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Glossary of Terms 

adapter: a short, chemically synthesized, double stranded DNA molecule which is used to link 

the ends of two other DNA molecule 

amplicon: product of polymerase chain reaction (PCR). 

barcode: a unique DNA sequence ligated to fragments within a sequencing library for 

downstream, in silico sorting and identification  

caecum: pouch or large tube-like structure in the lower abdominal cavity that receives 

undigested food material from the small intestine and is considered the first region of the large 

intestine 

cloaca: the common chamber into which the intestinal, urinary, and genital tracts discharge 

crop: pouch of the esophagus proximal to the stomach that functions for retention of food prior 

to entry into stomach 

digesta: material undergoing digestion 

emulsion PCR (emPCR):   a reaction of DNA amplification in a water-in-oil emulsion.  

end repair:  convert DNA with cohesive ends to blunt-ended 5’-phosphorylated DNA for use in blunt-end 

ligation reactions 

fibropapillomatosis (FP): a disease of sea turtles that results in the production of tumors, both 

external and internal that are considered benign, but may obstruct crucial functions, such as 

swimming, feeding, sight, and buoyancy. 

flow: the event of exposing the sequencing chip to one particular dNTP (T, A, C, or G) followed 

by a washing step 
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hindgut fermentation:  a digestive process seen in monogastric herbivores, animals with a 

simple, single-chambered stomach where cellulose is digested with the aid of symbiotic bacteria 

primarily in the large intestine and caecum 

ligation: the joining of two DNA strands or other molecules by a phosphate ester linkage 

metagenomics: is the use of DNA sequencing techniques to study DNA extracted directly from 

environmental samples 

operational taxonomic units (OTU): an operational definition used to classify groups of closely 

related individuals 

polymerase chain reaction (PCR):  an in vitro technique for rapidly synthesizing large 

quantities of a given DNA segment that involves separating the DNA into its two complementary 

strands, using DNA polymerase to synthesize two-stranded DNA from each single strand, and 

repeating the process 

quantitative PCR (qPCR): a laboratory technique based on PCR that monitors the 

amplification of a targeted DNA molecule during the PCR, i.e. in real-time, and not at its end, as 

in conventional PCR



Executive Summary 

Long-term conservation of the green turtle (Chelonia mydas Linnaeus), the largest marine 

herbivore in the Hawaiian archipelago, may depend on understanding their microflora.  Using 

hindgut fermentation, green turtles rely on microbial degradation of cellulose and starch products 

from the seagrasses and macroalgae consumed. Few studies have examined bacterial 

communities of green turtles, and none has sampled in situ and identified  hindgut microflora of 

green turtles. Fresh samples were taken from five locations along the gastrointestinal tracts of 

eight green turtles that had required euthanization. Bacteria were cultured, aerobically and 

anaerobically, on nutrient agar and four differential and selective media. Fecal samples at three 

sections along the gastrointestinal tracts of two green turtles were analyzed using 16S 

metagenomics on the Ion Torrent Personal Genome Machine (PGM). More than half of the 

4,532,104 sequences belonged to the phylum Firmicutes, followed by Bacteroidetes and 

Proteobacteria, which are characteristic of herbivore gut microflora. The 16S sequence analysis 

provides a better representation of the total gastrointestinal bacterial community, much of which 

cannot be cultured using traditional microbial techniques. Accurate and precise enumeration and 

identification of green turtle microflora will help to clarify connections between diet and 

digestive bacteria, as well as provide new tools for assessing the health of green turtles grazing in 

different locales. 

In some foraging areas in the Hawaiian Islands, green turtles are growing at reduced 

rates. In the Hawaiian Islands, glyphosate-based herbicides are frequently sprayed to combat 

weeds, and may be affecting non-target marine species. Glyphosate inhibits a key enzyme in the 

shikimate pathway that is found in plants, fungi, and bacteria for the biosynthesis of aromatic 

amino acids. Studies have shown that glyphosate can persist in coastal environments. Glyphosate 
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is toxic to beneficial gut bacteria in cattle and chickens, and can cause lowered digestive 

efficiency; however, no studies have assessed the impact of glyphosate on the bacteria in the GI 

tract of marine herbivorous turtles, which could be exposed to glyphosate via ingestion of 

glyphosate-contaminated seaweeds, seagrasses, or seawater during foraging.  Four microfloral 

isolates obtained from freshly euthanized green turtles were exposed to fifteen different 

concentrations of glyphosate herbicide (2.2 x 10-4 to 3.6 g L-1 glyphosate) and a control of DI 

water, using a modified Kirby-Bauer disk diffusion assay. A response to glyphosate was 

observed in all taxa tested.  In three out of the four taxa, at 0.028 g L -1  glyphosate, zones of 

growth inhibition were significantly different than the control. Proteus sp. was the least sensitive 

to glyphosate. Additionally, aliquots of mixed bacterial communities from turtle GI tracts, 

cultured in nutrient broth, were exposed to six different concentrations of glyphosate (2.2 x 10-

4 to 3.6 g L-1 glyphosate) and a control of DI water. Transmittance at 600 nm wavelength was 

measured before and after 24 hours to assess bacterial density. Cultures with concentrations ≥ 2.2 

x 10-4 g L-1 glyphosate showed significantly different greater transmittance than the 

control.  Reduced growth or decreased survival of GI tract bacteria in green turtles exposed to 

glyphosate could have adverse effects on turtle digestion and overall health. 

This thesis brings together three chapters: 1) an overview of C. mydas digestion, 

microbiota, and glyphosate herbicide; 2) identification of gastrointestinal microflora collected in 

situ in C. mydas; and 3) glyphosate effects on gastrointestinal microflora of C. mydas.  The 

objectives of this study were to collect in situ and identify the gastrointestinal microflora found 
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in green turtles (Chelonia mydas) in Hawaii, and to quantify the sensitivity of these microbes to 

glyphosate-based herbicide (RoundUp®). The hypotheses were:  1)  diverse bacteria occur in the 

GI tract of green turtles, including the following phyla: Actinobacteria, Bacteroidetes, and 

Firmicutes;  2)  different species of bacteria from green turtles demonstrate different sensitivities 

to glyphosate; and 3)  inhibition of bacterial growth is dependent on glyphosate concentration. 
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Chapter 1.   

Review of Chelonia mydas Linnaeus digestion, microbiota, and glyphosate 

herbicide  

Chelonia mydas (Class Reptilia, Order Testudines, Family Cheloniidae) is distinguished 

from other marine turtles by its single pair of prefrontal scales, its small, blunt head with serrated 

jaw, its non-ridged carapace with large non-overlapping scutes and four lateral scutes, and the 

presence of one claw on each flipper. The distribution of the green turtle is widespread globally 

in subtropical and tropical climates. Eleven distinct population segments (DPS) have been 

recognized and listed as either threatened or endangered under the Endangered Species Act 

(Federal Register 2015, Seminoff et al. 2015).   

  The Hawaiian green turtle population constitutes the Central North Pacific DPS based on 

behavioral and feeding characteristics, morphological differences (i.e. presence of crop and 

larger hind flipper), as well as genetics of the population in the Hawaiian Archipelago (Balazs et 

al. 1998,  Wyneken 1999, Dutton et al. 2008). The International Union for Conservation of 

Nature and Natural Resources (IUCN) Red List classified the Hawaiian green turtle population 

as of least concern because of 40 years of population recovery (Seminoff 2004). In their early 

hatchling stage, green turtles are known to consume crustaceans, aquatic insects, terrestrial 

grasses, seagrasses, and algae (Lutz and Musick 1996). As adults, they feed primarily on 

seagrasses and macroalgae. Green turtles are the largest marine herbivores in the Hawaiian 

Archipelago and consume almost 300 species of marine macroalgae and two seagrasses based on 
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crop and stomach samples (Balazs 1980, Balazs et al. 1987, Russell and Balazs 2000, Russell et 

al. 2003). Many Hawaiian seaweeds and seagrasses, including those consumed by green turtles 

are high in vitamins A & B, and contain a variety of elements, including magnesium, iron, and 

calcium (McDermid and Stuercke 2003, McDermid et al. 2007).  Green turtles opportunistically 

consume Paspalum vaginatum, a non-native, terrestrial shoreline grass, because of its local 

abundance, high protein (three to five times greater than some seaweeds), and/or high caloric 

content (McDermid et al. 2015).  

