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ABSTRACT 

EVALUATING THE RELATIONSHIP BETWEEN THE GUT MICROBIOME AND 

HEALTH ISSUES IN CAPTIVE AFRICAN AND ASIAN ELEPHANTS 

Mia Keady, M.S. 

George Mason University, 2021 

Thesis Director: Dr. Haw Chuan Lim 

 

Animals experience novel stressors inherent to captive environments. Some 

species are able to adapt to new environments with little consequence, while others 

display behavioral changes and health concerns. The gut microbiome of animals is also 

impacted by the captive environment. A healthy gut microbiome is important for normal 

immune function, metabolism, hormone regulation, and even behavior. Captive animals 

often have less diverse gut microbiomes than their wild counterparts. The shifting of the 

microbial community in captivity may be connected to prevailing health issues. Zoo 

managed African elephants (Loxodonta africana) and Asian elephants (Elephas 

maximus) experience low reproductive rates, obesity, gastrointestinal (GI) issues, and 

variable stress responses to external and physiological variables. This project aims to 

examine the relationship between health and reproductive issues in captive elephants and 

their gut microbiome. To assess the elephant gut microbiome, I leveraged fecal samples 

and health records from a large Elephant Welfare Project conducted across North 
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American zoos in 2012. Fecal microbiomes of 69 African and 48 Asian elephants from 

50 zoos were characterized using Illumina sequencing of the 16S rRNA bacterial gene. 

Alpha and beta diversity of gut bacterial microbiomes were assessed with respect to 

species, zoo, fertility status, obesity, and fecal glucocorticoid metabolite (FGM) 

concentrations during the study period. I further assessed the gut microbiome of African 

and Asian elephants to identify indicator bacterial species associated with reproductive 

status, and tested for correlations between bacterial abundance and reproductive and 

metabolic hormone concentrations. 

I found the gut microbiome of African and Asian elephants differed in bacterial 

species richness and phylogenetic diversity (alpha diversity), as well as in microbial 

composition (beta diversity: with host species explaining 10.2% of variation). Asian 

elephants had greater bacterial species richness and phylogenetic diversity than African 

elephants. Bacterial species richness and phylogenetic diversity also varied by zoo 

facility. Microbial composition was strongly influenced by zoo facility and explained 

65.1% of variation. I found most health metrics were not linked to the gut microbiome in 

African elephants; however older elephants had higher bacterial phylogenetic diversity 

than younger individuals, and age was connected to differences in gut microbial 

composition. Similarly, in Asian elephants, most health metrics were not linked to the gut 

microbiome, except for age and fecal glucocorticoid metabolite (FGM) concentrations; 

older elephants had lower bacterial phylogenetic diversity, and changes in the gut 

microbiome composition were related to FGM. I found 16 and 17 indicator bacterial 

species associated with reproductive status in African and Asian elephants, respectively. 



xii 

 

In African elephants, three of the indicator bacterial taxa were correlated with metabolic 

hormones. In Asian elephants, one indicator bacterial taxa was correlated with a 

metabolic hormone, and one with a reproductive hormone. These bacterial species should 

be further studied to quantify their relationship with reproductive status, reproductive and 

metabolic hormones, and for potential microbial therapy applications in captive 

elephants. African and Asian elephants have distinct gut microbial communities and 

differ in how age and stress are related to their gut microbiomes. The strong influence of 

zoo on the gut microbiome highlights the importance of the environment in shaping the 

gut microbiome. My results provide insight into the relationship between captive African 

and Asian elephant gut microbiomes and host species, zoo institution, and health issues. 

These findings contribute to a better understanding of overall health and welfare of 

captive elephants in North America. 
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CHAPTER ONE | BACKGROUND 

Natural History 

African elephants (Loxodonta africana) and Asian elephants (Elephas maximus) 

are amongst the largest land mammals and have a history with humans that spans more 

than 4000 years (Lair, 1997). Throughout history, humans have incorporated elephants 

into human societies via wars, religious ceremonies, and through economic development 

(Sukumar, 1989). Despite their cultural and economic importance, current wild African 

and Asian elephant populations experience threats to their existence due primarily to 

habitat loss and fragmentation, human-animal conflict, and poaching (Sukumar, 2006). A 

changing climate may also affect their habitat range and diet via drought and altering 

available vegetation (Booth et al., 2014). According to the International Union for 

Conservation of Nature (IUCN), African elephants are listed as a vulnerable species 

(Blanc, 2008) and Asian elephants are listed as an endangered species (Choudhury et al., 

2008). These species have unique matriarchal social groups (Fernando & Lande, 2000), 

are keystone species (Bond, 1994), and play a role in ecosystem functioning as 

megaherbivore (Fritz et al., 2002; Roever et al., 2012). Ex situ conservation and 

management efforts work to address human impacts to habitat and conflict, while in situ 

elephant populations have shifted to become both an educational resource and a potential 

genetic pool for future elephant generations. 
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Elephant Reproduction in North American Zoos 

The care for African elephants and Asian elephants in North America has evolved 

from traveling circuses in the early 1800s to more recent conservation conscientious 

zoos. North American zoos began forming in the late 1860s to 1870s. The first zoo-

managed birth occurred nearly a century later as the Asian elephant “Packy” was born at 

the Oregon zoo in 1962 (Dale, 2010). The first African elephant birth followed in 1978 in 

Knoxville, Tennessee (Dale, 2010). The delay in captive reproduction was in part due to 

the availability of young elephants imported from culling programs that supplemented 

populations in North America (Olson & Wiese, 2000). The import of elephants resulted 

in small herds comprised of similarly aged and unrelated elephants (Olson & Wiese, 

2000). Current captive breeding programs aim to avoid additional takes form the wild and 

form a sustainable captive breeding population made up of related females and their 

offspring (Prado-Oviedo et al., 2016). However, captive breeding has proved difficult.  

Neither African nor Asian captive elephant populations are sustainable in North 

America. Difficulties in breeding elephants are multifaceted. Many female elephants in 

captivity lack a normal reproductive cycle. The lack of a normal reproductive cycle is 

referred to as anestrus or acyclicity (Brown & Lehnhardt, 1997). Acyclicity affects 37.9% 

of African and 22.5% of Asian captive elephants, yet the underlying causes are not well 

understood (Brown et al., 2016). Acyclicity occurs naturally during pregnancy and 

lactation and by seasonal effects in some species (Knobil & Neil, 1998). Nutritional 

deficiencies, stress, hormonal imbalances, mate choice, behavior and exercise may also 

contribute to acyclicity (Knobil & Neill, 1998; Taylor & Poole, 1998). 
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Normal cycling African and Asian elephants have reproductive cycles, also called 

estrous cycles, lasting 12 to 18 weeks (Hess et al., 1983, Brown et al., 1991). This results 

in three to four periods of estrus, or periods of fertility, in a year (Hess et al., 1983). Each 

estrus lasts four to five days (Jainudeen et al., 1971). The normal reproductive cycle of 

African and Asian elephants has been characterized by monitoring fluctuations of 

progestagens, luteinizing hormone (LH), follicle-stimulating hormone (FSH), and 

prolactin (PRL). The reproductive cycle is made up of a follicular and luteal phase. In 

normal cycling African and Asian elephants, the luteal phase occurs after ovulation and is 

associated with an increase in progestagen concentrations, while the follicular phase 

commonly has two luteinizing hormone (LH) surges with the second stimulating 

ovulation (Brown et al., 1991; Brown, 2000; Brown et al., 2004). Follicle-stimulating 

hormone (FSH) concentrations are low at the beginning of the luteal phase and elevated 

towards the end of the luteal phase (Brown et al., 1991). Prolactin increases during the 

follicular phase of African elephants, but remains consistent across the reproductive 

phase of Asian elephants (Brown et al., 2004). Techniques to monitor the reproductive 

cycle have improved the ability to both time breeding efforts and study specific causes of 

acyclicity in captive elephants. 

Monitoring serum progestogen levels of individual elephants reveals cyclicity 

status as normal, irregular, or acyclic (Brown et al., 2016). Recent research has linked 

acyclicity to environmental enrichment diversity (Brown et al., 2016), as well as 

hyperprolactinemia in African elephants (i.e. chronically high levels of the hormone 

prolactin) (Dow et al 2012; Prado et al. 2019), high body mass index (BMI), and high 
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body condition scores indicative of obesity (BCS) (Brown & Lehnhardt, 1997; Freeman 

et al., 2009; Morfeld & Brown, 2016). There may not be a single root cause to acyclicity 

across the captive elephant population and may instead be due to by both physiological 

and psychological conditions (Brown et al., 2004; Brown et al., 2016). 

 

Captive Elephant Health Concerns  

 The captive environment often brings about health issues not experienced in the 

wild. Clinical health events, body condition scores, life history, and reproductive and 

metabolic hormone monitoring can aid in improving captive elephant care. The captive 

African and Asian elephant population is aging with low replacement rates, afflicted by 

gastrointestinal issues, and predominately overweight (Edwards et al., 2019; Morfeld & 

Brown, 2016; Prado-Oviedo et al., 2016). The captive Asian population is on average six 

years older than the African population, yet the majority of females in both species are 

over the age of 30 and have not produced a calf (Prado-Oviedo et al., 2016). Older age is 

also positively correlated with increased clinical health conditions (Edwards et al., 2019). 

Top clinical issues included GI issues, skin lesions, and lameness and stiffness (Edwards 

et al. 2019). Gastrointestinal (GI) issues were the most common clinical issue in captive 

elephants, affecting 42% of the population (Edwards et al., 2019). GI issues were defined 

as colic, bloat or abnormal feces (Edwards et al., 2019). GI issues are more common in 

older elephants, particularly African elephants (Edwards et al., 2019). In addition to 

clinical health events, obesity affects over 70% of the captive population (Morfeld & 

Brown, 2016). Obesity is assessed from standardized photos using a five-point body 
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condition score (BCS) index (1 = thinnest; 3 = optimal; 5 = obese) (Morfeld et al., 2014). 

Obesity can negatively impact the health of animals and is associated to reproductive 

acyclicity in captive elephants (Morfeld & Brown, 2016). Obesity related health issues, 

frequent GI issues, and an aging population threaten the persistence of a healthy North 

American captive elephant population.  

