the start of terrestrialization experiments. All animals 
used in this study were sampled between 8 a.m. and 11 a.m. All 
animal studies were reviewed and approved by the Office of Animal 
Care Compliance at the University of New Mexico (protocol 
number 11-100744-MCC).

Terrestrialization
After acclimating to laboratory settings, feeding was stopped, and the 
water level in tanks were lowered to 20 cm and allowed to naturally 
evaporate (3). With the cessation of food and the lowering of water, 
the fish entered the induction phase of terrestrialization and began 
to hyperventilate and profusely secrete mucus from their gills. 
Secreted mucus combined with the substrate in the tank formed a 
mucus cocoon that hardened 10 days after the start of the induction 
phase. Because of the extreme dry climate of New Mexico, the pro-
tocol was modified and the fish tanks were sprayed with 1 to 2 ml of 
water every third day to avoid severe dehydration.

DNase I treatment
To eliminate extracellular DNA, 1 U of DNase I in phosphate-buffered 
saline (PBS; Worthington, Lakewood, NJ) was administered to the 
terrestrializing fish (n = 3) by spraying 1 to 2 ml per day, starting 
at the beginning of the induction phase until sampling 10 days 
later. Control terrestrialized fish were sprayed once a day with 1 to 
2 ml of PBS.

Tissue sampling
Lungfish mucus cocoon was peeled off with sterile forceps and di-
vided into six pieces. One piece was fresh-frozen. The second piece 
was embedded in Tissue-Tek OCT compound (Sakura Finetek). A 
third piece was fixed in 4% paraformaldehyde (PFA) for histology. 
A fourth piece was placed in 1 ml of sucrose lysis buffer (SLB) for 
microbiome analysis; the fifth piece was preserved in RNAlater 
(Thermo Scientific) for molecular analysis, and the last piece was 
subject to cell isolation in Dispase I as explained below. Once the 
mucus cocoon was removed, the animals were euthanized with blunt 
force to their second cervical vertebra and then bled through their 
caudal vein for blood smears. Skin, gut, kidneys, and gonads were 
dissected and fixed in 4% PFA for histology. A piece of each organ 
was also placed in 1 ml of RNAlater for gene expression analyses. In 
addition, a 2 cm–by–2 cm piece of the skin and gut was used for cell 
isolation, and a final 0.5 cm–by–0.5 cm piece was placed in SLB for 
DNA extraction and microbiome sequencing.

Cell isolation
Cells from the skin and mucus cocoon were isolated by enzymatic 
treatment as explained elsewhere (53). Briefly, samples were excised 
in small pieces with sterile scissors; placed in 10 ml of Dulbecco’s 
minimum essential medium (DMEM) containing 5% fetal bovine 
serum (FBS; Peak Serum, Wellington, CO), penicillin/streptomycin 
(P/S; Gibco), and Dispase I (5 mg/ml; Worthington Biochemical 
Corporation); and incubated at 4°C on a shaker for 3 hours. Super-
natants were collected, filtered through a 100-m nylon cell strainer 
into a new 50-ml Falcon tube, and kept on ice. Ten milliliters of 
fresh Dispase I solution was then added to the tubes containing the 
tissue pieces and incubated for another 3 hours at 4°C on a shaker. 
Supernatants were filtered and combined, and the remaining tissue 
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pieces were grounded through the cell strainer with a sterile syringe 
plunger. Cells were spun down at 400g at 4°C for 10 min; supernatants 
were discarded, and the cell pellets were washed twice in DMEM 
containing 5% FBS and P/S. For isolation of gut wall granulocytes 
from freshwater lungfish, a 1-cm-long piece of the gut was dissected, 
placed in DMEM containing 5% FBS and P/S, minced into small 
pieces, and filtered through 100-m nylon cell strainer while mashing 
the tissue with a sterile syringe plunger. Cells were washed twice in 
DMEM containing 5% FBS and P/S. Cells were stained with trypan 
blue, counted under a hematocytometer, and adjusted to 106 cells/ml. 
Cell suspensions were then used for cell viability and active caspase-3 
staining by flow cytometry or seeded onto slides for ETosis assays.