Green turtles have a hindgut fermentation digestive tract similar to horses, and utilize 

cellulolytic microbes to break down plant matter (Fenchel et al. 1979) in the caecum and large 

intestine (Fig. 1). In hindgut fermenters, when food reaches the caecum, the majority of food is 

undigested; and production of short chain fatty acid (SCFA) is the primary energy source. In the 

Florida manatee (Trichechus manatus latirostris), a marine herbivorous hindgut fermenter, eight 

bacterial phyla have been found in the hindgut (in order of relative abundance): Firmicutes, 

Bacteroidetes, Actinobacteria, Proteobacteria, Fibrobacteres, Tenericutes, Spirochaetes, and 

Fusobacteria, several of which are known to break down cellulose (Merson et al. 2013).  

Bjorndal (1979) investigated cellulose digestion and SCFA production in Nicaraguan green 

turtles that consume primarily seagrasses. The length of gastrointestinal (GI) tract sections, pH, 

acid and natural detergent fiber, lignin, organic matter, energy content, and SCFA production 

were quantified. Bjorndal (1979) found that 83% of digested organic matter, 82% of digested 

cellulose, and 58% of digested hemicellulose were digested in the caecum and large intestine. 

Using gas chromatography, relative molar concentrations of SCFAs found in green turtles 
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consisted of acetate > butyrate > propionate, which is similar to SCFA concentrations in dugongs 

(Murray et al. 1977). Bjorndal et al. (1991) investigated digestive fermentation in green turtles 

feeding on macroalgae in the Ogasawara Islands located in Japan.  Digesta samples were taken 

from seven regions of the GI tract of turtles that had been legally harvested. The pH was 

measured within each section; length of each region of the gut was measured; and SCFA 

concentration was assessed.   The SCFA concentrations in turtles with macroalgal diets (Bjorndal 

et al. 1991) were similar to those in turtles with a seagrass diet (Bjorndal 1979).   

Seagrasses and macroalgal cell walls consist of different combinations of complex 

carbohydrates, i.e. cellulose, hemicellulose, and lignin in seagrasses vs. cellulose, agar, 

carrageenan, and alginate in marine macroalgae; therefore, some researchers have suggested that 

the microflora in the hindgut of green turtles are long-term adapted to either a seagrass- or a 

macroalgal-diet, not a mixed diet (Bjorndal 1980). Bjorndal (1985) hypothesized that short-term 

shifts in diet would result in less efficient digestion and loss of nutrition. This idea is supported 

by an earlier study (Bjorndal 1980), which documented undigested pieces of macroalgae in the 

lower sections of the GI tract and feces of both green turtle and dugongs that fed primarily on 

seagrasses.  However, dietary shifts do occur:  in early 2011, seagrass meadows in the Great 

Barrier Reef, Australia, were destroyed by cyclones and flooding, and researchers reported that 

the majority of surviving green turtles in their study sites near Townsville had made a dietary 

shift and were feeding on red algae (Bell and Ariel 2011).  Bjorndal et al. (1991) hypothesized 

that although green turtles feeding on a mixed-diet would have lower digestive efficiency, the 
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nutrients gained might be maximized by the ability to ingest larger quantities more rapidly than 

on a restricted macroalgal or seagrass diet. 

Despite the importance of hindgut microflora in turtle digestion, few studies have 

examined microflora of green turtles.  Santoro et al. (2006) investigated the aerobic bacterial 

flora found in cloacal and nasal samples of healthy nesting green turtles in Costa Rica. The 

researchers took samples using sterile cotton swabs from the cloaca (the common chamber into 

which the intestinal, urinary, and genital tracts discharge) and nasal ducts, and incubated the 

samples for 24h at 25-27°C on blood agar, MacConkey agar, mannitol salt agar, thio-sulfate-

citrate-bile-salts-sucrose (TCBS) agar, and xylosine-lysine-desoxychloate (XLD) agar. In cloacal 

samples, 123 Gram-negative and 29 Gram-positive isolates were found. In nasal samples, 116 

Gram-negative and 57 Gram-positive isolates were found. Klebsiella pneumoniae was the most 

common microbe found in the turtle samples. Members of the Enterobacteriaceae family were 

the most abundant Gram-negative group of bacteria (53.1% of Gram-negative isolates); whereas, 

Staphylococcus species comprised the most common Gram-positive bacterial group. Aguirre et 

al. (1994) collected nasal and cloacal swabs from 32 living green turtles on the island of Oahu, 

Hawaii. Bacterial specimens were cultured aerobically on blood agar, MacConkey agar, 

tripticase soy agar, and seawater agar at 25̊C for 24h. Twenty-eight Gram-negative bacteria and 

five Gram-positive bacteria, including Bacillus spp. and diphteroids (genus Corynebacterium) 

were isolated. The most common isolates included Pseudomonas fluorescens, P. putrefaciens, 

Vibrio alginolyticus, non-hemolytic  Streptococcus, V. damsela, and V. fluvialis.  Keene et al. 
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(2014) investigated the microflora within Olive Ridley and East Pacific green turtle cloacal fluid, 

nest chamber sand, and egg samples in Costa Rica. Cloacal fluids were collected after 20 eggs 

were deposited to eliminate the chance of contamination by outside microfloral species. The 

cloacal fluids were dominated by the family Enterobacteriaceae (Gram-negative), and the genera 

Corynebacteria, Bacillus, and Staphylococcus (Gram-positive), which are similar to the genera 

found by Santoro et al. (2006). Cloacal and fecal samples from juvenile green turtles showed 

microflora similar to that of omnivores and herbivores (Price et al. 2017).  No study has 

identified in situ hindgut microflora in green turtles. 

 In some foraging areas in the Hawaiian Islands, green turtles are growing at reduced rates 

compared to historic times (mid 1970s/early 80s vs. 2000s) resulting in late reproductive 

maturity (Balazs and Chaloupka 2004,  Wabnitz et al. 2010, Van Houtan et al. 2014). Reduced 

food abundance, poor food quality, and high turtle abundance have been considered as causes in 

differences in mean growth rates of green turtles from different foraging areas in the Hawaiian 

Archipelago (Balazs 1982; McDermid and Stuercke 2003, McDermid et al. 2007, Wabnitz et al. 

2010). Fibropapillomatosis (FP), a disease of marine turtles that results in the production of 

tumors, both external and internal that are considered benign, but may obstruct crucial functions, 

such as swimming, feeding, sight, and buoyancy, has also been implicated in reduction of growth 

rates in turtles (REF add here for definition of FP and if needed in References Section).  

Globally, FP has been present in wild marine turtle populations and expression of FP differs 

across ocean basins and within basins. In Hawaii, oral tumors are common and severe and cause 
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reduced survivorship (Hargrove et al. 2016). FP can affect the ability to swim or eat, leading to a 

slow death, while other turtles can have minimal tumors with little or no observable effect.  

However, other factors may be contributing to low growth rates in turtles, i.e. inefficient 

digestion because of shifts or changes in the GI tract microflora caused by natural causes or 

anthropogenic factors.  

In the Hawaiian Islands, herbicides are widely used to control weeds in pastures, crop 

lands, yards, golf courses, parks, urban sidewalks, and roadsides in inland and coastal areas.  The 

most commonly used herbicides contain glyphosate or N-(phosphonomethyl) glycine 

(C3H8NO5P, molecular weight 169.07 g/mole, Fig. 2).  Since 2013, glyphosate has been ranked 

as the most commonly used herbicide in the world.   In 2011, worldwide usage of glyphosate 

products was 650,000 tonnes (CCM International 2011); the 2012 global market for the active 

ingredient, glyphosate, was 718, 600 tonnes for solely agricultural applications (Transparency 

Market Research 2013).  Glyphosate usage was predicted to rise to 1.35 million tonnes in 2017 

(Global Industry Analyst 2011). In the United States, over 750 products with glyphosate as the 

active ingredient are available (Newton 2013).  

 Glyphosate is absorbed through foliage and translocated to the growing points of plants, 

where it inhibits a key enzyme, 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, in the 

shikimate pathway (or shikimic acid pathway) (Fig. 3). The shikimate pathway is a metabolic 

pathway in plants, fungi, and bacteria for the biosynthesis of aromatic amino acids 

(phenylalanine, tyrosine and tryptophan) that are essential for protein synthesis (Franz et al. 
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1997).  Inhibition of the EPSP synthase in the shikimate pathway by glyphosate causes a 

deficiency in aromatic amino acids, and results in growth inhibition, wilting, necrosis of the 

tissues, chloroplast disruption, water loss, and eventually death of plants due to starvation or 

increased susceptibility to disease (Solomon and Thompson 2003, Castro et al. 2015).  Previous 

studies have shown that exposure to glyphosate also leads to reduction in nutrient quality of 

plants. Reduction in seed and leaf concentrations of calcium, manganese, magnesium, and iron in 

non-glyphosate-resistant soybeans was observed after exposure to glyphosate due to interference 

in the uptake and translocation of these elements (Cakmak et al. 2009). Even glyphosate-resistant 

(GR) soybeans (Gordon 2007, Jolley et al. 2004) have shown depressed uptake of manganese 

and iron.   Glyphosate may affect macroalgae and seagrasses in the same way.  