 Monitoring metabolic hormones is another tool to understand elephant health and 

welfare in captivity. Increased clinical health events were associated with higher or more 

variable serum and fecal glucocorticoid metabolites (FGM) (Edwards et al., 2019). Fecal 

glucocorticoid metabolites (FGM) can be used as a biomarker for stress, but are also 

involved in metabolism (Jimeno et al., 2018). For example, glucocorticoid hormones aid 

in glucose synthesis (Jimeno et al., 2018). Metabolism and homeostasis is also regulated 

by thyroid hormones (McAninch & Bianco, 2014). Thyroid stimulating hormone (TSH), 

thyroxine (T4), and triiodothyronine (T3) are monitored in captive elephants to assess 

homeostasis and study connections to existing health concerns. For example, TSH was 

positively correlated while T3 and T4 were negatively correlated with testosterone in 

bulls with yearly musth cycles, but a clear relationship across all study elephants was not 

identified (Brown et al., 2007). Monitoring reproductive and metabolic hormones in the 

captive elephant population provides a meaningful tool to understand reproduction and 

overall wellbeing. 
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The Gut Microbiome: from Hormones to Health  

The role of hormones in health has been widely studied in humans, while 

monitoring reproductive and metabolic hormones has allowed for insight into the health 

of captive and wild animals (Brown, 2000). The field of microbial endocrinology 

investigates the bidirectional communication between hormones and gut microbial 

communities. The bidirectional communication between the gut and brain is referred to 

as the gut-brain axis (Cryan et al., 2019). Studying the relationship between hormones 

and the gut microbiome in non-model organisms may be beneficial to captive animals 

who experience novel health issues under human care and serve as ambassador and 

insurance populations for their threatened or endangered wild counterparts (Antwis et al., 

2019).  

The exact mechanism of the gut-brain axis is not well understood, however 

studies in mice models have revealed the immune system, vagus nerve, and microbial 

metabolites facilitation communication (Cryan & O’Mahony, 2011; Neuman et al., 

2015). Microbiota have been found to secrete hormones that regulate and respond to host 

hormone levels (Neuman et al., 2015). For example, biologically active forms of 

dopamine and norepinephrine are generated by bacteria in the gut lumen of mice (Asano 

et al., 2012). Gut bacteria have also been found to degrade metabolites of sex steroid 

hormones including estradiol, testosterone, and progesterone (Kunc et al., 2016). 

Additionally, both psychological and physical stress can reduce bacterial diversity in the 

mouse gut microbiota, and may leave the host more susceptible to pathogens (Antwis et 

al., 2019; Bailey et al., 2010; Sandrini et al., 2015). The connections between hormones 
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and the gut microbiome is still being uncovered and efforts to quantify relationships are 

necessary next steps in the management of species under human care. 

Gut microbial communities have also been implicated in a number of health 

conditions, including obesity (Turnbaugh et al, 2006). Gut microbes transferred between 

germ free mice have suggested the microbial community itself can influence weight gain 

(Turnbaugh et al., 2006). For example, gut bacteria in obese mice have an increased 

capacity to garner energy from their diet (Turnbaugh et al., 2006). The ability to yield 

more energy from the diet is also transferrable; germ free mice colonized with microbes 

from an obese mouse gained weight, whereas germ free mice colonized with microbes 

from lean mice lost weight, demonstrating an obesity-associated gut microbiota 

(Turnbaugh et al., 2006).  Not only can inoculation of specific gut microbes influence 

weight, but the gut microbes of mice in the same housing facility can influence one 

another. Germ free mice given obesity-associated gut microbiota could evade obesity by 

being co-housed with mice given lean-associated bacteria (Ridaura et al., 2013). Ridaura 

et al., (2013) highlighted the importance of both the environment and diet as microbes 

were shared through proximity in co-housed individuals and lean mice were fed diets low 

in saturated fats and high in fruits and vegetables (Ridaura et al., 2013; Xu & Knight, 

2015).  Further research is required to understand and quantify the relationship between 

specific gut bacteria, obesity, hormones, and additional health conditions. Non-model 

organisms, including threatened and endangered wildlife, may benefit from incorporating 

gut microbial communities as a means to evaluate host health and as a potential avenue 
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for developing species specific microbial based therapies (i.e. probiotics) and treatment 

strategies (Song et al., 2019; West et al., 2019). 
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CHAPTER TWO | ELEPHANT MICROBIOME & HEALTH 

INTRO 

Health issues impact the well-being of endangered animals in captivity. Gut 

microbiomes have been associated with health and offer potential to mitigate health 

issues (Song et al., 2019; West et al., 2019). The gut microbiome is important in a 

number of health conditions in both human and animal models, including hormone 

regulation (Cryan et al., 2019; Williams et al., 2020), gastrointestinal disorders (Collins, 

2020; Gorkiewicz and Moschen, 2018; Palma et al., 2014), and obesity (Greiner and 

Backhed, 2011; Ley et al., 2005; Turnbaugh et al., 2006). One area on the forefront of 

microbiome research is the bi-directional communication of the gut-brain axis between 

gut microbiomes and brain, which impacts a range of conditions including mental health, 

behavior, and cognitive function (Cryan et al., 2019). Zoo managed animals provide a 

model to advance our understanding of the gut microbiome with the potential to remedy 

health conditions unique to captivity.  

Within the gut alone, the microbiome contributes to overall GI health, and has 

been linked to causing disorders such as inflammatory bowel disease (IBD) (Collins, 

2020; Gorkiewicz & Moschen, 2018; Palma et al., 2014) and colorectal cancer 

(Gorkiewicz & Moschen, 2018). Additionally, specific bacteria in the gut of mice can 

lead to obesity (Greiner & Backhed, 2011; Ley et al., 2005; Turnbaugh et al., 2006). The 
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links between health and gut microbiomes have been primarily studied in human and 

mice models. Incorporating our knowledge from those systems and expanding into the 

health of wildlife offers a great opportunity to improve health of animals in our care 

(Antwis et al., 2019; West et al., 2019; Williams et al., 2013; Williams et al., 2018; 

Williams et al., 2019).  

Captive animals experience novel health concerns that may influence their well-

being while under human care. Studying the gut microbiome in captive animals provides 

a new means to confront longstanding health issues. For instance, African elephants 

(Loxodonta africana) and Asian elephants (Elephas maximus) experience low 

reproductive rates, obesity, and gastrointestinal issues in captivity. Currently, 37.9% of 

female African and 22.5% of female Asian captive elephants are acyclic (Brown et al., 

2016), meaning they lack of a normal reproductive cycle. Acyclicity limits the ability of 

breeding programs to become self-sustaining. Acyclicity has been linked to chronically 

high levels of circulating prolactin (hyperprolactinemia), with the probability of 

developing this pituitary disorder increasing the longer the elephant is acyclic (Brown et 

al., 2016; Prado et al., 2019). Additionally, high body mass index (BMI) (Freeman et al., 

2009), and high body condition scores have been linked to acyclicity (Morfeld and 

Brown, 2016). Most captive elephants are overweight with 74% having a body condition 

score (BCS) of either a 4 or 5 (Morfeld et al., 2016: 1 = thinnest; 5 = fattest; ideal score  

= 3). Finally, gastrointestinal issues are the top clinical event affecting 42% of the captive 

elephant population in North America (Edwards et al., 2019). Understanding and 

mediating health conditions in captivity is important to optimizing elephant welfare in 
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captivity, and studying the gut microbiome in these animals can provide a new means to 

confront these health issues.  

The environment plays a decisive role in microbial community structure in 

captive and wild animals (Amato et al., 2013; Clayton et al., 2016). When animals are 

brought into captivity or raised in captivity, they experience differing environments and 

diets than their wild counterparts, which can alter their gut microbiome. For instance, 

primates have a less diverse microbiome than their wild counterpart, with increased 

presence of Bacteroides and Prevotella phyla, resembling the human gut microbiome 

(Clayton et al., 2016). However, the captive environment does not affect all species in the 

same way (McKenzie et al., 2017). Environmental and management differences likely 

exist across zoo facilities housing elephants and such differences can have impacts on 

their gut microbiomes. Understanding how zoo facilities influence the elephant gut 

microbiome can aid in developing approaches to best care for elephants in captivity. 

Specific health conditions in captivity and their potential connection to the gut 

microbiome are not well understood. The importance of the gut microbiome in health 

conditions in mice and humans (Gorkiewicz & Moschen, 2018; Turnbaugh et al., 2006) 

suggests the gut microbiome may similarly be linked to health in other mammals. A 

limited number of studies have explored captive health issues and the gut microbiome, 

ranging from cardiac disease to reproduction and stress. In gorillas, cardiac disease is 

linked to gut microbiome composition and is a leading cause of mortality in captive 

western lowland gorillas (Gorilla gorilla gorilla) (Krynak et al., 2017). In rhinos, gut 

microbiome composition varies by individual, institution, breeding success, and ovarian 
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cycle phase in the critically endangered eastern black rhinos (Diceros bicornis michaeli) 

(Antwis et al., 2019). These studies lay the groundwork for understanding the role of the 

gut microbiome in captive animal health and management. 

Managing stressors in captive environments is an essential piece to ensuring 

welfare. Gut microbiomes and stress hormones interact via the brain-gut axis (Cryan et 

al., 2019). Glucocorticoids are often used as a stress biomarker, with fecal glucocorticoid 

metabolites (FGM) used as a non-invasive tool to assess stress in wildlife species (Brown 

et al., 2019; Edwards et al., 2019). FGM levels in elephants have been associated to both 

physiological and external variables, including parturition (Brown & Lehnardt, 1995) and 

the follicular phase (Fanson et al., 2014), as well as loud noises (Millspaugh et al., 2007) 

and public festivals (Kumar et al., 2014). Additionally, increased number of health issues 

experienced by elephants in a single year is correlated to higher or more variable FGM 

levels (Edwards et al., 2019). Zoo facilities in northern latitudes are correlated with 

increased FGM, while elephants with access to the outdoors and have greater interactions 

with keepers have decreased FGM (Brown et al., 2019). Given the many variables, both 

external and physiological, connected to FGM in captive elephants, understanding the 

connection with the gut microbiome is of interest. In rhinos, some differences in the rhino 

gut microbiome were attributed to changes in specific bacterial genera in relation to 

levels of fecal progestogen and fecal glucocorticoid metabolites (FGM), which suggest a 

relationship between gut microbial taxa in stress and reproduction (Antiws et al., 2019). 

