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Introduction
Green turtles (Chelonia mydas), the largest marine herbivores in 
the Hawaiian Islands, are known to consume more than 300 
species of marine macroalgae, two seagrasses, at least one ter-
restrial shoreline grass, and the fallen leaves of a coastal tree, 
based on crop and stomach samples.1-7 Green turtles globally 
often consume both marine macroalgae and seagrasses simul-
taneously or sequentially.8-10 Green turtles have a hindgut fer-
mentation digestive tract, which uses cellulolytic microbes to 
break down plant matter in the cecum and proximal colon.11 In 
some foraging areas in the Hawaiian Islands, green turtles are 
growing at potentially reduced rates resulting in late age of 
reproductive maturity (30+ years) compared with the age of 
reproductive maturity in earlier times (mid 1970s/early 
1980s).12-14 Food abundance, food quality, turtle abundance, 
and disease have been considered as causes for this change,12-16 
but other factors may also be involved, such as inefficient diges-
tion because of changes in gastrointestinal (GI) microbiota 
composition. Changes in the GI microbiome (total community 
of long-term resident microbes in a habitat) could be caused by 
short-term shifts in diet,11,17 stress, disease, and/or chemical 
exposure.

Cellulolytic bacteria belonging to the phyla Actinobacteria, 
Bacteroidetes, and Firmicutes have been found in the GI 
microbiota of herbivorous marine iguanas, marine fish, and 

manatees.18-23 In herbivorous green turtles, the aerobic bacterial 
flora in cloacal swabs contained 123 Gram-negative and 29 
Gram-positive isolates, consisting mostly of members of the 
family Enterobacteriaceae (phylum Proteobacteria) and 
Staphylococcus species (phylum Firmicutes).24 Similar bacterial 
isolates were found in the East Pacific green turtle and olive 
ridley cloacal fluids.25 Cloacal and fecal samples from juvenile 
green turtles in the northern Gulf of Mexico showed a micro-
biota dominated by the phylum Proteobacteria.26 Proteobacteria 
was the most abundant phylum in cloacal swabs of stranded, 
as well as hospitalized, and rehabilitated green turtles in 
Australia.27,28 In contrast, the phyla Firmicutes and Bacteroidetes 
were the most abundant phyla in cloacal swabs of healthy, wild 
green turtles from the Great Barrier Reef27 and Brazil.29

Despite the importance of hindgut microbiota in green tur-
tle digestion, few studies have examined the microbiome within 
green turtles, and those studies have used fecal samples or cloa-
cal swab samples, perhaps because of the difficulty of obtaining 
fresh samples and the complexity of maintaining bacterial cul-
tures, especially anaerobic taxa. Previous studies of other organ-
isms concluded that the fecal microbiome is not equivalent to 
the GI tract microbiome, and that fecal sampling was not ade-
quate.30-35 However, Hong et al.23 argued that in herbivorous 
reptiles, fecal microbiota suffice as good proxies of gut micro-
biota because of the long food retention time. We chose to use 
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in situ sampling of the GI tract because samples taken from the 
cloaca and feces may be unreliable indicators of digestive sys-
tem microbiota because of (1) contamination of the external 
surfaces of the cloaca and feces by bacteria occurring in seawa-
ter and (2) aerobic conditions in the cloaca and fecal material 
which may select against anaerobic bacteria. This study is the 
first to carry out successful, in situ GI tract sampling of diges-
tive, hindgut microbiota of green turtles. The objective of this 
study was to identify the digestive, GI microbiota found in the 
green turtle (C. mydas) in Hawai‘i. We used traditional culture 
isolation techniques, as well as high-throughput sequencing of 
the bacterial 16S rDNA gene to achieve four goals36: (1) create 
a taxa list, (2) quantify the abundance of taxa, (3) compare 
microbial communities from different samples, and (4) detect 
potentially important community members.

Methods
Microbial collection and traditional culturing

Eight green turtles that had required euthanization by a collabo-
rative assessment from Dr. Thierry Work, Wildlife Pathologist of 
the USGS (U.S. Geological Survey) and the National Marine 
Fisheries Service of NOAA (National Oceanic and Atmospheric 
Administration) after mortal injury or terminal illness, served as 
donors immediately postmortem for this project.37 In view of 
conservation policy, as set forth by the Endangered Species Act 
(ESA), no attempts were made to obtain free-swimming, wild 
turtles. All turtles sampled had been euthanized due to fibropap-
illomatosis or injury from fishing line entanglement (Table 1), 
and all had macroalgae (mostly Rhodophyta) in the GI tract with 
no indication of rotting material undergoing digestion, and no 
H2S smell. Turtles were collected from several locations in the 
main Hawaiian Islands (Figure 1) and included immature males 
and females determined by gonad examination with curved cara-
pace lengths of 49 to 80 cm (Table 1). Fresh gut samples were 
taken at five locations along the GI tract (crop, stomach, small 
intestine, cecum, and large intestine) by wiping a cotton sterile 
swab and a BD BBL Vacutainer anaerobic specimen collector 
(Becton, Dickinson and Company) on the areas. Swabs were 
placed on nutrient agar medium for transport and restreaked 
within 4 hours on several types of media: nutrient agar, 
MacConkey agar for the isolation of Enterobacteriaceae, manni-
tol salt agar for the isolation of Staphylococcus species, thiosulfate-
citrate-bile-salts-sucrose agar for the isolation of Vibrio species, 
and xylose-lysine deoxychloate agar for the isolation of Salmonella 
and Shigella species. Plates were incubated at 30°C aerobically 
using a 12-140E incubator (Quincy Lab, Inc.) and examined 
after 24 hours; and anaerobically in a 12-140E incubator (Quincy 
Lab, Inc.) within a BD GasPak EZ Incubation Container 
(Becton, Dickinson and Company) with BD GasPak EZ 
Anaerobe Container System Sachets (Becton, Dickinson and 
Company) and examined after 24 hours. Isolated colonies were 
identified via Gram staining and the following biochemical reac-
tions: indole production (Becton, Dickinson and Company; Cat. Ta
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no. 261185), oxidase production (BD; Cat. no. 261181), and 
Voges-Proskauer A & B reagents (Becton, Dickinson and 
Company; Cat. no. 261192 and 261193). Identification of 
Gram-negative organisms was confirmed by EnteroPluri Test 
Kit (Becton, Dickinson and Company; Cat. no. L010570), a 
12-sector system containing special culture media that permit 
identification of Enterobacteriaceae and other Gram-negative, 
oxidase-negative bacteria. Cultures were incubated at 36°C and 
examined after 18 hours, according to manufacturer instructions.