Glyphosate can be adsorbed onto sediment particles and inactivated (Andréa et al. 2003).  

Glyphosate can be broken down by microbes into aminomethylphosphate (AMPA) and CO2 

(Balthazor and Hallas 1986; Franz et al. 1997; Schuette 1998).   The half-life of glyphosate in 

soil ranges from two to 197 days, and its half-life in freshwater is three to 91 days (US EPA 

1993).  In flask experiments, the half-life for glyphosate in seawater with marine bacterial 

populations was 47 days (25 ̊ C in low-light) up to 310 days (31°C in the dark) (Mercurio et al. 

2014), leading to the conclusion that “little degradation would be expected during flood plumes 

in the tropics, which could potentially deliver dissolved and sediment-bound glyphosate” into the 

marine environment.  Low levels of glyphosate were detected in Marennes–Oléron Bay along the 

Atlantic coast of France, during an 11-day period (maximum concentration = 1.2 µg L−1) of a 

spring run-off event (Burgeot et al. 2007). Skeff et al. (2015) detected glyphosate and AMPA in 
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water samples from ten estuaries in the Baltic Sea.  These studies show that measurable amounts 

of glyphosate and its primary metabolite can be transported to coastal environments where 

marine species may be exposed to these contaminants.  In the Hawaiian Islands, glyphosate-

based herbicides are frequently sprayed to combat weeds near freshwater, marine, and anchialine 

shorelines, and may be affecting non-target marine species (Fig. 4).   

Glyphosate affects not only terrestrial plants, but also aquatic algae and freshwater plants.  

Freshwater microalgae (Hernando et al. 1989, Pechlaner 2002, Ma 2002, Pérez et al. 2007) and 

freshwater macroalgae (Perkins 1997, Solomon and Thompson 2003, Kyriakopoulou et al. 2009) 

have been found to be sensitive to glyphosate-based herbicides such as RoundUp®.  Studies on 

the toxicity of RoundUp® to submerged vascular freshwater plants, such as Myriophyllum 

aquaticum (Turgut and Formin 2002) and M. spicatum (Lewis 1995) have reported LC50 values 

(lethal concentration for 50% of organisms exposed) similar to that of the floating freshwater 

plant, duckweed (Lemna minor).  Concentrations of glyphosate as low as 1 µg L-1 equivalent to 

levels measured in coastal waters by Burgeot et al (2007) and Skeff et al (2015), reduced species 

richness, lowered species diversity, and significantly changed species composition of natural 

marine planktonic microbial communities (Stachowski-Haberkorn et al. 2008).   

 The effects of glyphosate-based herbicides on marine macroalgae and seagrasses are not 

well-understood. The impact of varying concentrations of glyphosate-based RoundUp® on kelp 

(marine brown seaweeds in the order Laminariales) has been assessed by measuring cell viability 

in gametophytes (R.J. Lewis, personal communication).  The LC50 ranged from 2x10-5 to  
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3.7x10-4 M RoundUp® which is equivalent to 4.56 to 84.4 mg L-1 glyphosate.  Pang et al. (2012) 

soaked two red seaweed species in 0-4 g L-1 glyphosate solutions for 1-5 minutes.  “Great 

changes” were seen in chlorophyll a fluorescence, reduced PS II efficiency, pigment loss, 

withering, and rhizoid detachment in the filamentous epiphytic species Neosiphonia savatieri  

(Hariot) M.S. Kim and I.K. Lee (order Ceramiales). However, the researchers reported only 

“negligible” changes in chlorophyll a fluorescence, and “no visible harm” to thalli of the large, 

fleshy carrageenophyte, Kappaphycus alvarezii (Doty) Doty ex. P.C. Silva (order Gigartinales).  

Pang et al. (2012) recommended the use of glyphosate to control epiphytic filamentous algae in 

Kappaphycus mariculture farms in China.  In the seagrass, Halophila ovalis (R. Brown) J. D. 

Hooker, glyphosate caused changes in the chlorophyll content (Ralph 2000).  However, low 

concentrations of glyphosate stimulated the relative growth rate in another seagrass, Zostera 

marina Linnaeus (Nielsen and Dahllöf 2007).  A variety of responses were observed in the 

estuarine seagrass, Ruppia maritima Linnaeus:  exposure to high concentrations of glyphosate 

for seven days caused a significant lethal effect; whereas, leaf elongation occurred in branches 

exposed to low concentrations, and significant changes were observed in the wet and dry 

weights, the number and length of the leaves, and the chlorophyll a content. These results 

indicate that this herbicide represents a threat to Ruppia seagrass meadows, and the organisms 

that depend on them. 

In a prelude to this Master’s thesis, Kittle and McDermid (2016) found that five 

Hawaiian macroalgae and a seagrass species (Ruppia maritima) exposed to low glyphosate 

concentrations (0.225 to 3.6 g L-1), showed cell damage, reduced chlorophyll content, and 

http://www.algaebase.org/search/species/detail/?species_id=U5b3bf1aa86a21789&sk=20&from=results
http://www.algaebase.org/search/species/detail/?species_id=U5b3bf1aa86a21789&sk=20&from=results
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lowered PSII efficiency that differed significantly from the control (0 g L-1 glyphosate).  Thus, 

native macroalgae and seagrasses in marine and anchialine aquatic habitats in Hawaii may be 

negatively affected by use of glyphosate herbicides that are used to control shoreline weeds.  One 

of the species included in the study, Pterocladiella capillacea, a common intertidal red 

macroalga and a predominant component of green turtle diets (Russell and Balazs 2009), showed 

significantly reduced photosynthetic efficiency, decreased chlorophyll content, and lower 

survival after glyphosate exposure. In addition, when forage plants are exposed to glyphosate, 

their nutritional quality may be reduced for grazing turtles.  

Toxicology studies on amphibians (Clements et al. 1997, Relyea et al. 2012), 

invertebrates (Folmar et al.1979), and fish (Mitchell et al. 1987, Guilherme et al. 2012) have 

reported anatomical deformities and DNA damage after short-term exposure to glyphosate-based 

herbicides. Sparling et al. (2006) found a reduction in body weight of red-eared slider turtles and 

lowered hatching success in eggs exposed to glyphosate.  No studies have assessed the impact of 

glyphosate on marine turtles, such as the green turtle (Chelonia mydas). 

Gut microbes are critical to turtle digestion of complex carbohydrates in algae and 

seagrasses.  Glyphosate has been shown to be toxic to bovine gut microflora, and causes less 

efficient digestion in cattle (Krüger et al. 2013, Samsel and Seneff 2013).  In a study on poultry, 

Shehata et al. (2013) reported that many beneficial gut bacteria (Enterococcus spp., Bacillus sp., 

Lactobacillus sp.), some of which occur in green turtle cloacal fluid (Aguirre et al. 1994, Santoro 

et al. 2006, Keene et al. 2014, Price et al. 2017), are more susceptible to glyphosate than 
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pathogenic bacteria (Salmonella spp. and Clostridium spp.). Thus, if green turtles are exposed to 

glyphosate via their food or environment, their microflora may be adversely affected and 

digestion efficiency could be compromised.   

Objectives of this Study: 

The objectives of this study were to collect in situ and identify the gastrointestinal 

microflora found in green turtles (Chelonia mydas) in Hawaii, and to quantify the sensitivity of 

these microbes to glyphosate-based herbicide (RoundUp®).  

Hypotheses: 

1.  Diverse bacteria occur in the GI tract of green turtles, including the following phyla: 

Actinobacteria, Bacteroidetes, and Firmicutes.  

2.  Different species of bacteria from green turtles demonstrate different sensitivities to 

glyphosate. 