These relationships have also been seen in gorillas, where the relative abundance of 

family Anaerolineaceae, genus Clostridium cluster XIVb, and genus Oscillibacter are 
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positively correlated with FGM in free ranging western lowland gorillas (Gorilla gorilla 

gorilla) (Vlčková et al., 2018). In addition to the few captive animal studies correlating 

FGM and the gut microbiome (Antwis et al., 2019; Vlčková et al., 2018), a number of 

human and mice model studies establish the relationship between stress and the gut 

microbiome (Cryan et al., 2019; Konturek et al., 2011; Rea et al., 2016). Considering the 

connection between the gut microbiome and hormones described in human, mice, and 

wildlife studies, a similar connection could exist between the gut microbiome and health 

conditions in the captive elephant population.  

The North American elephant population could benefit from understanding if 

their gut microbiome is connected to persisting health conditions in captivity. Here, I 

used fecal samples from African and Asian elephants across North American zoos to (i) 

quantify the role of host species and zoo facility on the elephant gut microbiome, (ii) 

assess the link between gut microbiomes and health variables (reproductive cycling 

status, gastrointestinal issues, body condition scores, age, fecal glucocorticoid 

metabolites), and (iii) identify bacterial taxa in the gut microbiome that are associated 

with reproductive issues as well as reproductive (progestagen, prolactin, luteinizing 

hormone, follicle-stimulating hormone) and metabolic (thyroid stimulating hormone, 

triiodothyronine, thyroxine, serum cortisol, and fecal glucocorticoid metabolite) hormone 

concentrations.  
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METHODS 

Ethics Statement 

This research was approved by the management at each participating institution, 

and where applicable, was reviewed and approved by zoo research committees. In 

addition, the study protocol was reviewed and approved by the Smithsonian National Zoo 

(NZP-ACUC #11/10). 

 

Data Collection 

To assess the associations between the elephant gut microbiome and reproductive, 

metabolic, and health status, I leveraged fecal and serum samples and health records from 

a large multi-institutional Elephant Welfare Study (EWS) conducted across North 

American zoos in 2012 (Brown et al., 2016; Brown et al., 2019; Edwards et al., 2019; 

Krcmarik et al., 2020; Morfeld et al., 2016; Prado et al., 2020). I included a total of 117 

elephants (69 African, 48 Asian) from the original EWS housed across 50 North 

American zoos in 2012. In the EWS, blood and fecal samples were collected bi-weekly 

during the study period. Blood samples were collected without anesthesia from either an 

ear or leg vein. The protocol requested blood draws to occur before 12 noon. Blood was 

allowed to clot at room temperature, centrifuged (~1500 g) and the serum stored frozen at 

-20˚C or colder until analysis (Brown et al., 2016). Fecal samples were collected by 

keepers fresh from the ground in the morning within 2 hours of defecation, mixed to 

obtain homogeneity, and then 5–10 subaliquots (~50 – 100 g) placed into Whirlpak1 

plastic bags, and frozen (-20˚C) immediately (Brown et al., 2019). I leveraged hormone 
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data from serum and fecal samples, reproductive status, clinical data, and body condition 

scores previously collected and assessed during the EWS. I conducted a pilot study to 

support the use of lyophilized fecal samples for microbiome analysis. 

Serum Hormone Data 

Serum and fecal samples were collected in 2012 for the EWS and sent to the 

Endocrinology Research Laboratory at the Smithsonian Conservation Biology Institute 

Center for Species Survival (SCBI-CSS) where hormone analyses were performed. 

Serum samples were shipped on dry ice and permanently stored at -20C until analyzed. 

Fecal samples were lyophilized (Labconco, Kansas City, MO) and stored frozen at -20C 

until analyzed (Brown et al., 2019).  Serum samples were used to quantify concentrations 

of reproductive (progestogens, prolactin, luteinizing hormone (LH) , follicle stimulating 

hormone (FSH)) (Brown et al., 2016), and metabolic (serum cortisol and thyroid 

hormones) hormones (Krcmarik et al., 2020; Prado et al., 2020). Fecal samples were used 

to quantify glucocorticoid metabolites (FGM) (Brown et al., 2019). For each elephant 

included in my study I used a yearly average of  the following hormones to test 

associations to specific bacterial taxa: progestogens, prolactin, LH, FSH, thyroid 

hormones, cortisol, and fecal glucocorticoid metabolites. I used the FGM concentration 

corresponding to the day of the microbiome sample when assessing the gut microbiome 

relationship with health variables. 

Determination of Cyclicity 

Elephants were previously categorized as cyclic and acyclic based upon 

progestogen profiles by the SCBI-CSS endocrine lab for the EWS (Brown et al., 2016). 
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Briefly, progestagen profiles were used to categorize the ovarian cycle status of each 

elephant as follows: normal cycling (regular 13- to 17-week progestogen cycles), or 

acyclic (baseline progestogens, <0.1 ng/ml, throughout) (Brown et al. 2004; Glaeser et al. 

2012). Representative profiles for cycling and acyclic female elephants are shown in 

Figure S1. I used cyclicity status as a categorical variable when assessing health and the 

gut microbiome. 

Clinical Data and Body Condition Scores 

During the EWS, twelve consecutive months of medical records were requested 

for each elephant to coincide with the collection of fecal and serum samples (Edwards et 

al., 2019). Records were examined and clinical events were defined based on records 

documenting clinical sign and/or treatment by K.Edwards (Edwards et al., 2019; Mikota 

et al., 1994;). Events were categorized into types and subtypes as described by Edwards 

et al., (2019). Additionally, each clinical event was given a score of one; recurrent events 

were counted individually if they were noted to have resolved and recurred (Edwards et 

al., 2019). The top clinical issues were gastrointestinal issues (GI), skin lesions, and 

lameness/stiffness (Edwards et al., 2019). I specifically used GI when assessing top 

health issues with the gut microbiome. I categorized GI clinical issues as either present or 

absent during the study year. 

Body Condition Scores (BCS) were used to assess obesity in captive elephants. 

Elephants were assigned a BCS (1 = thinnest; 5 = fattest) from standardized photographs 

for each elephant (Morfeld et al., 2016). Briefly, zoos were provided a photographic 

guide containing detailed instructions on how to obtain three standardized photos for each 
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elephant for visual body condition assessment. Elephants with complete and accurate sets 

of photographs were included in the analysis and all photographs were anonymized and 

scored by K. Morfeld. BCS assessment involved evaluating three key body regions (ribs, 

pelvic bone, and backbone) for evidence of fat deposition and using the species-specific 

index to assign an overall score of 1-5 based on physical criteria. I used BCS as a 

categorical variable when I assessed health and the gut microbiome of elephants. 

Effect of lyophilization on fecal microbial communities 

In order to use lyophilized fecal samples from the EWS study, I conducted a pilot 

study at the Smithsonian National Zoo to access the effects of lyophilization and time 

until freezing on gut microbiome samples compared to fresh fecal samples (see 

supplementary information). I assessed differences in the gut microbiome among seven 

Asian elephants in which fecal samples were collected (i) fresh, (ii) fresh then 

lyophilized, (iii) 6 hours after defecation then lyophilized, and (iv) 10 hours after 

defecation then lyophilized. I concluded individual elephants can be identified through 

their fecal microbiome profiles even when using lyophilized samples. This ultimately 

provided support for us to use the EWS samples (see results). This conclusion is further 

supported by a study by Blekhman et al., (2016), who also found individual signature 

remained in lyophilized fecal samples. 

Microbiome Sample Selection 

I examined the fecal microbiome of 69 African elephants and 48 Asian elephants 

from a total of 50 facilities (Table 1). I selected elephants and particular samples from 

EWS based on the following criteria: (i) only female elephants were chosen, (ii) 
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elephants deceased or transferred within the study window were excluded, (iii) 

individuals without body condition score analysis or clinical health data were excluded, 

(iv) elephants were included if decidedly cycling or acyclic (i.e., no pregnant, lactating, 

or irregular cycling elephants were included), (v) only adult elephants above the age of 

22 (aged 22 – 52) were included, and (vi) all fecal samples were chosen within 6 weeks 

of each other from 6/17/2012 – 7/28/2012.   

 

Molecular Methods and Sequencing  

I extracted DNA from 0.05 g of lyophilized fecal samples using QIAamp 

PowerFecal DNA Kit (Qiagen, UK) following manufacture’s protocol. The guidelines for 

using 0.25 g of sample was reduced to 0.05 g due sample lyophilization (Blekhman et al., 

2016). A  negative control was included in each set of extractions (batch size: 18- 36 

samples extracted at once). The 16S rRNA gene was targeted with primers, amplified and 

sequenced to identify bacteria in fecal samples. I used forward primer 515F-Y and 

reverse primer 939R to amplify the V3-V5 region of the 16S rRNA gene (Supplementary 

Table 1, Muletz-Wolz et al., 2017; Parada et al., 2016). I performed PCR in 25-ul 

reactions using 12.5 μL of 2X KAPA HiFiHotStart ReadyMix (Kapa Biosystems, USA), 

0.75 μL of forward and reverse primers at 0.3 uM concentration, 1 μL of BSA at 

20mg/μL, and 2 μL of DNA. I amplified each sample in duplicate and included a 

negative control with each set of PCR reactions. PCR conditions were: 95 C for three 

minutes, followed 25 cycles of 98 C for 20 seconds, 62 C for 15 seconds, 72 C for 15 

seconds, and a final extension (72 C for one minute). I ran a 1.5% agarose gel 
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electrophoresis to confirm DNA amplification. I performed post-PCR clean-ups using 

Speed-beads (in a PEG/NaCl buffer) (Rohland & Reich 2012).  

 I added specific i5 and i7 primers to each sample to conduct dual-indexing and to  

identify individual elephants post sequencing. I ran 10 cycles of index PCR using 25 μL 

reactions with 4.5 μL of Milli-Q water, 12.5 μL of Kapa HiFi HotStart ReadyMix (Kapa 

Biosystems, USA), 3 μL of i5 and i7 primers, and 2 μL of DNA. PCR conditions were: 

95C for three minutes, 98C for 20 seconds, 62C for 15 seconds, and 72C for 15 

seconds, and a final extension (72C for one minute). I cleaned post - PCR product using 

Speed-beads (in a PEG/NaCl buffer) (Rohland & Reich 2012). A 1.5% agarose gel 

electrophoresis was run to estimate the final amplicon size.  