Tissue collection and DNA extraction

Whole GI tracts from two freshly euthanized turtles were 
extracted from the animals and immediately frozen at −20°C. 
Turtle 25338 was a 14.7 kg male with fibropapilloma (FP) 
tumors found at Hale‘iwa on the island of O‘ahu (whose GI 
tract was also sampled for microbial collection and culture 
described previously), and Turtle 25405 was a 13.8 kg female 
with no FP tumors found at Puakō on the island of Hawai‘i. 
Both turtles had macroalgae (mostly Rhodophyta) in the GI 
tract. The frozen GI tracts were transferred to a −80°C freezer.

DNA extractions were performed using the Qiagen DNA 
Stool Mini Kit following the manufacturer protocol (QIAGEN; 
Cat. no. 51504). Three sections of the GI tracts of each turtle 
were selected for this study: the cecum, the large intestine, and the 
rectum. Following extractions, the quantity and quality of each 
DNA eluate were ascertained using gel electrophoresis (Thermo 
Fisher) and spectrophotometry assay (NanoDrop ND-1000).

Microbiome amplif ication using 16S metagenomics 
methods

Each DNA sample, a positive DNA control, and a negative con-
trol were amplified through polymerase chain reaction (PCR) 
using the Ion 16S Metagenomics Kit (Life Technologies Corp.; 
Cat. no. A26212). Following PCR amplification, a solution of 
70% ethanol and a 1.2× volume of Agencourt AMPure XP 

beads was prepared to purify the amplicons (Beckman Coulter 
Life Sciences; Cat. no. A63880). All purification steps involved in 
this protocol used a 70% solution of molecular-grade ethanol.

Determination of DNA input for library 
preparation and end repair

The 16S amplicons were enzymatically processed for adapter 
and barcode ligation using the Ion Plus Fragment Library Kit 
(Life Technologies Corp.; Cat. no. 4471252), and thereafter, 
purified with an ethanol solution and 1.4× volume of AMPure 
beads. Following purification, diluted (1:10) aliquots of each 
amplicon and the positive control were prepared and quantified 
on a Bioanalyzer 2100 instrument using a High-Sensitivity 
DNA Kit (Agilent Technologies; Cat. no 5067-4626). For each 
amplicon assayed, a smear analysis of its chromatogram was 
generated, including peaks ranging from 280 to 390 bp (base 
pairs), from which the total sample concentration was deter-
mined. The samples and the positive control were standardized 
to a concentration of 100 ng. Once standardized, amplicons 
were enzymatically blunt-ended and end-repaired to remove 
overhangs (Ion Plus Fragment Library Kit; Cat. No. 4471252). 
Following the end repair step, samples were purified using an 
ethanol solution and 1.2× volume of AMPure beads.

Ligation of adapters and barcodes and purif ication 
of adapter-ligated and nick-repaired DNA

Using the Ion Xpress Fragment Library Kit, six unique barcode 
adapters (Table 2) were ligated to the purified amplicons (Life 
Technologies Corp.; Cat. no. 4474009). Samples were prepared 
following manufacturer protocol, except for one minor modifi-
cation, in which 1 µL of each adapter and barcode was used to 
avoid excess that forms dimers. Following ligation and nick 
repair, samples were purified using an ethanol solution and 
1.4× volume of AMPure beads.

PCR amplif ication and bioanalyzer assay

Subsequent to ligation and nick repair, amplicons were further 
PCR amplified for seven cycles according to manufacturer 
protocol. Following amplification, samples were cleaned up 
with an ethanol solution and 1.0× volume of AMPure beads. 
Samples were diluted (1:1) and assayed on a Bioanalyzer 2100 
on a high-sensitivity DNA chip. Each amplicon was smear- 
analyzed, including chromatogram peaks ranging from 230 to 
400 bp to determine their combined concentration. Amplicons 
were adjusted to a molarity of 501.0 pmol/L, which reflected 
the lowest concentration of any sample at that point.

Quantitative PCR and determination of library 
concentration

As accurate determination of 16S library molecules is essential 
for the efficient use of next-generation sequencing platforms, 

Figure 1. Map of geographic locations from which green turtles were 

collected prior to euthanization.
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amplicons were quantified using a KAPA library quantification 
assay designed for Ion Torrent platforms (KAPA Biosystems 
Inc.; Cat. no. KK4838), and the quantitative PCR (qPCR) 
assay was performed using a StepOne Plus instrument (Life 
Technologies Corp.; Cat. no. 4376600). Once each sample 
concentration was accurately determined by the qPCR assay 
results, samples were diluted accordingly, and dilutions were 
pulled together to form the final library to be sequenced.