3.  Inhibition of bacterial growth is dependent on glyphosate concentration. 
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Figure 1. Diagram of green turtle gastrointestinal tract. Hindgut fermentation primarily occurs in the large intestine 

and caecum. 
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Figure 1. Glyphosate molecule (C3H8NO5P, molecular weight 169.07 g/mole).  
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Figure 2. Diagram of the shikimate pathway to the production of chorismate, which leads to the production of the 

essential aromatic amino acids (phenylalanine, tyrosine, tryptophan). In the presence of glyphosate, EPSP synthase 

is inhibited and the pathway ceases to continue. 
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Figure 3. County of Hawaii spraying Roundup for coastal weed control.
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Chapter 2. 

Identification of gastrointestinal microflora in Hawaiian green turtles 

(Chelonia mydas) 

Abstract 

Green turtles (Chelonia mydas) have a hindgut fermentation digestive tract, which utilizes 

cellulolytic microbes to break down plant matter in the caecum and proximal colon. Few studies 

have examined bacterial communities of green turtles, and none has identified in situ hindgut 

microflora in green turtles. Fresh samples using sterile swabs were taken from five locations 

along the gastrointestinal tracts of eight green turtles that had required euthanization. Bacteria 

were cultured, aerobically and anaerobically, on nutrient agar and four differential and selective 

media.  Fecal samples at three sections along the gastrointestinal tracts of two green turtles were 

analyzed using 16S metagenomics on the Ion Torrent PGM. More than half of the 4,532,104 

sequences belonged to the phylum Firmicutes, followed by Bacteroidetes and Proteobacteria, 

which are characteristic of herbivore gut microflora. The 16S sequence analysis provides a better 

representation of the total gastrointestinal bacterial community, much of which cannot be 

cultured using traditional microbial techniques. Accurate and precise enumeration and 

identification of green turtle microflora will help to clarify connections between diet and 

digestive bacteria, as well as provide new tools for assessing the health of green turtles grazing in 

different locales. The key to long-term conservation of this species may depend on their 

microflora. 
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Introduction 

Green turtles (Chelonia mydas), the largest marine herbivores in the Hawaiian Islands, 

are known to consume over 300 species of seaweeds, two seagrasses, and at least one terrestrial 

shoreline grass, based on crop and stomach samples (Balazs 1980, Balazs et al. 1987, Russell 

and Balazs 2000, Russell et al. 2003, McDermid et al. 2015). Green turtles have a hindgut 

fermentation digestive tract, which utilizes cellulolytic microbes to break down plant matter in 

the caecum and proximal colon (Bjorndal 1985). In some foraging areas in the Hawaiian Islands, 

green turtles are growing at reduced rates resulting in late age of reproductive maturity (30+ 

years) compared to historic times (mid 1970s/early 1980s) (Balazs and Chaloupka 2004, 

Wabnitz et al. 2010, Van Houtan et al. 2014). Food abundance, food quality, turtle abundance, 

and disease have been considered as causes (Balazs 1982, McDermid and Stuercke 2003, 

McDermid et al. 2007), but other factors may also be involved, i.e. inefficient digestion because 

of shifts in microflora composition. Researchers have suggested that hindgut microflora would 

be long-term adapted to either a seagrass- or a macroalgal-diet, but not a mixed diet (Bjorndal 

1985). Short-shifts in diet might result in less efficient digestion and loss of nutrition (Bjorndal 

1980). 

 Cellulolytic bacteria belonging to the phyla Actinobacteria, Bacteroidetes, and Firmicutes 

have been found in the gastrointestinal microflora of herbivorous marine iguanas, marine fish, 

and manatees (Hansen et al. 1992, Hobson and Stewart 1997, Mountfort et al. 2002, Merson et 

al. 2013). In herbivorous green turtles, the aerobic bacterial flora in cloacal swabs contained 123 
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Gram-negative and 29 Gram-positive isolates, mostly consisting of members of the family 

Enterobacteriaceae (phylum Proteobacteria) and Staphylococcus species (phylum Firmicutes) 

(Santoro et al. 2006). Similar bacterial isolates were found in the East Pacific green turtle and 

Olive Ridley cloacal fluids (Keene et al. 2014). Cloacal and fecal samples from juvenile green 

turtles showed microflora similar to that of omnivores and herbivores (Price et al. 2017). 

Despite the importance of hindgut microflora in green turtle digestion, few studies have 

examined bacterial communities within green turtles, perhaps because of the difficulty of 

obtaining fresh samples and the complexity of maintaining bacterial cultures, especially 

anaerobic taxa.  In situ gastrointestinal tract sampling of digestive, hindgut microflora of green 

turtles was successfully carried out for the first time in this study. The objective of this study was 

to identify the digestive, gastrointestinal microflora found in the green turtle (Chelonia mydas) in 

Hawaii. 

Methods 

Microbial Collection and Culturing  

 Eight green turtle that had required euthanization by a collaborative assessment from Dr. 

Thierry Work, Wildlife Pathologist of the USGS and the National Marine Fisheries Service of 

NOAA due to mortal injury or terminal illness, served as donors immediately post-mortem for 

this project (Work 2014, Appendix I). In view of conservation policy, as set forth by the 

Endangered Species Act (ESA), no attempts were made to obtain free-swimming, wild turtles. 
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All turtles sampled were euthanized due to disease or injury, and all had seaweed in the gut 

without any indication of rotting digesta (material undergoing digestion) samples (H2S smell). 

Turtles were collected from several locations in the main Hawaiian Islands (Fig. 1), and included 

males and females with straight carapace lengths of 49-74 cm (Table 1).  Fresh gut samples were 

taken at five locations along the gastrointestinal tract (crop, stomach, small intestine, caecum, 

and large intestine) by wiping a cotton sterile swab and a BD BBL Vacutainer TM anaerobic 

specimen collector (Becton, Dickinson and Company) on the areas. Swabs were placed on 

nutrient agar medium for transport, and re-streaked within 4 hours on nutrient agar, MacConkey 

agar (for the isolation of Enterobacteriaceae), mannitol salt agar (for the isolation of 

Staphylococcus species), thiosulfate-citrate-bile-salts-sucrose (TCBS) agar (for the isolation of 

Vibrio species), and xylose-lysine deoxychloate (XLD) 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 TM EZ Incubation Container (Becton, Dickinson and Company) with 

BD GasPak TM EZ Anaerobe Container System Sachets (Becton, Dickinson and Company) and 

examined after 24 hours. Isolated colonies were identified by via Gram-staining and the 

following biochemical reactions: indole production (Becton, Dickinson and Company,  Cat. 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 permits 
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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. Other unsuccessful or inadequate methods for bacterial collection were tested in 

preliminary trials and are described in Appendix II. 

Tissue Collection and DNA Extraction 

Whole gastrointestinal (GI) tracts from two freshly euthanized turtles were extracted 

from the animals and frozen without delay at  -20°C for transportation (Table 2). Turtle 1 was a 

14.7 kg male with FP tumors found at Haleiwa on the island of Oahu (also used for microbial 

collection and culture), and Turtle 2 was a 35.5 kg male with no FP tumors found at Kapoho 

Beach Lots on the island of Hawaii. The GI tracts were transferred to a -80°C freezer until DNA 

extractions were carried out.  

DNA extractions were conducted using the Qiagen DNA Stool Mini Kit following the 

manufacturer protocol (QIAGEN). Three sections of the GI tracts of each turtle were selected for 

this study, the caecum, 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).  
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Microbiome Amplification using 16S Metagenomics Methods 

  

Each DNA sample, a positive DNA control, and a negative control 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 1.2X volume of Agencourt AMPure  XP beads (Beckman Coulter  Life Sciences,  Cat. no. 

A63880) was prepared to purify the amplified samples.  

Determination of DNA Input for Library Preparation and End Repair 

The 16S PCR amplicons were enzymatically processed for proper adapter and barcode 

ligation using the Ion Plus Fragment Library Kit (Life Technologies Corp., Cat. no. 4471252), 

and purified with ethanol and a 1.4X of AMPure beads solution. Next, an aliquot of  the prepared 

and purified amplicons were diluted (1:10) and assayed using a High-Sensitivity DNA Kit on a 

Bioanalyzer 2100 instrument (Agilent Technologies, Cat. no 5067-4626).  For each PCR product 

analyzed, a smear analysis was generated from the four peaks (280 to 390 bp) in the 

chromatogram, which each sample concentration was determined. All samples, including the 

positive control, were standardized to a concentration of 100 nanograms (ng). After 

standardization, the End Repair step , which consisted of 79 µL of pooled amplicons, 20 µL 5X 

buffer, and 1 µL enzyme repair enzyme, were mixed and incubated for 20 min. Following End 

Repair step, each amplicon was further purified using an AMPure cleanup using 1.2X instead of 

the suggested 1.8X volume.  
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Ligation of Adapters and Barcodes, Nick-Repair 

Ligation of six Ion Xpress Barcodes was conducted on each of the six purified amplicons 

(Life Technologies Corp., Cat. no. 4474009).  Each sample was prepared following manufacturer 

protocol, except for one minor modification: 1 µL of each adapter and barcode was used instead 

of 2 µL to avoid excess that forms dimers. These steps were followed by an AMPure 

purification, using 1.4 X volume of cleaning beads per sample volume.  