Flow cytometry
The viability of the cells isolated from either skin or cocoon samples 
was quantified by staining 105 freshly isolated cells with a 1:500 dilu-
tion of PI solution (1 mg/ml; Sigma-Aldrich). Positive controls for 
cell death consisted of permeabilized cells fixed with 4% PFA for 
10 min at room temperature before PI staining. A total of 30,000 events 
per sample were recorded in an Attune NxT Flow Cytometer (Life 
Technologies). Cell death was quantified as the percentage of PI+ cells. 
To determine apoptosis in skin and cocoon cell suspensions, 105 cells 
of each cell suspension were fixed in 2% PFA for 15 min at room 
temperature, then permeabilized, and blocked using the Perm/Wash 
Buffer (Bio-Rad). Next, cells were stained with rabbit anti-human 
caspase-3 antibody (1:200 dilution; ab13847, Abcam), washed three 
times in Perm/Wash Buffer, and labeled with secondary antibody 
fluorescein isothiocyanate donkey anti-rabbit IgG (1:200 dilution; 
711-095-152, Jackson ImmunoResearch). After three washes, cells 
were resuspended in Perm/Wash, and 30,000 events were recorded 
in the Attune NxT Flow Cytometer.

ETosis assays
Cell suspensions (50,000 cells per slide) isolated from gut, skin, and 
mucus cocoon were seeded onto slides for 30 min at 27°C in 5% CO2. 
Positive controls consisted of cells treated with PMA (0.1 M) for 
3 hours at 27°C in 5% CO2 without inhibitors. In addition, cells 
were treated with PMA, and either the inhibitor Cyto (10 M) or 
DC (2 M) diluted in culture medium (DMEM + 5% FBS + P/S). Neg-
ative controls received culture medium only. All slides were fixed in 
4% PFA for 30 min at room temperature and stained for ETosis 
marker visualization as explained below.

Histology and light microscopy
Skin, gonads, and gut samples from free-swimming and terrestrial-
ized fish (n = 3) were fixed in 4% PFA overnight, transferred to 70% 
ethanol, and embedded in paraffin. Sections were stained using 
hematoxylin and eosin or periodic acid–Schiff stain for general 
morphological analyses. Serial coronal sections of one control cocoon 
and one DNase I–treated cocoon were performed to estimate thick-
ness of the cocoon. Large-field images for cocoon samples stained 
for hematoxylin and eosin were acquired on a brightfield. Images 
were captured on a Keyence BZ-X700 digital microscope and Nikon 
Eclipse Ti-S inverted microscope. Multiple images were taken across 
the entire cross section using a 20× objective and compiled into a 
single image using proprietary stitching software from the manu-
facturer. Blood smears were fixed in 100% methanol for 60 s and 
stained in 1:10 dilution of Giemsa solution (Sigma-Aldrich) in tap 
water for 50 min. Quantification of granulocytes in Giemsa-stained 

blood smears was performed in 10 fields of view per animal with 
three animals per treatment by two different persons in a blind fashion. 
Images were acquired and analyzed with a Nikon Eclipse Ti-S in-
verted microscope and NIS-Elements Advanced Research Software 
(version 4.20.02).

Immunofluorescence microscopy
Cryoblocks were sectioned (5 m thick) and stored at −80°C until 
processing. Cryosections were postfixed with 4% PFA for 3 min 
followed by 5-min rinse in tap water. Slides were blocked in 
StartingBlock T20 buffer (Pierce) for 15 min at room temperature 
and incubated in each of the corresponding primary antibodies di-
luted in PBT (PBS containing 0.5% Triton X-100 and 0.1% bovine 
serum albumin) overnight at 4°C. For detection of ETs, slides con-
taining treated and untreated cell suspensions were stained with 
anti-H2A antibody (1:100; Proteintech, 16441-1-AP) labeled with 
the Mix-n-Stain CF 555 Antibody Labeling Kit (Sigma-Aldrich), 
anti-MPO antibody (1:200; Boster Bio, PA1054), or anti-ELANE 
(1:200; Abcam, ab68672). After three washes in PBS, slides were in-
cubated with secondary antibody Alexa Fluor 647–conjugated donkey 
anti-rabbit IgG (Abcam, ab150075; 1:200) for 2 hours at room tem-
perature in the dark. Slides were washed twice in PBS and stained 
with DAPI (4,6-diamidino-2-phenylindole; 1 g/ml in water; Invit-
rogen) for 60 s. For the detection of ETs in the cocoon, slides were 
stained with anti-ELANE (1:200; Abcam, ab68672) overnight, and 
after two washes in PBS, slides were incubated with secondary anti-
body Cy3 AffiniPure Goat Anti-Rabbit IgG (H + L) (1:200; Jackson 
ImmunoResearch, 111-165-144) for 2 hours at room temperature 
in a humidified chamber. After two washes in PBS, slides were incu-
bated with anti-H2A antibody (1:50) labeled with the Mix-n-Stain 
CF 647 Antibody Labeling Kit (Sigma-Aldrich) for 2 hours at room 
temperature in a humidified chamber. Slides were then washed twice 
in PBS and counterstained with DAPI (0.5 g/ml in water; Invitrogen) 
for 10 min. After rinsing in water, slides were mounted in KPL 
fluorescent mounting media (SeraCare) and observed under a Zeiss 
LSM 780 laser scanning confocal microscope. Quantification of cells 
undergoing ETosis was performed as previously described (54) 
using Photoshop.