 I quantified DNA concentration using Qubit 4 Fluorometric Quantification 

(InvitrogenThermoFisher Scientific, USA), and pooled samples in equimolar amounts. I 

included a Zymobiomics microbial community DNA standard (Zymo, USA) in pooling 

as a positive control. I used E-gel Size Select 2 (Invitrogen ThermoFisher, USA) to select 

for desired amplicon size, and confirmed the average amplicon size of 578 base pairs 

using Tape Station 4200 (Agilent, USA). I performed two MiSeq runs (2 x 300bp) on an 

Illumina MiSeq at the Center for Conservation Genomics, Smithsonian National 

Zoological Park.  

 

Sequence data processing 

All data analysis was conducted in RStudio (v 1.1.463) for R (v3.5.2). I combined 

two sequencing runs to achieve optimal sequencing depth following DADA2 (v1.13.1) 
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workflow for Big Data. I used DADA2 to quality filter data and identify unique bacterial 

taxa referred to as amplicon sequence variants (ASVs; Callahan et al., 2016, Callahan et 

al., 2017). I assigned taxonomy using Ribosomal Database Project classifier (RDP; Wang 

et al., 2007). I built a phylogenetic tree using FastTree (Price et al., 2009) from ASVs 

using QIIME2 (Bolyen et al., 2018). I exported ASVs, the taxonomy table, and the meta 

data to be used in the phyloseq package for further analysis (McMurdie and Holmes 

2013). I used the Decontam package (v1.1.2) to filter contaminates using the combined 

method which assessed frequency and prevalence of DNA (Davis et al., 2018). I filtered 

to remove singletons, ASVs not classified as Bacteria, and ASVs classified as 

Cyanobacteria. 

 

Data analysis 

Data overview 

I had the following specific questions – (i) how does the microbiome differ by 

species and zoo facility, (ii) are health variables connected to the gut microbiome of 

elephants (reproductive status, gastrointestinal issues, body condition scores, age, fecal 

glucocorticoid metabolites), and (iii) are there specific bacteria taxa associated with 

reproductive status and reproductive and metabolic hormone concentrations.  

Microbiome composition by species and zoo facility 

I first characterized the overall taxonomic patterns of the fecal microbiome of 

African (n = 69) and Asian (n = 48) elephants. To present overall taxonomic patterns, I 

created a stacked bar plot to depict relative abundance of bacterial phyla in both African 
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and Asian elephants. I assessed the core microbiome by identifying ASVs consistently 

present in the gut microbiome of African and Asian elephants (in >80% of samples).  

Next, I tested if alpha and beta diversity differed between species and among 

zoos. For alpha diversity, I chose to use bacterial ASV richness and Phylogenetic 

Diversity (PD) as metrics for alpha diversity (diversity within a single community). 

Bacterial ASV richness is the number of bacterial taxa in the community. Faith’s PD 

assesses the number of tree branch lengths found in a sample (Faith, 1992). To calculate 

Faith’s PD, I measured tree branch length with R package picante using the function ‘pd’ 

to assign each elephant a phylogenetic diversity score. I used ANOVA to test bacterial 

ASV richness and phylogenetic diversity as the response variable and species and zoo as 

the explanatory variables. For beta diversity, I used Bray-Curtis (abundance-weighted), 

Jaccard (presence-absence), and unweighted UniFrac (presence-absence phylogenetic 

distance) to measure differences in community composition between species and among 

zoos. Prior to conducting Bray-Curtis analyses, I performed proportion normalization on 

the raw sequence counts to correct for biases associated with unequal sequencing depth 

on this abundance-weighted metric (McMurdie & Holmes, 2014; Weiss et al., 2017). 

Variation was minimal (5x difference in sequencing depth), so all other alpha and beta 

diversity metrics should be minimally impacted by sequence coverage (Figure S2, 

McMurdie & Holmes 2014; Weiss et al., 2017). I used PERMANOVA (adonis function; 

vegan package) to test the beta diversity measures as the response and species and zoo as 

the explanatory variables.   
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Finally, I subset to only zoos that co-housed both species to quantify the effect of 

species, zoo and their interaction on the fecal microbiome. I had four zoo facilities co-

housing African and Asian elephants together (total sample size: African n = 5; Asian n = 

7). I assessed differences in alpha diversity (species richness and phylogenetic diversity) 

using ANOVA with the alpha diversity metric as the response and species, zoo, and their 

interaction as explanatory variables. I assessed differences in beta diversity (Bray-Curtis, 

Jaccard, UniFrac) using PERMANOVA with the beta diversity measure as the response 

and species, zoo, and their interaction as explanatory variables. I extracted R2 values for 

explanatory variables from the PERMANOVA model results.  

Relationship between microbiome community and reproductive status, gastrointestinal 

issues, obesity, age, and fecal glucocorticoid metabolites  

I determined if health variables were linked to the gut microbiome of African and 

Asian elephants (Table 1). I analyzed African and Asian elephants separately due to 

microbial community differences, physiological differences, and species-specific health 

concerns such as reproductive cycling (Brown et al., 2016). I used reproductive status, 

gastrointestinal issues, body condition scores, age, and fecal glucocorticoid metabolites 

concentrations as explanatory variables in our analyses of alpha and beta diversity. I used 

the fecal glucocorticoid metabolite concentration that corresponded with the day of the 

fecal microbiome sample. I choose these variables because they represent health issues of 

concern in captivity and are important to understanding the life stage and wellbeing of 

elephants. I used a linear mixed model (lmer function; lme4 package) for African 

elephants and a Bayesian linear mixed model (blmer function; blme package) for Asian 
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elephants to test alpha diversity measures (bacterial ASV richness and phylogenetic 

diversity) as the response variable and the health variables as explanatory variables with 

zoo facility as a random effect to account for environmental variation (Chung et al., 

2013). Any significant explanatory health variables were visualized with the response 

variables in a linear regression. I used Bayesian linear mixed models to test alpha 

diversity measures in Asian elephants because the liner mixed model had a singular fit 

due to too low sample numbers per zoo when zoo was held as a random effect. I used 

Anova function in ‘car’ package to calculate Type II Wald Chi-square test (Fox and 

Weisburg, 2019) to determine the significance of the explanatory variables. I assessed 

differences in community composition using beta diversity measures (Bray-Curtis, 

Jaccard’s, UniFrac) as response variables in three separate PERMANOVAs, with health 

variables as explanatory variables, and accounted for the effect of zoo by constraining 

permutations (adonis2 function: strata equal to zoo facility; vegan package). I visualized 

the relationship between significant explanatory health variables by plotting Bray-Curtis 

PCoA Axis 1 or 2 against the explanatory variable. 

Relationship between specific gut bacteria, reproductive status, and hormones  

In African and Asian elephants, I used linear discriminant analysis effect size 

(LEfSe) and indicator species analysis to identify specific bacterial ASVs that differ in 

relative abundance between cycling and non-cycling elephants (tested separately for each 

host species). I was interested in a connection between the gut microbiome and 

reproductive cycling as the lack of a normal reproductive cycle threatens the persistence 

of a captive population. Linear discriminant analysis effect size (LEfSe) uses the 
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Kruskall-Wallis test to identify genera differences between groups and compare 

abundance patterns to assess significant variations between groups (Segata et al., 2011). I 

filtered out genera with an average relative abundance of less than 0.001 prior to running 

LEfSe to eliminate low abundance genera from our results (after filtering African n = 222 

ASVs; Asian n = 216 ASVs). With the same filtered relative abundance dataset, I used 

indicator species analysis (multipatt function; indicspecies package) to identify ASVs 

associated with different reproductive statuses (Cáceres & Legendre, 2009; Cáceres et al., 

2010). Any ASVs identified by either of these methods was tested for correlations with 

yearly averages of reproductive and stress hormones: progesterone, serum cortisol, 

prolactin, luteinizing hormone, follicle-stimulating hormone, total thyroxine, total 

triiodothyronine, free thyroxine, thyroid stimulating hormone, and fecal glucocorticoid 

metabolites (Table 2). Yearly averages were chosen to be consistent across all hormones 

selected for this analysis, as many hormones concentrations were assessed once a month 

in the Elephant Welfare study and could not be consistently matched to the date of the 

fecal sample used in microbiome analysis. Pearson’s correlation coefficient was used to 

test the strength of association between the relative abundance of each ASV with each 

hormone and p-values were corrected for multiple comparisons using Benjamin and 

Hochberg (taxa.env.correlation function; microbiomeSeq package). 
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RESULTS 

Effect of lyophilization on fecal microbial communities 

I found in the pilot study that lyophilized samples, regardless of time until 

processing, did not dramatically differ from fresh samples in microbiome diversity 

patterns. When samples are grouped by individual elephants, fresh samples and 

lyophilized samples generally had similar alpha diversity: (i) bacterial ASV richness was 

similar among samples, except that collection at 6 hours and then lyophilized (LYO_6) 

had greater species richness than fresh samples (EMM p = 0.028), and (ii) phylogenetic 

diversity was similar among all sample types (Figure S3 & S4; ANOVA model 

comparison p >0.05). Fresh samples and lyophilized samples did not differ from one 

another in bacterial composition (beta diversity: PERMANOVA Bray-Curtis, Jaccard’s, 

and UniFrac p > 0.05), and explained a small percentage of the variation in composition 

(7.6%, 8.4% and 9.3%, Bray-Curtis, Jaccard’s, and UniFrac respectively); individual 

identity was retained in all sample types, regardless of sample processing. Fecal bacterial 

composition differed among individuals (Figure 1; PERMANOVA Bray-Curtis, 

Jaccard’s, and UniFrac p = 0.001), with individual identity explaining 78.6%, 58%, and 

53.3% of compositional variation respectively. I concluded individual identity remained 

in lyophilized fecal samples and provided support for us to use the EWS samples. This 

conclusion is further supported by a study by Blekhman et al., (2016), who also found 

individual signature remained in lyophilized fecal samples. 
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Taxonomic patterns and core microbiome 

After filtering, I had a total of 2,875,591 high quality bacterial sequences from 

117 elephant samples (69 = African, 48 = Asian). There was an average of 24,478 

sequences per sample (range of 13,966 – 67,234 sequences). I detected a total of 6,781 

ASVs from 15 bacterial phyla. There were four dominant phyla across both African and 

Asian elephants (Figure 2; African: Bacteroidetes: 41.30% mean relative abundance, n = 

1136 ASVs; Firmicutes: 34.64%, n = 2816 ASVs; Spirochaetes: 9.02% n = 316 ASVs; 

Verrucomicrobia: 7.16%, n = 403 ASVs; Asian: Bacteroidetes: 36.18%, n = 811 ASVs; 

Firmicutes 35.59%, n = 2169; Spirochaetes: 10.93%, n = 220 ASVs, Verrucomicrobia: 

8.33%, n = 347 ASVs). I found seven ASVs that made up the core African gut 

microbiome and 32 ASVs that made up the core Asian gut microbiome (present in >80% 

samples; tables S2 and S3). Most bacterial ASVs in the core microbiome were unique to 

each elephant species, expect for three core ASVs were shared by both elephant species: 

Treponema sp., Faecalitalea sp., and Bulliedia sp.  