 PCR Amplification and Bioanalyzer Assay 

Purified adapter and barcode-ligated amplicons were further amplified in a thermocycler 

for 7 cycles according to manufacturer protocol. Following amplification, each amplicon was 

cleaned up using 1.0 X of AMPure beads per sample volume. The cleaned, ligated, barcoded 

amplicons were diluted (1:1) and assayed on a Bioanalyzer 2100, using a High-Sensitivity DNA 

kit (Agilent Technologies, Cat. no. 5067-4626). Each amplicon was smear-analyzed from 230 to 

400 bp from the chromatogram to determine its concentration. All amplicons were adjusted to a 

molarity of 501.0 pmol/L and then analyzed using quantitative PCR (qPCR) using a StepOne 

Plus (Life Technologies Corp., Cat. no. 4376600). 

Determination of Library Concentration   

A KAPA Library Quantification Kit (KAPA Biosystems Inc., Cat. no. KK4838), 

designed for Ion Torrent Next-Generation Sequencing (NGS) Platform was used for accurate 

quantification of library amplicons using qPCR. Optimal library concentration for template 
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preparation using an Ion Torrent Platform was determined using a qPCR KAPA Library 

Quantification Kit (Cat. no. KK 4838). Data from qPCR were analyzed and ideal sample library 

concentration was determined for template preparation and pooled into a single library. After 

making a pooled, equimolar library, emulsion PCR (emPCR) was conducted using the Ion 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 for 400 base pair (bp) libraries (Life 

Technologies Corp., Cat. no. 446856). Results were checked using the Ion Sphere Assay for 400 

bp library with a Qubit 3.0 fluorometer (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). Sequencing was carried out on the Ion PGM using the Hi-Q View 

Sequencing Kit for 400 bp libraries (Life Technologies Corp., Cat. no. A30044) with the Ion 

Torrent 318 v2 BC chip for 850 flows (Life Technologies Corp., Cat. no. 4488146).   All the 

reads were filtered and processed using the Ion Torrent PGM software to remove low quality and 

polyclonal sequences. 

Sequence-based Microbiota Analysis 

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 5.2. Low abundance (<10) 

reads and reads less than 150bp were removed. Sequences were compared to Curated 

Greengenes Database v13.5 and assigned to operational taxonomic units (OTUs). A genus was 
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defined at 97% sequence similarity to the database entity, and a species was defined at 99% 

similarity.  

 

Species richness, family richness, Shannon-Weiner diversity (Krebs 1999) (Equation 1), and 

equitability (Equation 2) were calculated. 

Equation 1.  𝐻′ =  − ∑ 𝑝𝑖 ln(𝑝𝑖)
𝑆
𝑖  

Equation 2. 𝐸𝐻 =
𝐻

𝐻𝑚𝑎𝑥
  

Jaccard’s Index of Similarity (Krebs 1999) (Equation 3) was used to compare bacterial 

communities among GI tract locations for each turtle and between turtles.  

Equation 3.Sj =  
(a)

(a+b+c)
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Results 

Identification from Gram-staining, and differential and selective media 

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 4).  The greatest number of different taxa were isolated from the small intestine (13), 

stomach (12) and caecum (12).  Only six  taxa were found in the large intestine. 

Identification from Ion Torrent Semiconductor Sequencing  

The Ion Torrent run produced 4,514,441 DNA sequencing reads on the 318v2 chip with 

60% loading. The mean read length was 288 bp. The mean number of reads per library was 

719,800 and the median number of reads per library was 734,707. 

Dominant microbiota in all samples from both turtles consisted of phylum Firmicutes, 

Order Clostridiales, Families Closteridiaceae, Ruminococcaeceae, and Lachnospiraceae, and 

phylum Bacteroidetes, Order Bacteroidales, Families Porphyromonadaceae and Bacteroidaceae 

(Figs. 3-8).  For both turtles, the majority of sequences that could be identified to the species 

level belonged to Clostridium species, Family Clostridiaceae (phylum Firmicutes).  Bacteroides 

sp. (phylum Bacteroidetes, Family Bacteroidaceae) contained 1.72 to 3.35% of total sequences 

identified to species for all samples.    

Some differences between turtles were observed in terms of abundance of phylum 

Firmicutes and numbers of families.  The percent composition of phylum Firmicutes increased in 
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distal sections of the GI tract in Turtle 1:  50% in caecum to 56% in large intestine to 78% in 

rectum; whereas, this pattern was not seen in Turtle 2:  74% phylum Firmicutes in caecum, 73% 

in large intestine , 42% in rectum (Figs. 3-8).  In Turtle 1, the family richness decreased distally: 

39 families in the caecum, 28 in large intestine, and 22 in rectum (Fig. 9). However, in Turtle 2, 

the family richness was lowest in the caecum (23); whereas, the large intestine (36) and rectum 

(31) had greater numbers of bacterial families. Although, the caecum in Turtle 1 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 2 rectum (2.14); 

whereas, the lowest family diversity was in Turtle 1 rectum (Table 6). In Turtle 1, the family 

diversity (H’) decreased distally: 2.03 in the caecum, 1.76 in the large intestine, and 1.51 in the 

rectum. Conversely, in Turtle 2 the family diversity increased distally:  1.55 in the caecum, 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 1 rectum (0.56) and the lowest in Turtle 2 rectum (0.39) 

(Table 7). For Turtle 1, the equitability decreased distally: 0.53 in caecum, 0.45 in the large 

intestine, and 0.39 in the rectum. However, in Turtle 2 the equitability increased distally: 0.40 in 

the caecum, 0.43 in the large intestine, and 0.56 in the rectum.  Using Jaccard’s Index (Sj), 

similarity of family composition within gastrointestinal regions within each turtle, and between 

turtles was highly variable (Table 8). The most similar bacterial communities were in the Turtle 

1 caecum and Turtle 2 large intestine (77%). The most dissimilar bacterial communities were 

from the rectum of both turtles (32%).  
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Discussion 

Using traditional microbial techniques, the caecum, one of the primary sites of digestion, 

had the greatest number of taxa identified, but these were just aerobic and culturable taxa, which 

are not representative of the total digestive gastrointestinal microflora. Using 16S metagenomics, 

all samples from the GI tract had dominant microflora consistent with other marine herbivores 

(Hansen et al. 1992, Hobson and Stewart 1997, Mountfort et al. 2002, Sullam et al. 2012, 

Merson et al. 2013). A small number of sequences from Order Desulfovibrionales (phylum 

Proteobacteria) were found in all samples, with the highest percentages in the rectum for both 

turtles. This order of bacteria is common in omnivores (Sullam et al. 2012), and could be 

residual bacteria from the juvenile omnivorous stage of green turtles.  All GI tract samples in the 

current study had lower family-level diversity (H’ ≤ 2.16). Price et al. 2017 reported diversity 

indices for juvenile green turtle and fecal swab samples of H’= 4.5 and H’=6.5, respectively. 

These values are higher than those measured for the GI tract samples in the current study (H’ ≤ 

2.16) because the current study included families, not all levels of taxa (phylum to species) in the 

Shannon-Wiener analysis. Differences in results between the current work and Price et al. (2017) 

may be attributed to differences in age of turtles (adults vs. juveniles), habitat (Pacific Ocean vs. 

Northern Gulf Of Mexico), sample sources (internal GI tract vs. cloaca and feces), and different 

taxonomic entities included in diversity analyses.  Samples taken from cloaca and feces may be 

unreliable indicators of digestive system microflora because of 1) contamination of the external 

surfaces by bacteria occurring in seawater and 2) aerobic conditions which select against 

anerobic bacteria. 



 

42 

 

Next-generation sequencing (NGS), such as high-throughput sequencing techniques, can 

more fully elucidate the microflora in organisms, especially GI tract microflora that cannot be 

cultured. Universal primers used in species-rich mixtures are likely to have more affinity for 

some species than for others (Fredriksson et al. 2013). The quality of metagenomic data analysis 

is limited by the reference library available. In the current study, over half of the sequences 

obtained could not be sequenced to species level, but only to family level using Ion Reporter 

(Life Technologies Corp.). More in-depth analyses of the sequencing data is needed to capture 

all the diversity present in this data set. Accurate and precise enumeration of green turtle 

microflora 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. The key 

to long-term conservation of this species may depend on our understanding of their microflora. 