Bacterial 16S FISH
Cryosections (10 sections per animal, n = 3) were fixed in 10% formal-
dehyde for 20 min, washed twice in PBS, and permeabilized in 
70% ethanol overnight at 4°C. Slides were hybridized with 5′-end 
Cy5-labeled EUB338 (anti-sense probe) and 5′-end Cy5-labeled 
NONEUB (control sense probe complementary to EUB338) oligo-
nucleotide probes (Eurofins Genomics). Hybridizations were per-
formed at 37°C for 8 hours in hybridization buffer (2× SSC/10% 
formamide) containing labeled probes (1 g/ml). Slides were then 
washed with hybridization buffer without probes followed by two 
more washes in washing buffer (2× SSC) and two washes in PBS at 
37°C. Nuclei were stained with DAPI (2.5 g/ml; Invitrogen) for 
30 min at 37°C, washed twice in PBS at 37°C, and mounted in KPL 
fluorescent mounting media (SeraCare). Sections were observed under 
a Zeiss LSM 780 laser scanning confocal microscope. Images are shown 
as maximum projections of the Z-stacks (five stacks of 1 m each).

Scanning and transmission electron microscopy
Skin from control and skin and cocoon samples from terrestrialized 
fish were fixed in formaldehyde/glutaraldehyde, 2.5% in 0.1 M sodium 
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cacodylate buffer (pH 7.4) (Electron Microscopy Sciences, Hatfield 
PA), overnight at 4°C. Samples were then washed three times in 
sodium cacodylate buffer, postfixed using 1% osmium tetroxide for 
1 hour, and washed in sodium cacodylate buffer. Samples were then 
dehydrated through a graded ethanol series for 1 hour and coated in 
gold-palladium. Samples were analyzed on a JSM-IT100 InTouchScope 
scanning electron microscope. For transmission electron microscopy, 
control and infected skin P. dolloi (n = 2) were fixed overnight at 
4°C in 2.5% (v/v) glutaraldehyde in PBS and then transferred to 
1% osmium tetroxide (w/v) in PBS for 2 hours at 4°C. Samples were 
washed in PBS three times for 10 min and then dehydrated in a 
graded series of ethanol (10 to 100%) through changes of propylene 
oxide. Samples were then embedded in EPON resin, sectioned, and 
stained with uranyl acetate and lead citrate before being examined 
in a PHILIPS TECNAI 12 transmission electron microscope.

Gene expression analysis by real-time qPCR
Tissue from free-swimming and terrestrialized lungfish (n = 3 to 4) 
was collected using sterile dissecting tools and preserved in 1 ml of 
RNAlater. Total RNA was extracted from each sample using TRIzol 
(Invitrogen) and following the manufacturer’s instruction, and 1 g 
of RNA was synthesized into cDNA as described in (55). The final 
cDNA was stored at −20°C. Expression levels of granulocyte markers 
h2a, csta, cxcr2, and mpo; proinflammatory cytokines il1b and il8; 
mucins muc2 and muc4; and antimicrobial peptides defb1 to defb4 
were measured by real-time qPCR (RT-qPCR) using primers shown 
in table S1. -Actin, phosphoglycerate kinase 1 (pgk-1), and ck8 were 
used as the house-keeping genes.