Host species and zoo facility influence microbiome composition 

I found strong relationships between elephant species and zoo facilities on the gut 

microbiome. Asian elephants had greater bacterial ASV richness and phylogenetic 

diversity than African elephants (Figure 3; square root transformed bacterial ASV 

richness ANOVA F1,66 = 48.49, p < 0.001; phylogenetic diversity ANOVA F1,66 = 35.51, 

p < 0.001). Zoos also varied in bacterial ASV richness and phylogenetic diversity (Figure 

4; square root transformed bacterial ASV richness ANOVA F49,66 = 2.58, p < 0.001; 

phylogenetic diversity ANOVA F49,66 = 2.81, p < 0.001). I found distinct gut microbiome 
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compositions between host species (Figure 5; PERMANOVA Bray-Curtis Pseudo F1,66 = 

27.36, R2 = 10.21%, p = 0.001; Jaccard’s Pseudo F1,66  = 16.16, R2 = 7.77%, p = 0.001; 

UniFrac Pseudo F1,66  = 21.42, R2 = 9.52%, p = 0.001) and by zoo (PERMANOVA Bray-

Curtis Pseudo F49,66 = 3.56 , R2 = 65.15 %, p = 0.001; Jaccard’s Pseudo F49,66  = 2.57, R2 

= 60.50%, p = 0.001; UniFrac Pseudo F49,66  = 2.81, R2 = 61.15%, p = 0.001). I found zoo 

facility greatly influenced the gut microbiome and explained 65.15%, 60.50%, 61.15%, 

of the variance in gut microbial community composition compared to 10.21%, 7.77%, 

and 9.52% explained by host species (Figures 6 – 7).  

Because zoo had such a strong effect, I subset the data to four zoo facilities that 

co-housed both African (n = 5) and Asian (n =7) elephants to test the effects of host 

species and zoo facility. I found no effect of zoo, host species, or their interaction on 

bacterial ASV richness or phylogenetic diversity; African and Asian elephants co-housed 

at the four zoos had similar bacterial ASV richness and phylogenetic diversity (ANOVA 

bacterial ASV richness p > 0.05; phylogenetic diversity p > 0.05). I found that elephant 

species differed in microbiome composition, but it depended on the zoo (Figures 8 - 9; 

PERMANOVA, zoo by species interaction: Bray-Curtis Pseudo F3,4 = 1.63, R2 = 23.6%, 

p = 0.022; Jaccard Pseudo F3,4 = 1.32 ,R2 = 23.8% , p = 0.041; UniFrac Pseudo F3,4 = 

1.43, R2 = 24.2%, p = 0.025). Zoo facility explained most of the variation in community 

composition accounting for 42.8%, 40.6%, and 41.4% while species accounted for 

14.3%, 11.6%, and 12.2%, and species by zoo interaction accounted for 23.6%, 23.8%, 

and 24.2%.  
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Relationship between microbiome community and reproductive status, gastrointestinal 

issues, obesity, age, and fecal glucocorticoid metabolites  

I found most health metrics were not linked to the African gut microbiome, 

however older elephants had higher bacterial phylogenetic diversity and gut microbial 

composition was influenced by age. I found bacterial ASV richness was similar across 

elephants, regardless of reproductive status, gastrointestinal issues, obesity, age, and fecal 

glucocorticoid metabolite concentration (reciprocal transformed response, Table S4; 

LMM, Wald X2 p > 0.05). I found phylogenetic diversity was higher in older individuals 

(Figure 10; Table S4; LMM: Age Wald X2
(1, n=69) = 4.94; p = 0.026), but remained similar 

across all health categories (reproductive status, gastrointestinal issues, obesity, and fecal 

glucocorticoid metabolites; Table S4). Health measures were not linked to microbiome 

composition, except for age (PERMANOVA ; Age Bray-Curtis Pseudo F1,62 = 1.80, R2= 

2.6%, p = 0.003; Jaccard’s Pseudo F1,62 = 1.58 , R2= 2.3% , p = 0.004; UniFrac Pseudo 

F1,62 = 1.88, R2= 2.7%, p=0.002). Age explained 2.6%, 2.3%, and 2.7%, of variance in 

African gut microbiome. I found Bray-Curtis PCoA axis 1 displays the effect of age on 

the African gut microbiome community (Figure 11).  

Most health metrics were not linked to the Asian elephant gut microbiome, except 

age and fecal glucocorticoid metabolite concentrations; older elephants had lower 

bacterial phylogenetic diversity (Table S5, Figure 12) and differences in gut microbiome 

composition was related to fecal glucocorticoid metabolite concentration (Figure 13). I 

found that the bacterial ASV richness was similar among all elephants, regardless of 

reproductive status, gastrointestinal issues, obesity, age, and fecal glucocorticoid 
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metabolite concentration using (Table S5, Bayesian LMM: Wald X2
 p > 0.05). I found 

that phylogenetic diversity was lower in older Asian elephants (Figure 13; Table S5; 

Bayesian LMM: Age Wald X2
(1, n=48) = 4.17,  p = 0.0412), but remained similar among 

reproductive status, gastrointestinal issues, obesity, and fecal glucocorticoid metabolite 

concentrations. Health measures were not linked to the Asian elephant gut microbiome 

composition, except for fecal glucocorticoid metabolite concentrations (PERMANOVA 

fecal glucocorticoid metabolites Bray-Curtis Pseudo F1,39 = 1.63, R2 = 3.4%, p = 0.003; 

Jaccard’s Pseudo F1,39 = 1.28, R2 = 2.7%, p = 0.013; UniFrac Pseudo F1,39 = 1.39, R2 = 

2.9%, p = 0.011). Fecal glucocorticoid metabolite concentrations explained 3.4%, 2.7% 

and 2.9% of ASV variance in Asian elephant gut microbiome compositions. The effect of 

fecal glucocorticoid metabolite concentrations on the Asian gut microbial community can 

be visualized from PCoA axis 2 (Figure 13).  

Relationship between specific gut bacteria, reproductive status, and hormones 

African elephants 

A total of 16 indicator bacterial ASVs associated with reproductive cycling and 

non-cycling status in African elephants (cyclers n = 36; non-cyclers n = 33). Using 

LEfSe, I found two bacterial ASVs more abundant in cycling African elephants and nine 

ASVs more abundant in non-cycling African elephants using (Fig 14; Figure S5-S6). 

Using indicator species analysis, I found four bacterial ASVs more abundant in cycling 

and four ASVs more abundant in non-cycling African elephants (Table S6). I found three 

ASV that were identified using both LEfSe and indicator species analysis (ASV 33 

Prevotella sp. and ASV 105 Family Lachnospiraceae sp. in cyclers and ASV 19 
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Anaerocella sp. in non-cyclers). I found three specific ASVs associated with reproductive 

status that also correlated with endocrine hormone levels (Figure 15). In non-cycling 

African elephants, ASV 5 (Treponema sp.) negatively correlated with total 

triiodothyronine (total t3; p = 0.008, r = -0.60) and ASV 267 (Fibrobacter sp.) was 

positively correlated with average fecal glucocorticoid metabolite concentrations (FGM; 

p = 0.04, r = 0.53). In cycling African elephants, ASV 28 (Prevotella sp.) was positively 

correlated with free thyroxine (free t4; p = 0.001, r = 0.63).  

Asian elephants 

I found a total of 17 indicator bacterial ASVs between reproductive cycling and 

non-cycling status in Asian elephants (cyclers = 32; non-cyclers = 16). Using LEfSe, I 

found eight bacterial ASVs more abundant in cycling and eight ASVs more abundant in 

non-cycling Asian elephants (Figure 16; Figures S7-S8). Using indicator species analysis, 

I found one bacterial ASV more abundant in cycling Asian elephants (Table S7). There 

was no overlap in my findings between the two methods. I found two ASVs associated 

with reproductive status that also significantly correlated with endocrine hormone levels 

(Figure 17). In cycling Asian elephants ASV 160 (Parvibacter sp.) was positively 

correlated with total thyroxine (t4; p < 0.001, r = 0.59), and ASV 21 (Order Clostridiales) 

was positively correlated with luteinizing hormone (LH; p < 0.001, r = 0.62). I also found 

four nearly significant ASVs positively correlated with average fecal glucocorticoid 

metabolite concentrations. In cycling Asian elephants, ASV 41 (Order Bacteroidales sp.) 

and ASV 44 (Order Lachnospiraceae sp.) were positively correlated with average fecal 

glucocorticoid metabolite concentrations (FGM; p = 0.051, r = 0.50; p = 0.051, r = 0.49, 
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respectively). In non-cycling Asian elephants, ASV 40 (Verrucomicrobia Subdivision 5 

sp.) and ASV 144 (Treponemas sp.) are positively correlated with average fecal 

glucocorticoid metabolite concentrations (FGM; p = 0.051, r = 0.72; p = 0.053, r = 0.65, 

respectively). 