Studies should compare the GI tract bacteria of more turtles for insight into a healthy, 

gastrointestinal microbiome. 
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Table 1.  Characterization of metadata compiled from turtle necropsies from which digesta samples were taken for microbial culturing. 

  

  

Dorsal Measurements 
  

Date Health Sex SCL (cm) Notch (cm) SCW (cm) CCL (cm) CCW (cm) Head (cm) 
RFF 

(cm) 
Plastron (cm) 

Tail 

(cm) 
Cloaca (cm) Weight (kg) 

5/13/15 Fair F 70.8 69.9 57 76 71 9.6 11.1 56.4 17 11 43.6 

5/13/15 Poor F 72.2 71.9 55.6 76 67.5 10.5 12.1 60.3 N/A 10 46.4 

9/29/15 ----- F 49.6 49.3 39 52.5 45.5 7.2 8.2 40.5 11 6 12.7 

9/29/15 ----- F 64.7 64.5 53.4 68.5 65.5 9.5 10.5 52.4 13 8.5 33.9 

11/3/15 Fair F 51.3 51 39.7 54.5 49 8.5 9.5 42.1 11.5 7.5 18.5 

11/3/15 Poor M 58.1 57.7 45.5 62 54 9 9.9 44.6 11 8 24.1 

1/8/16 Fair M 74 73.9 59.4 80 71 11.4 12.1 55.3 18 12.5 46.7 

5/10/16 N/A M 50.1 49.9 41.3 53.5 47.5 8.5 8.3 40.2 10 5 14.7 
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Table 2.  Characterization of metadata compiled from turtle necropsies from which digesta samples were taken for 16S metagenomics DNA analysis and 

sequencing. 

 

 

 

Dorsal Measurements  
 

Date Health Sex 
SCL 

(cm) 

Notch 

(cm) 

SCW 

(cm) 

CCL 

(cm) 

CCW 

(cm) 

Head 

(cm) 

RFF 

(cm) 

Plastron 

(cm) 

Tail 

(cm) 
Cloaca (cm) Weight (kg) 

5/10/16  N/A M 50.1 49.9 41.3 53.5 47.5 8.5 8.3 40.2 10.0 5.0 14.7 

6/8/16  Good M 63.4 63.0 51.8 67.0 63.0 8.4 10.9 50.6 12.0 9.0 35.5 
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                       Table 3. Barcode sequences from Ion Xpress Kit #17-32 (Life Technologies). 

Sample Barcode Adapter Sequence 

Turtle 1 Caecum Ion Xpress #17 GTCTCTATTC 

Turtle 1 Large Intestine Ion Xpress #19 TTAGTCGGAC 

Turtle 1 Rectum Ion Xpress #21 TCGCAATTAC 

Turtle 2 Caecum Ion Xpress #23 TGCCACGAAC 

Turtle 2 Large Intestine Ion Xpress #25 CCTGAGATAC 

Turtle 2 Caecum Ion Xpress #27 AACCATCCGC 

Positive Control (E. coli) Ion Xpress #29 TCGACCACTC 
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Table 4. Bacterial taxa identified from Gram-staining, and differential and selective media (+ = present, - = absent) 
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Table 5.  Characterization of bacterial taxa sequences identified to the species and relative abundance in percent. 

  Turtle 1 Turtle 2 

Bacterial taxa 

 

Caecum 

Large 

Intestine Rectum Caecum 

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 
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Table 5. (Continued) Characterization of bacterial taxa sequences identified to the species and relative abundance in 

percent 

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 
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Table 5. (Continued) Characterization of bacterial taxa sequences identified to the species and relative abundance in 

percent 

    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 

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 
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Table 5. (Continued) Characterization of bacterial taxa sequences identified to the species and relative abundance in 

percent 

 

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 
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Table 5. (Continued) Characterization of bacterial taxa sequences identified to the species and relative abundance in 

percent 

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 
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Table 6. Alpha diversity index of microbial family communities using the Shannon-Weiner Diversity Index (H’). 

 

 Shannon-Wiener Diversity Index for Bacterial Family (H’) 

 Caecum Large Intestine Rectum 

Turtle 1 2.03 1.76 1.51 

Turtle 2 1.55 1.63 2.14 

 

 

 

 

Table 7. Alpha diversity index of microbial family communities using the Shannon-Weiner Equitability Index (EH). 

 

 Equitability for Bacterial Families (EH) 

 Caecum Large Intestine Rectum 

Turtle 1 0.53 0.46 0.39 

Turtle 2 0.40 0.43 0.56 

 

 

Table 8. Beta diversity index of microbial family community comparison using the Jaccard’s Similarity Index (Sj). 

T1= Turtle 1, T2 = Turtle 2. 

 

 T1 Caecum T1 Intestine T1 Rectum T2 Caecum T2 Intestine T2 Rectum 

T1 Caecum   0.48 0.44 0.54 0.77 0.68 

T1 Intestine     0.41 0.62 0.55 0.39 

T1 Rectum       0.76 0.56 0.32 

T2 Caecum         0.59 0.38 

T2 Intestine           0.6 

T2 Rectum             
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Figure 1. GIS map of geographic locations where green turtles were found prior to euthanization.  
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Figure 2. EnteroPluri Test kit (Becton, Dickinson and Company, Cat. no.  L0110570)  results identifying GI 

bacterial isolates.  Color changes indicate taxa.  A sterilized deionized water control was used for comparison. 
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Figure 3. 16S rDNA operational taxonomic units (OTUs) in the caecum of tumored turtle (Turtle 1)  (Ion Reporter v 

5.2, Life Technologies). Taxa are organized from phylum level on the innermost circle to species on the outermost 

circle 
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Figure 4. 16S rDNA operational taxonomic units (OTUs) in the large intestine of tumored turtle (Turtle 1)   (Ion 

Reporter v 5.2, Life Technologies). Taxa are organized from phylum level on the innermost circle to species on the 

outermost circle. 
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Figure 5. 16S rDNA operational taxonomic units (OTUs) in the rectum of tumored turtle(Turtle 1)   (Ion Reporter v 

5.2, Life Technologies. Taxa are organized from Phylum level on the innermost circle to species on the outermost 

circle.  
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Figure 6. 16S rDNA operational taxonomic units (OTUs) in the caecum of non- tumored turtle (Turtle 2) (Ion 

Reporter v 5.2, Life Technologies. Taxa are organized from phylum level on the innermost circle to species on the 

outermost circle. 
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Figure 7. 16S rDNA operational taxonomic units (OTUs) in the large intestine of non-tumored turtle (Turtle 2) (Ion 

Reporter v 5.2, Life Technologies). Taxa are organized from phylum level on the innermost circle to species on the 

outermost circle. 
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Figure 8. 16S rDNA operational taxonomic units (OTUs) in the rectum of non-tumored turtle (Turtle 2) (Ion 

Reporter v 5.2, Life Technologies. Taxa are organized from phylum level on the innermost circle to species on the 

outermost circle. 
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Figure 9. Relative abundance (%) of operational taxonomic units (OTUs) separated by families in the caecum, large 

intestine, and rectum of both turtles. 
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Chapter 3.   

Glyphosate herbicide effects on gastrointestinal microflora of Hawaiian green 

turtles (Chelonia mydas Linnaeus) 

 

Abstract 

In the Hawaiian Islands, glyphosate-based herbicides are frequently sprayed to combat weeds 

near shorelines, and may be affecting non-target marine species. Glyphosate inhibits the 

shikimate pathway used by plants, bacteria, and fungi to biosynthesize essential aromatic amino 

acids. Glyphosate is known to be toxic to beneficial gut bacteria in cattle and chickens, and can 

cause lowered digestive efficiency. No studies have assessed the adverse effects of glyphosate on 

digestive bacteria in the gastrointestinal (GI) tract of marine herbivorous turtles.  Four 

microfloral isolates obtained from freshly euthanized green turtles (Chelonia mydas Linnaeus) 

were exposed to fifteen different concentrations of glyphosate herbicide (2.2 x 10-4 to 3.6 g L-1 

glyphosate) and a control of deionized (DI) water, using a modified Kirby-Bauer disk diffusion 

assay. A response to glyphosate herbicide was observed in all taxa tested. In three of the four 

taxa, at 0.028 g L -1 glyphosate, zones of growth inhibition were significantly different than the 

control. Proteus sp. was the least sensitive bacterium to glyphosate. Aliquots of mixed bacterial 

communities from turtle GI tracts, cultured in nutrient broth, were exposed to six different 

concentrations of glyphosate (2.2 x 10-4 to 3.6 g L-1 glyphosate) and a control of DI water. 