Emulsion PCR and sequencing

After making a pooled, equimolar library, 400 bp (amplifica-
tion) emulsion PCR (emPCR) was conducted using the Ion 
Personal Genome Machine (PGM) Hi-Q View OT2 Kit (Life 
Technologies Corp.; Cat. no. A29900). Quality of the emPCR 
was checked using the Ion Sphere Quality Control Kit (Life 
Technologies Corp.; Cat. no. 446856). The 400 bp library was 
assessed using the Ion Sphere Assay with a Qubit 3.0 fluorom-
eter (Life Technologies Corp.; MAN0016388) and passed 
with 32.50% templated Ion Sphere Particles (ISPs). Enrichment 
of template-positive Ion PGM Hi-Q View ISPs was done 
using the Ion OneTouch ES following manufacturer protocol 
(Life Technologies; MAN0014579). The enriched library was 
then processed for DNA sequencing. The 400 bp sequencing 
was done on the Ion PGM using the Hi-Q View Sequencing 
Kit (Life Technologies Corp.; Cat. no. A30044) using an Ion 
Torrent 318 v2 BC chip and allowing for 850 flows of sequenc-
ing dNTPs (Life Technologies Corp.; Cat. no. 4488146).

16S metagenomics pipeline

All sequences were sorted by barcode into separate files using 
Torrent Suite Plugin FileExporter version 5.0.3.1 into the Ion 
Reporter software version 5.10.3.0. The individual sequence 
reads were filtered by the PGM software to remove low quality, 
low abundance (<10 reads), reads less than 150 bp, and poly-
clonal sequences. Sequences matching the PGM 3′ adaptor were 
also automatically trimmed. All PGM quality-approved, 
trimmed, and filtered data were exported into SAMtools toolkit38 
within Galaxy39 to convert the output “.bam” files into human-
readable “.fastq” files. All reads were quality checked and further 

trimmed using Trimmomatic40 within Galaxy to 280 bp, and then 
replotted to achieve quality scores greater than 20 (crop: 280 lead-
ing: 2 trailing: 2 minlen: 50). The filtered .fastq files were exported 
into R version 3.6.0 using the dada2 package version 1.10.1.41 
The sequencing error rates were estimated (dada2 function learn-
Errors) and the filtered sequences were dereplicated (dada2 func-
tion derepFastq) to generate unique sequences. These unique 
sequences were then processed using the dada2 algorithm (dada2 
function dada) to infer exact amplicon sequence variants (ASVs). 
Chimeric and nontargeted sequences were removed (dada2 
function removeBimeraDenovo) and an ASV table analogous 
to OTU (operational taxonomic unit) tables was generated by 
comparing sequences to the Greengenes, Ribosomal Database 
Project (RDP), and NCBI (National Center for Biotechnology 
Information) BLAST reference sequence databases. A genus was 
defined at 97% sequence similarity to the database entity, and a 
species was defined at 99% similarity.

Species richness, family richness, Shannon-Wiener diver-
sity (H’)42 (equation (1)), and equitability ( )EH  (equation (2)) 
were calculated:

H p ln pi i
i

S
′ = − ( )∑  (1)

where S is the total number of families in the community (rich-
ness); pi is the proportion of S made up of the ith family:

E H
HH =

′

max

H Smax ln=  (2)

Jaccard Similarity Index ( )S j
42 (equation (3)) was used to 

compare bacterial communities among GI tract locations for 
each turtle and between turtles:

S
a

a b cj =
( )
+ +( )

 (3)

where a is the number of bacterial families shared in common 
by both communities, b is the number of bacterial families 

Table 2. Barcode sequences from Ion xpress Kit #17-32 (Life Technologies).

SAMPLE BARCODE ADAPTER SEqUEnCE

Turtle 25338 Cecum Ion xpress #17 GTCTCTATTC

Turtle 25338 Large Intestine Ion xpress #19 TTAGTCGGAC

Turtle 25338 Rectum Ion xpress #21 TCGCAATTAC

Turtle 25405 Cecum Ion xpress #23 TGCCACGAAC

Turtle 25405 Large Intestine Ion xpress #25 CCTGAGATAC

Turtle 25405 Cecum Ion xpress #27 AACCATCCGC

Positive Control (E. coli) Ion xpress #29 TCGACCACTC
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occurring in only one of the communities, and c is the number 
of bacterial families occurring only in the other community

The distribution of beta diversity in the six microbial com-
munities was explored using principal coordinate analysis 
(PCoA) on Bray-Curtis distance matrices; the uncertainty 
in PCoA plots was estimated using jackknife replicates. 
Rarefaction was applied by taking a random subset of reads for 
each sample, corresponding to the 80% of the total read num-
ber of those samples with the lowest number of reads in each 
data set. The PCoA axes were visualized with EMPeror43 
incorporated into the Ion Reporter software.

Results
Identif ication from traditional culture methods

Thirteen taxa were identified among five locations along eight 
GI tracts of green turtles, primarily consisting of phylum 
Proteobacteria (11 taxa) and two isolates from phylum 
Firmicutes (Table 3). The greatest number of different taxa 
were isolated from the small intestine (13), stomach (12), and 
cecum (12). Only six taxa were found in the large intestine.