 

DISCUSSION 

Overall welfare of captive elephants and the persistence of a captive population 

depend on a better understanding of top health concerns in captivity. Microbiome therapy 

is a prospective mitigation tool to address health conditions, yet a better understanding of 

host species specific microbial communities is a necessary first step. I was interested in 

the relationship between the gut microbiome and top health conditions concerning 

captive elephant populations including reproductive cycling status, gastrointestinal issues, 

body condition scores, age, and fecal glucocorticoids, as well as the association between 

specific bacteria, reproduction status, and hormones. I found African and Asian elephant 

gut microbiomes are related to host species, zoo facility, age, and fecal glucocorticoid 

metabolite concentrations. I also found 16 and 17 bacterial taxa associated with 

reproductive status (cycling vs. non-cycling) for African and Asian elephants 

respectively, some of which correlate with hormone levels.  

I identified dominate bacterial phyla Bacteroidetes, Firmicutes, Spirochaetes, and 

Verrucomicrobia in the gut microbiome of both captive African and Asian elephants. 

Herbivores in general have Bacteroidetes, Firmicutes and Proteobacteria as dominant 

phyla (Ilmberger et al., 2014). I found very little Proteobacteria with an average relative 
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abundance of 0.95% in African and 1.15% in Asian elephants. Surveys of gut microbial 

communities across multiple host phylogenetic lineages, including elephants, have found 

microbial communities separate by diet (Delsuc et al., 2014; Kartizinel et al., 2019; 

Muegge, 2011; Nishida et al., 2018). For example, hindgut fermenters have similar gut 

microbial compositions despite being phylogenetically diverse (horses, rhinos, capybaras, 

hydraxes, and elephants) (Delsuc et al., 2014). Few studies have assessed the elephant gut 

microbiome specifically, and all lack a substantial sample size. Bacteroidetes, Firmicutes 

and Proteobacteria were the dominant phyla in a study investigating the Asian elephant 

gut microbiome of a 3-week-old male calf and a 6-year-old female in a Hamburg 

Germany zoo. The calf had higher proportions of Proteobacteria which the authors 

attributed to breast feeding (Ilmberger et al., 2014). However, Asian elephants in the 

Saint Louis zoo were dominated by Firmicutes, Bacteriodetes and Verrucomicrobia (Ley 

et al., 2008), similar to my findings. Additionally, Firmicutes dominated the gut 

microbiome of wild African elephants from Namibia with less Bacteroidetes and some 

Proteobacteria, Actinobacteria, and Verrucomicrobia. Proteobacteria dominated the gut 

microbiome of a 7-month-old African elephant from Namibia with reduced Firmicutes 

(Ley et al., 2008). Overall, our study found low relative abundance of Proteobacteria in 

the gut microbiome of African and Asian elephants, and more of Spirochaetes compared 

to other studies of elephants and hind gut fermenters.  

Though I found captive African and Asian elephants share similar bacterial phyla, 

the two host species share only three bacterial ASVs in their core microbiome (present in 

>80% of individuals). The core microbiome of African elephants consists of 7 ASVs 
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while the Asian core microbiome consists of 32 ASVs. African elephants also have lower 

bacterial ASV richness and phylogenetic diversity than Asian elephants. These findings 

may suggest the African elephant microbiome composition is more influenced by the 

captive environment compared to Asian elephants. However, a conclusion cannot be 

reached without a comparison to a large-scale study of wild African and Asian elephants 

to assess species differences. Yet, previous studies have found African elephants are 

more susceptible to social stressors in captivity compared to Asian elephants (Brown et 

al., 2019). Wild African elephants form more complex social groups, while Asians have 

smaller social groups, and less population connectivity (de Silva & Wittemyer, 2012). A 

survey of wild elephant gut microbiomes could put differences due to host species and 

changes due to captivity and health conditions into perspective.  

The host species and environment have a strong influence on the gut microbiome 

of wild and captive animals (Jia et al., 2018). I found host species and zoo facility 

strongly influenced the fecal microbiome composition. Host species explained 10.21% of 

ASV variation, while zoo explained 65.15% variation (Bray-Curtis PERMANOVA). In 

general, mammalian species can be identified by their resident gut microbial bacterial 

taxa, which I found to be the case in our study (Nishida et al., 2018). However, I found 

the zoo environment to be highly influential. I assessed zoo facilities with mixed elephant 

species to determine how important the zoo facility is when both elephant species are 

present. I found that elephant species differed in microbiome composition, but this 

depended on the zoo facility, indicating that the species effect is supported, but 

environment plays a strong role. The influence of the environment on the host gut 
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microbiome has been repeatedly demonstrated. For example, the geographic region can 

predict the gut microbiome composition in the wild western lowland gorillas (Gomez et 

al., 2015), Australian sea lions (Neophoca cinerea) (Delport et al., 2016), and Asiatic 

black bear (Ursus thibetanus) (Song et al., 2017). Human fecal microbiomes also differ 

across geography (Yatsunenko et al., 2012). In the case of captive elephants, there are 

many components contributing to the environment in zoo facilities. Zoos vary in housing 

structures, materials elephants are exposed to, how closely elephants are housed to other 

species, level of interaction with keepers, level of enrichment and exercise, diet and 

where food is sourced, climate and seasonal changes, and more. Environmental 

differences across zoos, especially the influence of diet, should be addressed in future 

studies to better understand the impact of zoo facility on the gut microbiome of captive 

African and Asian elephants. 

 Captivity introduces novel health conditions that keepers and management plans 

work to ameliorate. Reproductive status, gastrointestinal issues, body condition scores, 

age, and fecal glucocorticoid metabolites are all measures used to assess the health of 

captive elephants. I found the gut microbiome community was not related to reproductive 

status, gastrointestinal issues, or body condition scores in captive African or Asian 

elephants. This is in contrast to findings in other species such as the eastern black rhino 

where reproductive success influenced the microbiome composition (Antwis et al., 2019), 

the gut microbial composition differed between healthy horses and horses with colitis 

(Costa et al., 2012), and overweight and lean cats have different gut microbiomes (Kieler 

et at., 2016). My findings suggest overall gut microbial composition in elephants is not 
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associated to reproductive status, but specific bacteria are indicators of reproductive 

status. In other species, reproductive acyclicity has been tied to environmental conditions 

such as seasonal effects, as well as responses to nutritional deficiencies, stress, or 

hormone imbalances (Brown et al., 2004). Recent findings indicate enrichment diversity 

(exercise type and frequency) increase the chance of normal reproductive cycling for 

captive African elephants (Brown et al., 2016). The similarity of gut microbiomes across 

GI issues and body condition scores suggest other management tools should be used to 

address these conditions, such as further examination of diet and exercise in captive 

facilities. In light of the significant effect of zoo facility on the elephant gut microbiome, 

the environmental components of zoos including diet, exercise, and enrichment need to 

be further studied and addressed in relation to reproductive status, GI health, and obesity. 

The gut microbiome is influenced by age, yet alterations to the microbial 

community are not consistent across species or across different human populations (Biagi 

et al., 2010; Buford et al., 2017; Jia et al., 2018; Jefferey et al., 2016). I found 

phylogenetic diversity positively correlated with older age in African elephants, yet 

negatively correlated with age in Asian elephants. Given African and Asian elephants are 

different species, it is reasonable to observe different trends between the gut microbiome 

and host species. The effects of age have been documented in other species and human 

studies. Adult northern white-cheeked gibbons have greater species richness and diversity 

than juveniles and young gibbons (Jia et al., 2018). Human studies have linked age to the 

gut microbiome, but the effects are not always consistent. Jefferey et al., (2016) found 

elderly populations have distinct gut microbial communities and greater variability in 
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their gut microbiota. Biagi et al., (2010) did not find differences in overall composition 

between centenarians (>100 years old) and young individuals, but did observe lower 

species diversity in centenarians. Age often comes with increased inflammation, an 

altered diet, and lifestyle changes (Buford et al., 2017). Changes in the gut microbiome 

with age likely reflect these lifestyle changes. The degree of antibiotic use in elderly 

populations also likely contributes to gut microbiome differences (Biagi et al., 2010). 

African and Asian elephants experience an increased occurrence of clinical events with 

age (Edwards et al., 2019) Such age-related effects may explain the different trends in 

bacterial phylogenetic diversity observed in aging African and Asian elephants gut 

microbial communities. 

Stress and the gut microbiota are in communication with one another via the gut-

brain axis, yet the mechanism is not well understood (Cryan et al., 2019, Rea et al., 

2016). The influence of stress on the gut microbiota has been demonstrated in model 

species, but recent studies have assessed FGM and the gut microbiome of wild and 

captive animals (Antwis et al., 2019; Bailey et al., 2011; Vlčková et al., 2018). I found 

FGM was linked to Asian elephant gut microbial community composition and explained 

2.3% ASV variation (Bray-Curtis PERMANOVA). In gorillas, FGM did not significantly 

influence the microbial composition, but the relative abundance of specific bacterial taxa 

correlated to FGM (Vlčková et al., 2018). Similarly, the relative abundance of specific 

bacterial taxa correlated to FGM in captive rhinos (Antwis et al., 2019). I found FGM did 

explain variation in the gut microbiome composition, as well as positively correlate with 

four different indicator ASVs in the Asian elephant gut microbiome. The positive 
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correlation between indicator taxa and average FGM build on other studies demonstrating 

a link between specific bacterial taxa and stress in wildlife. Our results provide evidence 

of a relationship between FGM and specific bacteria in the Asian elephant gut 

microbiome composition. 

 The lack of a normal reproductive cycle, or acyclicity, is a threat to a sustainable 

captive elephant population. Understanding the relationship between specific bacterial 

taxa and reproductive status provides a new perspective to mediate or detect acyclicity. 