Transmittance at 600 nm wavelength was measured before and after 24 hours to estimate 

bacterial density. Cultures with concentrations ≥ 2.2 x 10-4 g L-1 glyphosate showed significantly 
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different transmittances from the control. These two methods are complementary techniques to 

understand the effects of glyphosate on GI tract microflora in green turtles. Reduced growth or 

survival of GI tract bacteria in green turtles exposed to glyphosate could have adverse effects on 

turtle digestion and overall health. 
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Introduction 

 

Gastrointestinal (GI) microbes are critical to green turtles (Chelonia mydas Linnaeus) for 

the digestion of the complex carbohydrates in their diet of marine macroalgae and seagrasses 

(Bjorndal 1979, Bjorndal 1980, Bjorndal et al. 1991).  Microbial populations in green turtle GI 

tracts are probably dependent on a number of factors, including turtle diet and habitat (Bjorndal 

1985). A commonly used herbicide, glyphosate, has been shown to be toxic to bovine gut 

microflora, and causes less efficient digestion in cattle (Krüger et al. 2013, Samsel and Seneff 

2013).  In poultry, Shehata et al. (2013) reported that many beneficial gut bacteria, e.g. 

Enterococcus spp., Bacillus sp., and Lactobacillus sp., some of which occur in green turtle 

cloacal fluid (Aguirre et al. 1994, Santoro et al. 2006, Keene et al. 2014, Price et al. 2107), are 

more susceptible to glyphosate than to pathogenic bacteria, e.g. Salmonella spp. and Clostridium 

spp.  

 Glyphosate or N-(phosphonomethyl) glycine is used in a wide range of applications 

including weed control in croplands, vineyards, olive groves, fruit orchards, grass pastures, 

forests, parks, gardens, urban sidewalks and streets, railroad tracks, and underwater in rivers and 

lakes. In the United States, over 750 products with glyphosate as the active ingredient are 

available (Newtown 2013). Glyphosate usage was predicted to rise to 1.35 million tonnes by 

2017 (Global Industry Analyst 2011, Transparency Market Research 2013). Glyphosate inhibits 

a key enzyme, 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, in the shikimate pathway 

(or shikimic acid pathway), a metabolic pathway in plants, as well as fungi, and bacteria for the 
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biosynthesis of aromatic amino acids (phenylalanine, tyrosine and tryptophan) that are essential 

for protein synthesis (Franz et al. 1997).  Glyphosate adheres strongly to particles, which 

facilitate long distance transport and persistence in the environment, because binding may help 

protect glyphosate from degradation (Solomon and Thompson 2003). Glyphosate can be broken 

down by microbes into aminomethylphosphate (AMPA) and CO2 (Balthazor and Hallas 1986, 

Franz et al. 1997, Schuette 1998).  Stormwaters from urban areas may be contaminated by 

herbicides through the leaching of impervious urban surfaces, and could transport glyphosate to 

receiving waters (Botta et al. 2009, Zgheib et al. 2012).  The coastal areas near Hilo, Hawaii, 

receive a mean annual rainfall of 3303 mm, experience approximately 275 days year−1 of 

precipitation (Giambelluca et al. 2013), and are subject to seasonal flash flooding and run-off.  In 

flask experiments, the half-life for glyphosate in seawater with marine bacterial populations was 

47 days (25 ̊C in low-light) up to 310 days (31°C in the dark) (Mercurio et al. 2014), leading to 

the conclusion that “little degradation would be expected during flood plumes in the tropics, 

which could potentially deliver dissolved and sediment-bound glyphosate” into the marine 

environment.  Low levels of glyphosate were detected in Marennes–Oléron Bay along the 

Atlantic coast of France, during an 11-day period (maximum concentration = 1.2 µg L−1) of a 

run-off event in the Spring 2004 (Burgeot et al. 2007). Skeff et al. (2015) detected glyphosate 

and AMPA in water samples from ten estuaries in the Baltic Sea in 2012.  These studies show 

that measurable amounts of glyphosate and its primary metabolite can be transported to coastal 

environments where marine species may be exposed to these contaminants.  In the Hawaiian 

Islands, the glyphosate-based herbicides are frequently sprayed to combat weeds near freshwater, 
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marine, and anchialine shorelines, and may be affecting non-target marine species, such as green 

turtles, their food plants, and/or their GI bacterial communities.  Sparling et al. (2006) found a 

reduction in body weight of red-eared slider turtles and lowered hatching success in eggs 

exposed to glyphosate.  No studies have assessed the effect of glyphosate on marine turtles, or on 

their GI bacterial communities. 

 

The objective of this study was to quantify the sensitivity of microbes in the GI tract of 

green turtles to the glyphosate-based herbicide RoundUp®. The hypotheses were : 1) different 

taxa of bacteria from green turtles will demonstrate different sensitivities to glyphosate; 2) mixed 

bacterial communities will be negatively affected by exposure to glyphosate; and 3) inhibition of 

bacterial growth will be dependent on glyphosate concentration. 

Methods 

Eight green turtles that had required euthanization after a collaborative assessment by Dr. 

Thierry Work, Wildlife Pathologist of the USGS, and the National Marine Fisheries Service of 

NOAA, due to mortal injury or terminal illness, served as donors immediately post-mortem for 

this project (Work 2014, Appendix I). 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 were euthanized due to disease or injury, and all had seaweed in the gut 

without any indication of rotting digesta samples (H2S smell). Turtles were collected from 

several locations in the main Hawaiian Islands (Fig. 1), and included males and females with 
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straight carapace lengths of 49-74 cm (Table 1).  Fresh samples were taken at five locations 

along the gastrointestinal tract (crop, stomach, small intestine, caecum, and large intestine) by 

wiping a cotton sterile swab and a BD BBL Vacutainer TM anaerobic specimen collector (Becton, 

Dickinson and Company) on the areas. Swabs were placed on nutrient agar medium for 

transport, and re-streaked within 4 hours on nutrient agar, MacConkey agar (for the isolation of 

Enterobacteriaceae), mannitol salt agar (for the isolation of Staphylococcus species), thiosulfate-

citrate-bile-salts-sucrose (TCBS) agar (for the isolation of Vibrio species), and xylose-lysine 

deoxychloate (XLD) agar (for the isolation of Salmonella and Shigella species). Plates were 

incubated at 30°C in a 12-140E incubator (Quincy Lab) both aerobically and anaerobically 

within BD GasPak TM EZ Incubation Container (Becton, Dickinson and Company) with BD 

GasPak TM EZ Anaerobe Container System Sachets (Becton, Dickinson and Company) and 

examined after 24 hours. Isolated colonies were identified by Gram-staining and the following 

biochemical reactions: indole production (BD Cat. no. 261185), oxidase production (BD Cat. no. 

261181), and Voges-Proskauer A & B reagents (BD 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 permits 

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.  

Kirby-Bauer Experiment 
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Microfloral sensitivity to glyphosate-based herbicide ((RoundUp®)  was tested using 

four bacterial isolates by exposing them to fifteen serial dilutions of concentrations comparable 

to coastal environments (0.00022 to 3.6 g L−1 glyphosate) and a control of deionized (DI) water. 

The Kirby-Bauer disk diffusion assay method (Bauer et al. 1966) was used to determine the 

effects of different concentrations of glyphosate. Isolates were streaked in a “lawn” to cover the 

nutrient agar in the petri dish, and glyphosate-soaked filter paper disks of set concentrations were 

firmly placed on the streaked surface of the petri dishes. A filter paper disc soaked in DI was 

firmly placed in the center of each streaked petri dish.  Samples were incubated for 18 hours and 

any zones of inhibition were measured (Fig. 2).   

 

 

Bacteria Growth  Experiment 

Aliquots (1.0mL) of GI tract mixed bacterial communities cultured in nutrient broth were 

inoculated into 50mL centrifuge tubes containing 40 ml of nutrient broth with glyphosate 

(0.00022 to 3.6 g L−1) representative of low, medium, and high concentrations of glyphosate 

found in some coastal environments. A control was maintained with 0 g L-1 glyphosate. Initial 

mixed bacterial community density was assessed using modified methods from Moneke et al. 