Technical eff iciency and sample preparation from 
ion torrent sequencing data

The Ion Torrent run produced 4 532 104 DNA sequencing reads 
on the 318v2 chip with 60% loading after Ion Reporter filtering. 
After filtering through the DADA2 pipeline, there was a total of 

3 590 756 DNA sequencing reads with a mean read length of 
227 bp and mean number of reads per sample was 598 459.33 
(Table 4). Dominant microbiota in all samples from both tur-
tles consisted of phylum Firmicutes; Order Clostridiales; 
Families Clostridiaceae, Ruminococcaceae, and Lachnospiraceae; 
and phylum Bacteroidetes; Order Bacteroidales; Families 
Porphyromonadaceae and Bacteroidaceae (Figures 2 to 5). For 
both turtles, most of the sequences that could be identified to the 
species level belonged to Clostridium species (Phylum Firmicutes, 
Family Clostridiaceae) (Table 5). Bacteroides sp. (Phylum 
Bacteroidetes, Family Bacteroidaceae) comprised 1.72% to 
3.35% of total sequences identified to species for all samples. 
Distribution of reads among the samples primarily consisted of 
the V3 and V6/7 hypervariable regions of the 16S gene (Figure 6).  
Table 6 shows differences in abundances at the phylum level for 
the different hypervariable regions.

Some differences between turtles were observed in terms of 
the Firmicutes:Bacteroidetes ratio (F:B), abundance of Phylum 
Firmicutes, and total number of families. In Turtle 25338, the 
mean F:B was 2.21 ± 1.75 SD, and in Turtle 25405, the mean 
F:B was 2.42 ± 1.20 SD. Differences in F:B among hypervari-
able regions are evident (Table 6). The percent composition of 
Phylum Firmicutes increased in distal sections of the GI tract in 
Turtle 25338 (Table 7): 50% in cecum to 56% in large intestine 
to 78% in rectum, whereas this pattern was not seen in Turtle 
25405 (Table 7): 74% Phylum Firmicutes in cecum, 73% in 
large intestine, 42% in rectum (Figures 2 and 3). In both turtles, 

Table 3. Bacterial taxa identified from Gram-staining, and differential and selective media (+ = present, − = absent).

PHyLUM TAxA GASTROInTESTInAL LOCATIOn

CROP STOMACH SMALL 
InTESTInE

CECUM LARGE 
InTESTInE

Proteobacteria Citrobacter freundii − + + + −

Escherichia coli + + + + +

Klebsiella sp. + + + − −

Proteus mirabilis + + + + +

Proteus vulgaris + + + + +

Pseudomonas sp. + + + + +

Salmonella sp. − − + + −

Serratia marcescens + + + + −

Shigella sp. + + + + +

Vibrio sp. − + + + −

Firmicutes Staphylococcus aureus − + + + −

Staphylococcus sp. − + + + −

Total 8 12 13 12 6
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the five most abundant bacterial families included Bacteroi- 
daceae and Porphyromonadaceae (Phylum Bacteroidetes) and 
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae (Phylum  
Firmicutes) in varying amounts (Table 8). In Turtle 25338, the 
family richness decreased distally: 39 families in the cecum, 28 
in large intestine, and 22 in rectum (Figure 2). However, in 
Turtle 25405, the family richness was lowest in the cecum (23); 
the large intestine (36) and rectum (31) contained more bacte-
rial families (Figure 3). Although the cecum in Turtle 25338 
contained the greatest number of different families, 30 of the 
families were in low abundance (<1% of total sequences). The 
highest family diversity index (H’) was found in Turtle 25405’s 
rectum (2.14), whereas the lowest family diversity was in Turtle 
25338’s rectum (Table 9). In Turtle 25338, the family diversity 

Table 4. number of reads per sample after quality filtering steps in Ion 
Reporter.

LOCATIOn nO. OF 
READS

nO. OF READS 
(AFTER FILTER)

Turtle 25338 Cecum 498 864 416 543

Turtle 25338 Large Intestine 729 839 606 293

Turtle 25338 Rectum 717 017 590 169

Turtle 25405 Cecum 795 205 650 818

Turtle 25405 Large Intestine 739 576 614 195

Turtle 25405 Cecum 834 001 712 738

x̅ 719 084 598 459.33

Figure 2. 16S rDnA operational taxonomic units (OTUs) in the three sampled sections (cecum, large intestine, and rectum) of Turtle 25338. Taxa are 

organized from phylum level on the innermost circle to species on the outermost circle.
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(H’) decreased distally: 2.03 in the cecum, 1.76 in the large 
intestine, and 1.51 in the rectum. Conversely, in Turtle 25405, 
the family diversity (H’) increased distally: 1.55 in the cecum, 
1.63 in the large intestine, and 2.14 in the rectum. Equitability 
(EH) among all samples was variable, with the highest evenness 
in Turtle 25338’s rectum (0.56) and the lowest in Turtle 25405’s 
rectum (0.39) (Table 9). For Turtle 25338, the equitability 
decreased distally: 0.53 in cecum, 0.45 in the large intestine, and 
0.39 in the rectum. However, in Turtle 25405, the equitability 
increased distally: 0.40 in the cecum, 0.43 in the large intestine, 
and 0.56 in the rectum. Using Jaccard Index (Sj), similarity of 

family composition in GI regions within each turtle, and 
between turtles was highly variable (Table 10). The most similar 
bacterial communities were in Turtle 25338’s cecum and Turtle 
25405’s large intestine (77%). The most dissimilar bacterial 
communities were from the rectum of both turtles (32%). 
Examination of the beta diversity in the microbial communities 
among different taxonomic levels (family, genus, species)  
shows that the samples from the cecum and large intestine of 
Turtle 25405 group together at all three levels, as shown in the 
PCoA plots (Figure 7A to C), whereas in a species level com-
parison, the samples from the cecum and large intestine of 

Figure 3. 16S rDnA operational taxonomic units (OTUs) in the three sampled sections (cecum, large intestine, rectum) of Turtle 25405. Taxa are 

organized from phylum level on the innermost circle to species on the outermost circle.
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Figure 4. Plot of proportion of phylum abundance. Relative abundance (%) of operational taxonomic units (OTUs) separated by phylum in the cecum, 

large intestine, and rectum of both turtles.
Turtle 1 = Turtle 25338, Turtle 2 = Turtle 25405.