Acyclicity is a greater concern in female African elephants with 37.9% of the captive 

population acyclic and 22.5% of Asian elephants (Brown et al., 2016). I did not find 

differences in reproductive status using alpha and beta diversity measures, but found 16 

bacterial ASVs in African elephants and 17 ASVs in Asian elephants representative of 

reproductive status. In African reproductive cyclers, ASV 105 (family Lachnospiraceae 

sp.) was one of the strongest indicators of reproductive cycling. The Lachnospiraceae 

family has been associated to the maintenance of gut health in humans (Biddle et al., 

2013). Members of the Lachnospiraceae family are plant degraders and produce short 

chain fatty acids used by other microbes and by the host in epithelial production (Biddle 

et al., 2013; Meehan & Beiko, 2014; Biddle et al., 2013). They are also recognized for 

their ability to resist or remedy Clostridium difficile infections (Biddle et al., 2013; 

Meehan & Beiko, 2014; Reeves et al., 2012). ASV 105 in family Lachnospiraceae 

indicates reproductive cyclicity in African elephants, however not all ASVs within 

Lachnospiraceae have a positive effect on African reproductive cycling. ASV 220 is also 

a part of the Lachnospiracae family and is positively associated with acyclic elephants. 
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More research is necessary to quantify the relationship between these ASVs and 

reproductive status.  

Specific bacterial taxa were identified in relation to reproductive cyclicity and 

found to correlate with metabolic hormones. For instance, I found ASV5 (Treponema sp.) 

in non-cycling African elephants negatively correlated with total triiodothyronine (tot t3), 

while ASV 144 (Treponema sp.) in non-cycling Asian elephants positively correlated 

with FGM. Some species in genus Treponema are pathogenic in humans and rabbits  

(Šmajs et al., 2012), and proteins belonging to genus Treponema have been identified to 

mimic the structure of thyroid regulatory molecules (Benvenga and Guarneri, 2016). 

Triiodothyronine (thyroid hormone) and FGM are important in metabolism (Jimeno et 

al., 2018; McAninch & Bianco, 2014) and gut bacteria influence metabolism through 

breakdown of carbohydrates and production of metabolites including short chain fatty 

acids, acetate, propionate, and butyrate (Martin et al., 2019). My findings provide 

evidence of a potential relationship between specific bacteria and metabolic hormones 

triiodothyronine and FGM. 

Captive populations experience numerous stressors and could benefit from 

microbial therapy, including dietary changes or probiotics (Morgan & Tromborg, 2007, 

Song et al., 2019; West et al., 2019). Further studies should incorporate the influence of 

diet on the elephant gut microbiome and reproductive status and could be conducted 

longitudinally to monitor diet change. Though I benefited from having a large sample 

size across North America, a study of fewer zoos with more individuals at each zoo could 

help analyze specific environmental effects such as enrichment, housing structure, and 
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diet. Understanding the gut microbiome of captive animals builds our knowledge base of 

how to care for species. In the case of elephants, a large-scale wild microbiome study 

should be conducted to help understand species differences in captivity and the effects of 

co-housing. The captive elephant population may benefit from additional work to 

understand the specifics of the gut microbiome in relation to diet, environmental 

conditions, and reproductive and metabolic hormones.  
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TABLES & FIGURES 

Table 1. Overview of health variables in captive African and Asian elephants. 

 

Health Variable  African (n=69) Asian (n= 48) 

Cyclicity Status 

Categorical yes or no; 

based upon progestogen 

profile (Brown et al., 

2016) 

Y: 36 

N: 33 

Y: 32 

N: 16 

Gastrointestinal 

(GI) issues 

Categorical yes or no: 

occurrence of colic, 

bloat, or abnormal feces 

recorded in study year 

(Edwards et al., 2019) 

Y: 38 

N: 31 

Y: 13 

N: 35 

Body Condition 

Score (BCS) 

Categorical 1-5  

(Morfeld et al., 2016) 

BCS 1: 0 

BCS 2: 0 

BCS 3: 5 

BCS 4: 32 

BCS 5: 32 

BCS 1: 2 

BCS 2: 2 

BCS 3: 6 

BCS 4: 9 

BCS 5: 29 

Age Continuous 

Range: 26 - 52 

Median: 33 

Mean: 34.2 

Range: 22 - 52 

Median: 42 

Mean: 40.7 

Fecal 

Glucocorticoid 

metabolites 

(FGM) 

Continuous 

Range: 21 - 250 ng/g; 

Median: 86.0 ng/g 

Mean: 97.2 ng/g 

Range: 20.9 - 328 ng/g 

Median: 102 ng/g 

Mean: 122 ng/g 

Zoo Categorical 30 zoos 25 zoos 
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Table 2. Overview of reproductive and metabolic hormones included in study 

Hormone Abrev. & unit Function 

Progesterone P4 (ng/ml) 

Produced in corpora lutea of ovary, 

involved in pregnancy and menstrual 

cycle, concentrations increase after 

ovulation (Senger 2005) 

Cortisol & Glucocorticoids 

 Serum Cortisol 

 Fecal Glucocorticoid 

Metabolites 

Cort (ng/ml) 

Fecal.cort (ng/g) 

Produced in adrenal cortex; functions in 

metabolism, induces glucose synthesis 

(Jimeno et al., 2018) 

Prolactin PRL (ng/ml) 

Produced in anterior pituitary, promotes 

lactation, involved in normal follicular 

function (Prado-Oviedo et al., 2013) 

Luteinizing Hormone LH (ng/ml) 

Produced in anterior pituitary, initiates 

ovulation, develops and maintains corpus 

luteum (Senger 2005) 

Follicle-Stimulating 

Hormone 
FSH (ng/ml) 

Produced in anterior pituitary, promotes 

follicular development (Senger 2005) 

Thyroid Stimulating 

Hormone 
TSH (ng/ml) 

Produced in anterior pituitary, regulates 

production of t3 and t4. 

Thyroid hormones: 

 Total 

Triiodothyronine 

 Total Thyroxine 

 Free Thyroxine 

 

Tot t3 (ng/dl) 

Tot t4 (µg/dl) 

Free t4 (ng/dl) 

Produced in thyroid gland; monitors 

metabolic rate, homeostasis, protein 

synthesis, and growth. T3 and T4 activated 

by TSH. (McAnich & Bianco 2014, 

Senger 2005) 
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Figure 1. Microbial community identity remained across sample types. 

No significant differences across sample types supported the use of lyophilized samples 

in microbiome analysis (PERMANOVA Bray-Curtis p > 0.05). 
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Figure 2. Stacked bar depicting relative abundance of bacteria phyla in elephant 

species. 

Stacked bar plot depicting relative abundance of bacterial phyla in African (n=69) and 

Asian (n=48) elephants. Phyla with an average relative abundance <1% grouped together. 

 



44 

 

 
Figure 3. Box plot of bacterial ASV richness and phylogenetic diversity between 

host species. 

Asian elephants (n = 48) had greater bacterial ASV richness and phylogenetic diversity 

than African elephants (n = 69) (square root transformed bacterial ASV richness ANOVA 

F1,66 = 48.49, p < 0.001; phylogenetic diversity ANOVA F1,66 = 35.51, p < 0.001). 
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Figure 4. Box plot of bacterial ASV richness and phylogenetic diversity between 

zoos. 

Bacterial ASV richness and phylogenetic diversity vary across zoos in both African (n = 

69) and Asian (n = 48) elephants (square root transformed bacterial ASV richness 

ANOVA F49,66 = 2.58, p < 0.001; phylogenetic diversity ANOVA F49,66 = 2.81, p < 

0.001). 
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Figure 5. Bray Curtis PCoA comparing African and Asian gut microbiome 

compositions 

African (n = 69) and Asian (n = 48) elephants have distinct gut microbiomes 

(PERMANOVA Bray-Curtis Pseudo F1,66 = 27.36, R2 = 10.21%, p = 0.001). 
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Figure 6. PCoA depicting African elephant gut microbiome influenced by zoo 

facility.  

Bray-Curtis PCoA depicts zoos housing two or more African elephants. Elephant gut 

microbiome community composition clustered by zoo facility (PERMANOVA Bray-

Curtis Pseudo F49,66 = 3.56, p = 0.001; zoo explained 65.15% variance). 
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Figure 7. PCoA depicting Asian elephant gut microbiome influenced by zoo facility. 

Bray-Curtis PCoA depicts zoos housing two or more Asian elephants. Elephant gut 

microbiome community composition clustered by zoo facility (PERMANOVA Bray-

Curtis F49,66 = 3.56, p = 0.001; zoo explained 65.15% variance). 
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Figure 8. Bray Curtis PCoA of zoo facilities housing both African and Asian 

elephants. 

Host species differed in gut microbiome composition depending on zoo (PERMANOVA 

Bray-Curtis zoo by species interaction F3,4 = 1.63, p = 0.022;  R2 = 23.8%; African n = 5; 

Asian n = 7) 
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Figure 9. Bray Curtis PCoA depicting gut microbiome composition of host species 

and zoo facilities with both species.  

Bray Curtis PCoA plot of elephant gut microbiome composition by species and 

highlighting zoo facilities co-housing African and Asian elephants. 
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Figure 10. Older African elephants have higher phylogenetic diversity  

Older African elephants have higher phylogenetic diversity (LMM Age Wald X2
(1, n=69) = 

4.94; p = 0.026). Gray band represents 95% confidence interval.  

 

 

 
Figure 11. Visual representation of age and the African elephant gut microbiome 

composition. 

Visual representation of age and the African elephant gut microbiome composition using 

Bray Curtis PCoA axis 1 (PERMANOVA Bray Curtis Pseudo F1,62 = 1.80, R2= 2.6%, p = 

0.003). Gray band represents 95% confidence interval. 
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Figure 12. Older Asian elephants have lower phylogenetic diversity. 

Older Asian elephants have lower phylogenetic diversity (Bayesian LMM Wald X2
(1, n=48) 

= 4.17,  p = 0.0412). Gray band represents 95% confidence interval. 

 

 
Figure 13. Visual representation of fecal glucocorticoid metabolite concentrations 

and the Asian gut microbiome composition. 

Visual representation of fecal glucocorticoid metabolite concentrations and the Asian gut 

microbiome composition using Bray Curtis PCoA axis 2 (PERMANOVA Bray Curtis 

Pseudo F1,39 = 1.63, R2 = 3.4%,  p=0.003). Gray band represents 95% confidence interval.
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Figure 14. Heat map depicting bacterial ASVs significantly different between reproductive cycling and non-cycling 

African elephants. 