(2010) to measure the transmittance of the samples at 600 nm wavelength using a Beckman DU-

600 spectrophotometer with three replicates (the wavelength at which, there was the least amount 
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of interference from nutrient broth).  After 24 hours, the mixed bacterial community and control 

were re-assessed by determining the optical density of the samples at 600 nm. Glyphosate 

treatment effects on the survival and growth of the bacterial community at different 

concentrations were arcSine transformed to normalize data, and analyzed using a 1-way 

ANOVA and post-hoc Tukey’s test.

Results 

Kirby-Bauer Experiment 

In three of the four taxa, at a concentration of 0.028 g L -1 glyphosate, zones of growth 

inhibition were significantly different than the control (Figs. 3-6). Staphylococcus aureus had the 

greatest zone of inhibition (11.6 ± 2. 09 mm) at the highest concentration (3.6 g L -1 glyphosate). 

Proteus sp. was the least sensitive at concentrations of glyphosate below 0.225 g L -1 and showed 

growth inhibition only at concentrations greater than 0.225 g L -1. In all taxa tested, zones of 

growth inhibition were greater at higher concentrations of glyphosate compared to control. 

However, as glyphosate concentration increased to 3.6 g L -1 there was a more pronounced 

response to glyphosate herbicide (10.78 ± 1.4 mm) in Proteus sp.  

Bacterial Growth Experiment 

In the bacterial growth experiment, high transmittance in a sample indicates few bacteria 

in the nutrient broth.   Concentrations of bacteria in 2.2 x 10-4  g L-1 glyphosate and greater 

showed significantly higher transmittance than the control (0.0 g L-1 glyphosate). At 0.1125 g L-1 

glyphosate, there was a 71% increase in the transmittance compared to the control (Fig. 7). 
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Discussion 

Glyphosate had significant effects on the individual aerobic microbial species of the 

green turtle microflora and the mixed microbial community tested in this study. Kirby-Bauer 

disk diffusion assays and spectrophometric optical density assessments can be utilized as 

complementary techniques to understand the effects of glyphosate on GI tract microflora in 

green turtles. Unlike the results of Shehata et al. (2013), in the current study, the opportunistic 

pathogen, Staphylococcus aureus, showed the most pronounced response to glyphosate.  

Stachowski-Haberkorn et al. (2008) found that concentrations as low as 1 μg L−1 glyphosate 

reduced species richness, lowered species diversity, and significantly changed species 

composition of natural marine planktonic microbial communities. Similar effects of changes in 

species composition and lowered species diversity could occur in the microbial communities in 

the GI tract of green turtles.  

Kittle and McDermid (2016) found that five Hawaiian macroalgae and a seagrass species 

(Ruppia maritima) exposed to low glyphosate concentrations (0.225 to 3.6 g L-1) showed cell 

damage, reduced chlorophyll content, and lowered PSII efficiency that differed significantly 

from the control (0 g L-1 glyphosate). One of the species, Pterocladiella capillacea, a common 

intertidal red macroalga and a predominant component of green turtle diets (Russell and Balazs 

2009), showed significantly reduced photosynthetic efficiency, decreased chlorophyll content, 

and lower survival after glyphosate exposure. When macroalgae and seagrasses are exposed to 

glyphosate, their nutritional quality may be reduced for grazing green turtles. Glyphosate 
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residue, although not quantified in seaweeds and seagrasses, has been shown to reduce nutrient 

quality in terrestrial plants (Jolley et al. 2004, Gordon 2007, Cakmak et al. 2009).  

Using glyphosate in coastal environments could have detrimental impacts on green turtles 

via changes in marine plant communities, and in GI tract microflora. Green turtles and their GI 

tract bacteria could be exposed to glyphosate via ingestion of glyphosate-contaminated water 

during foraging, or from consuming glyphosate-exposed foods (Fig. 8). Inhibition of gut 

microflora by glyphosate may have adverse effects on digestion efficiency and overall health. A 

change or reduction of critical aerobic and anaerobic bacteria in the green turtle could adversely 

affect digestion of seaweeds and seagrasses. Thus, if green turtles are exposed to glyphosate via 

their food or environment, their GI microflora may be adversely affected, and digestion 

efficiency could be compromised. The consequences of long-term exposure to glyphosate, even 

at low levels, to green turtle gut microflora are unknown. 
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Figure 1. GIS map of geographic locations where green turtles were found prior to euthanization. 
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Figure 2. Kirby-Bauer modified disk diffusion assay for glyphosate sensitivity of bacteria from green turtle GI tract. 

Center disk is a deionized water control. 
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Figure 3.  Mean diameter (mm) of zone of growth inhibition in Panteoa sp. incubated with 15 different 

concentrations of glyphosate   (g L-1). One-way ANOVA was used to detect differences among concentrations plus a 

Tukey post-hoc test (Df= 15, F= 151.76, p<0.001). Error bars denote standard deviation. Shared letters denote no 

significant differences.  
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Figure 4.  Mean diameter (mm) of zone of growth inhibition in Proteus sp. incubated with 15 different 

concentrations of glyphosate (g L-1).  One-way ANOVA was used to detect differences among concentrations plus a 

Tukey post-hoc test (Df= 15, F= 362.37, p<0.001). Error bars denote standard deviation. Shared letters denote no 

significant differences. 
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Figure 5.  Mean diameter (mm) of zone of growth inhibition in Shigella sp. incubated with 15 different 

concentrations of glyphosate (g L-1). One-way ANOVA was used to detect differences among concentrations plus a 

Tukey post-hoc test (Df= 15, F= 187.69, p<0.001).  Error bars denote standard deviation. Shared letters denote no 

significant differences. 
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Figure 6. Mean diameter (mm) of zone of growth inhibition in Staphylococcus aureus incubated with 15 different 

concentrations of glyphosate (g L-1). One-way ANOVA was used to detect differences among concentrations plus a 

Tukey post-hoc test (Df= 15, F=332.47, p<0.001).  Error bars denote standard deviation. Shared letters denote no 

significant differences. 
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Figure 7. Optical density of nutrient broth cultures of green turtle gastrointestinal bacterial communities incubated 

with seven different concentrations of glyphosate herbicide. Transmittance was measured spectrophotometrically at 

600 nm wavelength. One-way ANOVA was used to detect differences in transmittance among concentrations with a 

Tukey post-hoc test (F=29.213, df=19, p<0.001). Shared letters denote no significant difference. 
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Figure 8. Diagram of possible trophic dynamics of green turtles (Chelonia mydas) A) without glyphosate-based 

herbicide, and B) with glyphosate.
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APPENDIX I. TURTLE NECROPSY REPORTS
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APPENDIX II. PRELIMINARY COLLECTION DATA 

 
 

Six live turtles were captured on 20 February 2015 at Punalu’u Beach Park, 

Hawaii Island, for preliminary sampling of GI tract microbes using cloacal swabbing 

techniques. The turtles were placed on a table (wiped with 70% isopropyl alcohol) 

supine. The exterior edge of the cloaca and tail were then sterilized with a 70% isopropyl 

alcohol swab and a 10% betadine antiseptic solution to minimize bacterial contamination 

from environmental sources and exterior skin microflora in preparation for a cloacal 

swab. Sterile cotton swab, Whattman Omniswabs, catheter, and a plastic fecal loop were 

dipped in sterile seawater before insertion into cloaca rotating around five times before 

removal. Finally, an enema was attemped for one turtle and liquid contents were captured 

in a 50ml centrifuge tube. No fecal material were observed and liquid contents were 

clear.Only one turtle had trace amounts of fecal material in the sterile cotton swab.  

 

Three live turtles were captured on 05 April 2015 at Kapoho Beach Lots for 

sampling of GI tract microbes using cloacal swabbing techniques, similar to 20 February 

2015 sampling date. A sterile cotton swab, swine artifical insemination rod, and an 

equine artificial insemination tube were used on one turtle each to improve success on 

obtaining fecal matter. No fecal material were observed using these methods. After 
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swabbing one turtle with the sequin artificial insemination tube, the tube made contact 

with the urinary bladder and shortly after the turtle urinated.  

 

Thus, due to urination via the shared opening of the cloaca, it increased the 

possibility that samples obtained were not from the gastrointestinal tract. In addition, 

insertion of instruments would push up any fecal matter and was deemed counter-

productive. To minimize ways of contamination while sampling true GI tract microflora 

- in situ sampling directly from the GI tract methods were deemed most appropriate.  

 

 

 

 

 

 

 

 

 

 