Turtle 25338 are similar, but the rectum sample from Turtle 
25338 is not.

Discussion
Adaptations of marine reptiles for efficient digestion of plant 
material include large body size, slow metabolic rate, scissor-
like feeding structures, large colon, long transit times through 
GI tract,23 and GI digestive bacteria that can hydrolyze and 
ferment complex carbohydrates or polysaccharides in the food. 
Using traditional microbial techniques, the cecum, one of the 
primary sites of marine plant digestion for green turtles, had 
the greatest number of bacterial taxa identified; however, these 
were only aerobic and culturable taxa, which are not represent-
ative of the total digestive GI microbiota.

Using 16S metagenomics, all samples from the Hawaiian 
green turtle GI tract had dominant microbiota consistent with 
other marine herbivores, ie, fish, marine iguana, manatee. 
18-23,44,45 The abundance of Firmicutes and Bacteroidetes bac-
teria in green turtles mirrors the predominance of these phyla 
in marine iguana fecal and total microbial communities, where 
Firmicutes and Bacteroidetes have a core role in gut function 
and host metabolism in iguanas.23 The current study, as 
well as Ahasan et al.27 and Campos et al.,29 documented the 
families Bacteroidaceae and Porphyromonadaceae (Phylum 

Bacteroidetes), and Clostridiaceae, Lachnospiraceae, and 
Ruminococcaceae (Phylum Firmicutes) as dominant, core 
families in the microbiome in green turtles. In addition, the 
abundance of Lachnospiraceae exceeded that of Rumino-
coccaceae in all three sections of the GI tract, which was also 
characteristic of green turtles from Australia and Brazil27,29 
and marine iguanas in the Galápagos Islands.23 The genera, 
Clostridium and Rumminococcus (Phylum Firmicutes), preva-
lent in marine iguanas, are known to produce carbohydrate 
active enzymes and to degrade cellulose,33 and Clostridium 
butyricum produces butyrate and acetate, two short-chain or 
volatile fatty acids, through microbial fermentation of dietary 
fibers in the lower intestinal tract. Members of the genus 
Bacteroides (Phylum Bacteroidetes) are abundant in the diges-
tive tract of herbivorous hindgut fermenting vertebrates.33,46 
Species of Bacteroides produce a variety of glucosidases and 
xylosidases, including β-1,3-glucosidase that can degrade 
laminarin, a polysaccharide of brown algae.47 Bacteroides spp. 
have the ability to use macroalgal glycans and ferment these 
carbohydrates into short-chain fatty acids, nutritionally valu-
able to marine herbivores, such as green turtles.48,49

The Firmicutes:Bacteroidetes ratio (F:B) of ~2.0 observed 
in Hawaiian green turtles in this study is similar to the F:B 
reported from herbivorous, mammalian hindgut fermenters, 
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Figure 5. Plot of proportion of family abundance. Relative abundance (%) of operational taxonomic units (OTUs) separated by families in the cecum, 

large intestine, and rectum of both turtles.
Turtle 1 = Turtle 25338, Turtle 2 = Turtle 25405.

such as the healthy gut of horses,50 the cecum of beavers,33 as 
well as from some green turtles from Australia, Gulf of Mexico, 
and Brazil (Table 11).26-29 Previously reported F:B in green 
turtle microbiomes ranges from 0.24 in juvenile pelagic green 
turtles26 to 2.1 in wild adults (Table 11).27 Price et al.26 also 
reported differences in F:B in juvenile green turtle fecal samples 
(2.0) compared with their cloacal samples (0.47). Fecal samples 
of omnivorous, hospitalized loggerhead turtles (Caretta caretta) 
from the Mediterranean Sea have high abundances of 
Firmicutes, and high F:B ranging from 2.3 to 10.651-53; how-
ever, the ratios are even higher in herbivorous marine and 
terrestrial iguanas.23 The consistent prevalence of Firmicutes 
and Bacteroidetes in green turtles in this study, as well as previ-
ous studies from other parts of the world, suggests that these 
two bacterial phyla form a stable core of the green turtle 
microbiome.

Another phylum, Proteobacteria, was reported as abundant 
in microbiome samples of juvenile green turtles,26 immuno-
depressed green turtles,29 stranded, prehospitalization, and 

postrehabilitation green turtles,27,28 as well as hospitalized log-
gerhead turtles,51-53 but was not abundant in healthy wild green 
turtles27,29 nor in this study (Tables 7 and 11). Proteobacteria, 
known to be abundant in omnivores, have vital roles in main-
taining gut O2 and CO2 concentrations and pH levels that 
facilitate anaerobic bacterial colonization. However, some 
members of the Proteobacteria can be indicators of dysbiosis or 
an imbalance in the natural microbiota, and some are patho-
gens responsible for disease.27

A small number of sequences from Order Desulfovibrionales 
(phylum Proteobacteria) were found in all green turtle samples 
in this study, with the highest percentages in the rectum for 
both turtles. This order of bacteria is common in omnivores45 
and could be residual bacteria from the juvenile omnivorous 
stage of green turtles. Desulfovibrio was one of the dominant 
genera found in the hindgut and blind cecum of zebra perch 
sea chub (Hermosilla azurea), a warm-temperate fish that 
eats only macroalgae,44 and in the fecal microbiome of marine 
iguanas.23 Desulfovibrio spp. are anaerobic, sulfate-reducing 
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Table 5. Relative abundance (%) of bacterial taxa sequences identified to species level.