RNA-seq and assembly
Extracted RNA was cleaned of genomic DNA contamination using 
TURBO DNase (Invitrogen, Thermo Fisher Scientific, Waltham, MA). 
Illumina libraries were constructed using Kapa mRNA HyperPrep 
kits (Roche Sequencing, Pleasanton, CA) and sequenced on an Illumina 
NextSeq 500 at the University of New Mexico Biology Molecular Core 
Facility. Quality of FASTQ files were assessed using FastQC (56), and 
poor quality reads were trimmed by Trimmomatic using default param-
eters (57). The trimmed ends were assembled into de novo transcrip-
tomes using Trinity (58). The success of the assembly was determined by 
realigning the raw FASTQ reads to the corresponding assembled transcrip-
tome using Burrows-Wheeler transform (59) and samtools (60). Differ-
ential gene analysis was assessed through DESeq and EdgeR in R software. 
Gene ontology analysis was performed using the bioinformatic database 
DAVID (61), and scatterplots were made in R software.

Microbiome sequencing and analysis
Whole genomic DNA was extracted using the cetyltrimethylammonium 
bromide method previously described by Mitchell and Takacs-Vesbach 
(62), and DNA concentration and purity were assessed using a 
NanoDrop ND-1000 (Thermo Scientific). Skin and cocoon micro-
bial communities were determined via PCR, where bacterial DNA 
was amplified using 5PRIME HotMasterMix (Quantabio, Beverly, 
MA, USA) and primers 28f (5′-GAGTTTGATCNTGGCTCAG-3′) 
and 519r (5′-GTNTTACNGCGGCKGCTG-3′), targeting the vari-
able V1-V3 regions of the prokaryotic 16S ribosomal DNA gene. All 
DNA samples were amplified with three independent reactions and 
pooled before the cleanup.

Amplicons were purified using an Axygen AxyPrep Mag PCR 
cleanup kit (Thermo Scientific) and eluted in nuclease-free water to 

a final volume of 30 l. Unique barcodes were ligated to the Illumina 
adapters via PCR using the Nextera XT Index Kit v2 Set A (Illumina). 
All DNA sample concentrations were quantified using the dsDNA 
HS Assay Kit and Qubit fluorometer (Invitrogen); then, DNA was 
normalized to 200 ng/l for DNA library pooling. Pooled samples 
were cleaned again using an Axygen PCR cleanup kit. Sequencing 
was performed on the Illumina MiSeq platform using the MiSeq 
Reagent Kit v3 (600 cycles) at the Clinical and Translational Sciences 
Center at the University of New Mexico Health Sciences Center. 
Sequence data were analyzed using Quantitative Insights Into 
Microbial Ecology (QIIME 1.9) pipeline (63) within the web-based 
platform Galaxy at the University of New Mexico. OTUs were 
selected by open reference picking using the sumaclust method. 
OTUs were aligned in the SILVA 16S/18S database with a 97% iden-
tity. Rarefaction analysis was performed in QIIME using several 
alpha-diversity metrics (PD_whole_tree, chao1, and observed_otus). 
Core diversity analysis was run with a normalized sampling depth 
of 10,525 sequences. Alpha-diversity metrics, nonphylogenetic, and 
phylogenetic beta-diversity analyses were performed in QIIME us-
ing the Bray-Curtis metric or the unweighted and weighted UniFrac, 
respectively. Principal coordinate analysis and taxonomic summaries 
were produced in QIIME to compare the bacterial communities in 
all tissue samples per groups.

Bacterial load quantification
The extracted genomic DNA from control skin, terrestrialized skin, 
and cocoon samples was also used to quantify the total bacterial load 
via RT-qPCR, using the primers 341F and 805R that amplify the 
bacterial 16S hypervariable region V3-V4 (table S1). RT-qPCR was 
performed using the SsoAdvanced Universal SYBR Green Supermix 
(Roche, USA). Briefly, all DNA samples were normalized to 50 ng/l, 
and 2 l of each sample was used as template into a 20-l total reac-
tion volume. Ct values and concentrations were calculated on the 
basis of a standard curve generated with a serial dilution of a purified 
bacterial DNA with known colony-forming units (CFU) per milliliter. 
The relative bacterial load in each sample is represented as the reac-
tion mix of mean CFU per milliliter.

Statistical analysis
Data were expressed as means ± SE. Statistical analysis was performed 
by unpaired Student’s t test or one-way analysis of variance (ANOVA) 
followed by Tukey’s multiple comparison tests. Differences were 
considered statistically significant when P < 0.05. Statistical analyses 
were performed in Prism GraphPad version 6. For RT-qPCR assays, 
relative changes in gene expression were determined using the Pfaffl 
method (64).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0829

View/request a protocol for this paper from Bio-protocol.
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