BACTERIAL TAxA TURTLE 25338 TURTLE 25405

CECUM LARGE 
InTESTInE

RECTUM CECUM LARGE 
InTESTInE

RECTUM

Phylum: Actinobacteria

 Family: Coriobacteriaceae

  Eggerthella sinensis <0.01 nD nD nD nD 0.02

  Total <0.01 nD nD nD nD 0.02

Phylum: Bacteroidetes

 Family: Bacteroidaceae

  Bacteroides sp. 1.72 3.45 2.12 2.76 3.0 3.35

  Total 1.72 3.45 2.12 2.76 3.0 3.35

Phylum: Firmicutes

 Family: Clostridiaceae

  Anaerotruncus sp. nD nD nD nD nD <0.01

  Butyricicoccus sp. nD 0.01 nD nD nD nD

  Clostridium butyricum nD 0.01 <0.01 0.03 0.03 nD

  Clostridium celatum nD <0.01 0.1 0.08 0.08 nD

  Clostridium chartatabidum nD <0.01 nD nD nD nD

  Clostridium chromiireducens nD 0.01 0.32 0.01 0.01 nD

  Clostridium disporicum <0.01 0.04 0.26 0.67 0.57 <0.01

  Clostridium glycolicum 0.01 <0.01 0.01 0.02 0.01 <0.01

  Clostridium lituseburense nD nD 0.01 <0.01 <0.01 nD

  Clostridium paraputrificum nD 0.01 <0.01 0.01 0.01 nD

  Clostridium saccharoperbutylacetonicum 0.06 0.91 <0.01 0.09 0.08 0.01

  Clostridium sardiniense <0.01 0.01 nD nD nD nD

  Clostridium sp. 38.42 5.08 5.25 7.24 6.96 3.04

  Faecalibacterium sp. nD <0.01 <0.01 <0.01 <0.01 nD

  Sarcina sp. nD 0.01 nD nD nD nD

Family: Eubacteriaceae

  Anaerovorax sp. 0.01 nD nD nD nD 0.01

  Eubacterium ventriosum nD 0.01 0.01 0.01 0.01 nD

  Eubacterium sp. nD 0.02 <0.01 <0.01 0.01 nD

 Family: Lachnospiraceae

  Anaerosporobacter sp. 0.05 0.01 nD <0.01 <0.01 0.14

  Cellulosilyticum sp. 0.02 0.01 <0.01 nD nD 0.02
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BACTERIAL TAxA TURTLE 25338 TURTLE 25405

CECUM LARGE 
InTESTInE

RECTUM CECUM LARGE 
InTESTInE

RECTUM

  Lachnoanaerobaculum sp. nD nD nD nD nD <0.01

  Oribacterium sinus 1.65 1.15 0.36 2.1 2.17 2.87

  Oribacterium sp. 0.08 0.03 0.01 0.1 0.11 0.15

  Parasporobacterium sp. nD 0.02 0.01 0.01 0.01 nD

  Pseudobutyrivibrio sp. nD 0.01 0.03 0.01 0.01 nD

  Roseburia faecis 0.01 0.06 0.25 0.08 0.06 nD

  Roseburia intestinalis nD nD nD 0.01 <0.01 nD

  Roseburia sp. 0.01 0.17 1.32 0.28 0.29 0.01

  Shuttleworthia sp. nD 0.03 0.12 0.05 0.05 nD

 Family: Oscillospiraceae

  Oscillibacter ruminantium 0.01 nD nD nD nD nD

  Oscillibacter sp. 0.1 nD nD nD nD nD

 Family: Peptoniphilaceae

  Peptoniphilus sp. nD nD nD nD nD <0.01

 Family: Ruminococcaceae

  Ruminococcus gauvreauii nD 0.01 0.01 0.01 0.01 nD

  Ruminococcus sp. 0.06 0.22 0.28 0.18 0.24 0.07

 Family: Erysipelotrichaceae

  Turicibacter sanguinis <0.01 0.01 0.1 0.03 0.03 0.01

  Turicibacter sp. 0.01 0.03 0.35 0.08 0.13 0.04

  Total 40.5 7.80 8.80 11.10 10.88 6.37

Phylum: Proteobacteria

 Family: Hyphomicrobiaceae

  Gemmiger sp. 0.12 0.12 1.48 0.46 0.55 0.62

 Family: Oxalobacteraceae

  Herbaspirillum sp. <0.01 nD nD nD nD 0.01

  Oxalobacter sp. nD nD nD nD nD <0.01

 Family: Desulfovibrionaceae

  Bilophila wadsworthia 0.12 nD nD 0.02 0.02 0.47

  Bilophila sp. 0.07 nD nD 0.02 0.03 0.31

  Desulfovibrio sp. 0.16 0.33 1.11 0.41 0.4 0.28

  Total 0.47 0.45 2.59 0.91 1.00 1.69

nD = not detected.

Table 5. (Continued)
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Figure 6. Relative abundance among the 16S hypervariable regions (V2V9) in each sample.
Turtle 1 = Turtle 25338, Turtle 2 = Turtle 25405.

bacteria. Red macroalgae are common in the diet of green tur-
tles, marine iguanas, and zebra perch sea chub. The utilization 
of these macroalgae, which contain sulfated algal galactans,54 
might explain the presence of members of the Desulfovibrionales 
in the microbiome.

All GI tract samples in this study had lower diversity 
(H’ ⩽ 2.16) than Price et al.26 reported for juvenile green turtle 
cloacal (H’ = 4.5) and fecal (H’ = 6.5) swab samples because the 
current study included only families, not all levels of taxa 
(phylum to species) in the Shannon-Wiener analysis as in Price 
et al.26 Differences in results between this work and Price et al.26 
may also be attributed to differences in age of turtles (adults vs 
juveniles), habitat (Pacific Ocean vs Northern Gulf of Mexico), 
and sample sources (internal GI tract vs cloaca and feces).

This study is the first to successfully carry out in situ GI 
tract sampling of digestive, hindgut microbiota of green turtles, 
whereas previous studies of green turtle microbiota used only 
cloacal and/or fecal sampling.24-29 Julliand and Grimm34 deter-
mined that feces are not representative of the proximal part of 
the hindgut, and that the fecal microbiome is not equivalent to 
the cecum and colon microbiomes in horses. The cecum and 
fecal communities in beavers were distinct: microbial composi-
tion was similar, but communities differed in abundance of 
bacterial groups.33 Similarly, for ruminant herbivores, Neumann 
and Dehority30 and Ishaq and Wright31,32 have repeatedly 
argued that fecal samples are not adequate for studying 
organisms in the rumen. The GI tract of freshwater American 
alligators consists of several distinct microbiomes specific to 
GI organs from the mouth to the colon.35 Keenan et al.35 une-
quivocally showed that alligator fecal microbial community 

composition did not accurately represent the gut microbiome, 
and that fecal samples alone would give misleading informa-
tion about the GI tract ecosystem. However, Hong et al.23 con-
tended that fecal microbiota adequately represent the gut 
microbiota in herbivorous reptiles with long food retention 
times. Despite a reported mean intake passage time for East 
Pacific green turtles of 23.3 days,55 we chose to use in situ sam-
pling because samples taken from the cloaca and feces may be 
unreliable indicators of digestive system microbiota because of 
possible contamination of the external surfaces of the cloaca 
and feces by bacteria occurring in seawater, and because aerobic 
conditions in the cloaca and fecal material may select against 
anaerobic bacteria. Results of this study showed some variation 
among the GI tract sections, but more whole GI tracts need to 
be sampled to determine whether these differences are signifi-
cant. Although at the phylum level, Firmicutes and Bacteroidetes 
are consistently prevalent in fecal samples, cloacal swabs, and in 
situ samples, closer comparisons at the genus and species level 
are needed to support the conclusion that the fecal microbiota 
is a good proxy for GI tract microbiota in green turtles.

The GI microbiome contributes significantly to the herbi-
vorous host’s nutrition and health.56 Beneficial functions of the 
gut microbiome include (1) utilization of carbohydrates that 
the host cannot digest and release of energy to the host in the 
form of short-chain fatty acids; (2) protection of the host from 
pathogens57; (3) detoxification of secondary metabolites in food 
plants, ie, terpenes, polyphenols, halogenated compounds23; 
and (4) contributions to the physiological development of the 
host.34,58 These roles of the microbiome need to be examined in 
green turtles.
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Strong links have been documented among ecosystem fac-
tors (host habitat, available resources, and diet), microbiome 
characteristics (richness, diversity, composition, and stability), 
and host health, fitness, and abundance.59,60 Change in host 
diet “can rapidly and dramatically alter composition, relative 
abundance, and function of gut microbes.”59 In Burmese 
pythons, a significant shift in the intestinal bacterial commu-
nity at the genus level occurred after feeding.61 The GI micro-
biome in American alligators varied with seasonal winter 
fasting, as well as diet (wild vs farm-raised).35 Minor changes 
in diet also produce notable effects on the microbiome in mon-
keys60 and horses.34 Dietary shifts associated with habitat dis-
turbance influenced the GI microbiomes of herbivorous black 
howler monkeys.62 Howler monkeys occupying suboptimal, 

disturbed habitats consumed less diverse diets, had less diverse 
gut microbiomes, and showed a reduction in the number of 
microbial genes related to butyrate production and hydrogen 
metabolism, all of which could affect host health.62 Hawaiian 
green turtles face many similar challenges in the wild: degraded 
reef habitats, coastal eutrophication, and marine benthic flora 
often dominated by non-native, invasive macroalgae. Green 
turtles in Australia that had undergone rehabilitation in captivity 
showed shifts in abundance of cloacal bacterial genera that 
Ahasan et  al.28 attributed to a diet shift from seagrasses to 
human-grade seafood (squid), as well as improved health. 
Stress from being confined may also have been a factor. 
Similarly, the cloacal microbiome of freshwater false map tur-
tles (Graptemys pseuodogeographica) was altered by captivity,63 
perhaps because of diet, stress, and/or water conditions. A 
potential chemical stressor, glyphosate herbicide, at low con-
centration for 72 hours while in captivity, did not have a signifi-
cant effect on the community structure in the false map turtle 
cloacal microbiome.63 However, examination of the data 
seemed to show a decrease in the diversity of OTUs after 
72 hours in turtles exposed to the glyphosate, but the 
researchers did not statistically analyze this change.63 Bacteria 
isolated from Hawaiian green turtle GI tracts and then exposed 
to glyphosate in vitro had significantly lower bacterial growth 
and survival in glyphosate concentrations ⩾2.2 × 10−4 g L−1.64 

Table 8. Percent abundance of four most abundant bacterial families in the microbiome of three sections of the GI tract in two Hawaiian green turtles.

BACTERIAL FAMILy CHELOniA MyDAS (TURTLE 25338) CHELOniA MyDAS (TURTLE 25405)

CECUM LARGE InTESTInE RECTUM CECUM LARGE InTESTInE RECTUM

Bacteroidaceae 35.2 31.5 14.4 19.7 20.3 35.2

Porphyromonadaceae 8.5 9.1 3.2 4.3 4.0 14.9

Clostridiaceae 17.1 28.3 52.8 48.0 46.9 14.4

Lachnospiraceae 21.3 19.7 14.9 18.1 18.7 15.7

Ruminococcaceae 3.2 4.8 6.9 4.3 4.3 3.2

Abbreviation: GI, gastrointestinal.

Table 9. Alpha diversity index of microbial family communities using 
the Shannon-Wiener Diversity Index (H’) and the Shannon-Wiener 
Equitability Index (EH) in parentheses.

SHAnnOn-WIEnER DIVERSITy AnD 
EqUITABILITy FOR BACTERIAL FAMILIES

 CECUM LARGE InTESTInE RECTUM

Turtle 25338 2.03 (0.53) 1.76 (0.46) 1.51 (0.39)

Turtle 25405 1.55 (0.40) 1.63 (0.43) 2.14 (0.56)

Table 7. Percent abundance of bacterial phyla in the microbiome of three sections of the GI tract in two Hawaiian green turtles.

CHELOniA MyDAS (TURTLE 25338) CHELOniA MyDAS (TURTLE 25405)

 CECUM LARGE InTESTInE RECTUM CECUM LARGE InTESTInE RECTUM

Firmicutes 49.8 56 78 74 73 42.2

Bacteroidetes 46 42.5 18.4 22.6 23 52.5

Proteobacteria 3.2 1.4 3.26 1.5 1.2 1.6

Fusobacteria 0.0 0 0 0 0 0

Other 1.0 0.1 0.34 1.9 2.8 3.7

Total 100 100 100 100 100 100

Abbreviation: GI, gastrointestinal.
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Exposure to stress also significantly altered the composition 
and function of gut microbes in mice: the relative abundance of 
Bacteroides decreased, but the relative abundance of Clostridium 
increased.65 The two turtles used in the current 16S microbi-
ome analysis differed in many ways that could have influenced 
their microbiome: home island, season, sex, gut fill amount, and 
health. Whether fibropapillomatosis and stress from fishing 
line entanglement cause different effects in the GI tract micro-
biome cannot be determined from this study’s data. Future 
work must compare the microbiomes of green turtles, both 
healthy and stranded, in different habitats, eating different 
diets, and exposed to different stressors.

The fermentation of carbohydrates to short-chain fatty 
acids “appears to exhibit a high level of redundancy”58 because 
multiple species in the phyla Bacteroidetes, Firmicutes, 
Actinobacteria, and Proteobacteria have the genes that code 
for carbohydrate metabolism. This redundancy of function 
may help to conserve the stability of enzymes, to guard against 
breakdown of critical chemical reactions even in the face of 

change in the host’s microbiome composition, and to allow 
recovery of function after a disturbance to the microbial com-
munity, such as change in diet, viral attack, or antimicrobial 
chemicals.46,58 The hyperdiverse, yet functionally redundant, 
GI microbial communities of green turtles may be proof of 
Ehrlich and Walker’s66 concept of rivets and redundancy, 
which states that “species redundancy in ecosystems is an 
important property that contributes to ecosystem resilience.” 
However, we know too little about the green turtle microbi-
ome to determine which bacteria are crucial, indispensable, 
core species, and which are “poppable” rivets.

Next-generation sequencing, such as high-throughput 
sequencing techniques, can more fully elucidate the whole 
microbial community in organisms, especially GI tract micro-
biota that cannot be cultured.32,41 However, different universal 
primers used in species-rich mixtures may amplify different 
fractions of a community and bias the results toward certain 
taxa.67 For a more complete description of the turtle gut micro-
biome diversity and dynamics, the use of different universal 

Table 10. Jaccard Similarity Index (Sj) for microbial family communities within Turtle 25338 and Turtle 25405 GI tract.

25338 CECUM 25338 InTESTInE 25338 RECTUM 25405 CECUM 25405 InTESTInE 25405 RECTUM

25338 Cecum 0.48 0.44 0.54 0.77 0.68

25338 Intestine 0.41 0.62 0.55 0.39

25338 Rectum 0.76 0.56 0.32

25405 Cecum 0.59 0.38

25405 Intestine 0.60

25405 Rectum  

Figure 7. Principle Coordinates Analyses (PCoA) plots for the comparison of six microbiome communities using the Bray-Curtis diversity index 

(A = Family level; B = Genus level; C = Species level). The eigenvalues represent the variance extracted by each axis and are expressed as a percentage of 

the sum of all eigenvalues (total variance).
Turtle 1 = Turtle 25338, Turtle 2 = Turtle 25405.
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primer pairs may be needed. In addition, the quality of 
metagenomic data analysis is limited by the reference library 
available. Some of the reads in our samples were identified as 
red macroalgal sequences, including Pterocladiella capillacea, a 
red macroalga frequently consumed by green turtles. Reference 
databases for eukaryotic algal sequences are still in the develop-
mental stages.68-70 In this study, preliminary analysis using Ion 
Reporter (Life Technologies Corp.) showed that over half of 
the sequences obtained could not be identified to species level, 
but only to family level. Regardless, the bacterial diversity pre-
sent in the green turtle gut microbiome is irrefutable. Green 
turtle GI microbiomes might be a potential source of novel 
microbial genes and enzymes with bioengineering applications 
in the breakdown of complex plant materials. In the future, we 
may need to “mine the microbiome”46 of green turtles!

Future studies should compare the GI tract bacteria of more 
turtles for insight into the healthy, core GI microbiome. 
Accurate and precise enumeration of green turtle microbiota 
may help clarify connections between diet composition and 
digestive bacteria, as well as provide new tools for assessing the 
health of green turtles grazing in different locales. Knowledge 
of the green turtle microbiome may allow development of 
methods for disease prevention. A key to long-term conserva-
tion of this species may depend on our understanding of their 
microbial community composition and dynamics and factors 
affecting the microbiome.
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