Together indicator species (IS superscript) and LEfSe analysis (L superscript) identified 16 bacterial ASVs associated to 

reproductive cycling and non-cycling African elephants. The left panel depicts the relative abundance of ASVs in acyclic 

African elephants (N) and the right panel depicts the relative abundance of ASVs in cycling African elephants (Y). The top 

right panel depicts ASVs with significantly higher relative abundance in cycling African elephants, and the lower left panel 

depicts ASVs with greater relative abundance in acyclic African elephants. 
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Figure 15. Heat map depicting African elephant gut bacterial ASV relative abundance correlated with reproductive 

and metabolic hormone concentrations. 

Three bacterial indicator ASVs of reproductive status in African elephants were also found to correlate with reproductive and 

metabolic hormone concentrations. ASV 5 Treponema sp. had a negative correlation with total t3 in acyclic African elephants 

(p = 0.008; r = -0.60), ASV 28 Prevotella sp. had a positive correlation with free t4 in cyclic African elephants (p = 0.001; r = 

0.63), and ASV 267 Fibrobacter sp. had a positive correlation with FGM in acyclic African elephants (p = 0.04; r = 0.53). 

Pearson’s correlation coefficients reported, and p-values corrected for multiple comparisons using Benjamin and Hochberg. 
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Figure 16. Heat map depicting bacterial ASVs significantly different between reproductive cycling and non-cycling 

Asian elephants. 

Together indicator species (IS superscript) and LEfSe analysis (L superscript) identified 17 bacterial ASVs associated to 

reproductive cycling and non-cycling Asian elephants. The left panel depicts the relative abundance of ASVs in acyclic Asian 

elephants (N) and the right panel depicts the relative abundance of ASVs in cycling Asian elephants (Y). The top right panel 

depicts ASVs with significantly higher relative abundance in cycling Asian elephants, and the lower left panel depicts ASVs 

with greater relative abundance in acyclic Asian elephants. 
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Figure 17. Heatmap depicting Asian elephant gut bacterial ASV relative abundance correlated with reproductive and 

metabolic hormone concentrations.

Two bacterial indicator ASVs of reproductive status in Asian elephants were also found to correlate with reproductive and 

metabolic hormone concentrations. ASV 21 Order Clostridiales sp. had a positive correlation with LH in cyclic Asian 

elephants (p < 0.001; r = 0.62), and ASV 160 Parvibacter sp. had a positive correlation with total t4 in cyclic elephants (p < 

0.001; r = 0.59). Pearson’s correlation coefficients reported, and p-values corrected for multiple comparisons using Benjamin 

and Hochberg.
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SUPPLEMENTAL MATERIAL 

Pilot study: Effect of Lyophilization on fecal microbial communities  

METHODS 

I conducted a pilot study to assess the effects of lyophilization and time until 

freezing on microbial communities. I collected one fecal from each Asian elephant at the 

National Zoo, Washington DC (n = 7). I collected samples (i) fresh (Fresh), (ii) fresh then 

lyophilized (LYO_0), (iii) 6 hours after collection then lyophilized (LYO_6), and (iv) 10 

hours after collection then lyophilized (LYO_10). Animal keepers monitored elephants to 

document time of defecation and time of fecal bolus collection. Time of defecation to 

time of collection varied (12 -160 minutes) due to moving animals out of enclosure to 

access fecal bolus. I collected fresh and fresh to-be lyophilized samples by subsampling 

bolus immediately upon collection. I placed remaining fecal bolus in open, sanitized tubs 

and collected subsamples at designated study times (6 and 10 hours after collection). I 

kept samples on dry ice until transported by car to George Mason University - Science 

and Technology Campus where I stored samples at -20C.  

I extracted DNA and amplified the 16S rRNA gene following the same protocol 

outline in the ‘Molecular Methods and Sequencing’ section of this paper. I performed a 

MiSeq run (2 x 300bp) on an Illumina MiSeq at the Evolutionary Genomics Lab, George 

Mason University. All data analysis was conducted in RStudio (v 1.1.463) for R (v3.5.2). 
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I used DADA2 to quality filter data and identify unique bacterial taxa referred to as 

amplicon sequence variants (ASVs; Callahan et al., 2016, Callahan et al., 2017). I 

assigned taxonomy using Ribosomal Database Project classifier (RDP; Wang et al., 

2007). I built a phylogenetic tree from ASVs using QIIME2 (Bolyen et al., 2018). I 

exported ASVs, the taxonomy table, and the meta data to be used in the phyloseq 

package for further analysis (McMurdie and Holmes, 2013). I used the Decontam 

package (v1.1.2) to filter contaminates using the combined method which assesses 

frequency and prevalence of DNA (Davis et al., 2018). I then filtered to remove 

singletons. 

I assessed differences between sample types and time until freezing with alpha 

and beta diversity measures. I used alpha diversity measures, bacterial ASV richness and 

phylogenetic diversity, as response variables in a Bayesian linear mixed model (blmer 

function; blme package) with sample type as an explanatory variable and animal ID as a 

random effect (Chung et al., 2013). I compared alpha diversity models to a null model 

using ANOVA. I used package ‘emmeans’ for a pairwise posthoc test (Lenth, 2019). I 

used beta diversity measures, Bray-Curtis, Jaccard and UniFrac, as response variables in 

a PERMANOVA with sample type and animal ID as explanatory variables. 
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SUPPLEMENTAL FIGURES & TABLES 

 

 

Figure S 1. Progestagen profiles for cyclic and acyclic female elephants. 

Monitoring serum progestagen (ng/ml) in African and Asian female elephants allows for 

determination of reproductive status (cyclic and acyclic status). Figure adapted form 

Brown et al., 2016.  
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Figure S 2. Rarefaction plot depicting number of ASVs per African and Asian 

elephant samples. 

Rarefaction plot depicts adequate sequence coverage for each sample with average 

sequence reads of 24,478 sequences per sample.  
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Figure S 3. Pilot study: Boxplot of bacterial ASV richness by sample type to assess 

effects of time and lyophilization. 

A pilot study was conducted to compare bacterial communities between sample types. 

Bacterial ASV richness was similar among sample types, except samples collected at 6 

hours and then lyophilized (LYO_6) had greater species richness than fresh samples 

(ANOVA p = 0.025; EMMs p = 0.028). 
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Figure S 4. Pilot study: Boxplot of bacterial ASV phylogenetic diversity by sample 

type to assess effects of time and lyophilization. 

A pilot study was conducted to compare bacterial communities between sample types. 

Bacterial ASV phylogenetic diversity was similar among all sample types (ANOVA p = 

0.5891).  
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Figure S 5. Bacterial ASVs associated to reproductive status in African elephants using LEfSe analysis 

Two bacterial ASVs (ASV 33 and ASV 105) were more prevalent in cycling African elephants, while nine ASVs (ASV 138, 

ASV 28, ASV 193, ASV 131, ASV 267, ASV 5, ASV 220, ASV 125, and ASV 19) were more abundant in acyclic African 

elephants. 
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Figure S 5. Relative abundance of three representative bacterial ASVs significantly 

different between reproductive status in African elephants.  

Relative abundance of two representative bacterial ASVs in cycling African elephants 

and one representative ASV in acyclic African elephants (representative ASVs chosen by 

the highest LDA scores in LEfSe analysis). ASV 33 and ASV 105 are more abundant in 

cycling African elephants while ASV 19 was more abundant in acyclic African elephants. 

A total of two ASVs were more abundant in cycling African elephants while nine were 

more abundant in acyclic African elephants (See Figure S5). 
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Figure S 6. Bacterial ASVs associated to reproductive status in Asian elephants using LEfSe analysis 

Eight bacterial ASVs were more abundant in cycling Asian elephants (ASV 13, ASV 29, ASV 131, ASV 40, ASV 101, ASV 

237, ASV 140, ASV 52) while eight ASVs were found more abundant in acyclic Asian elephants (ASV 38, ASV 160, ASV 44, 

ASV 21, ASV 208, ASV 144, ASV 41, and ASV 2).  
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Figure S 7. Relative abundance of two representative bacterial ASVs significantly 

different between reproductive status in Asian elephants. 

Relative abundance of two representative bacterial ASVs with the highest LDA scores in 

LEfSe analysis of Asian elephants. ASV 13 has greater abundance in cycling Asian 

elephants while ASV 2 is more abundant in acyclic elephants. A total of eight ASVs were 

found more abundant in cyclic as well as eight ASVs more abundant in acyclic Asian 

elephants (See Figure S7)
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Table S 2. ASVS of core gut microbime in captive female African elepahnts 

 

 

 

 

 

 

Table S 1. Forward and reverese primers used to amplify the 16S rRNA gene 

Primer Sequence 

I2S-515F (Forward) TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA 

12S-939R (Reverse) GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTTGTGCGGGCCCCCGTCAATTC 

ASV Phylum Class Order Family Genus % AVG RA % SD RA 

ASV2 Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Faecalitalea 1.97 3.12 

ASV31 Verrucomicrobia Subdivision5 -- -- -- 0.83 0.75 

ASV15 Firmicutes Clostridia Clostridiales Ruminococcaceae Sporobacter 0.80 1.03 

ASV1 Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae Treponema 0.61 0.93 

ASV178 Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Bilophila 0.24 0.38 

ASV64 Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Bulleidia 0.24 0.30 

ASV197 Verrucomicrobia Subdivision5 -- -- -- 0.24 0.27 

Table S 3. ASVs of core gut microbiome in captive female Asian elephants 

ASV Phylum Class Order Family Genus % Avg RA % SD RA  

ASV1 Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae Treponema 2.12 2.16 

ASV6 Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae -- 1.36 1.41 

ASV5 Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae Treponema 1.29 1.49 

ASV29 Synergistetes Synergistia Synergistales Synergistaceae -- 0.84 0.92 

ASV2 Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Faecalitalea 0.77 1.69 

ASV80 Bacteroidetes Bacteroidia Bacteroidales -- -- 0.59 0.69 
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ASV47 Verrucomicrobia Subdivision5 -- -- -- 0.58 0.36 

ASV11 Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Paraprevotella 0.54 0.61 

ASV20 Firmicutes Clostridia Clostridiales Ruminococcaceae Sporobacter 0.47 0.36 

ASV41 Bacteroidetes Bacteroidia Bacteroidales -- -- 0.39 0.92 

ASV54 Firmicutes Clostridia Clostridiales Ruminococcaceae -- 0.38 0.26 

ASV37 Verrucomicrobia Subdivision5 -- -- -- 0.37 0.29 

ASV147 Firmicutes Clostridia Clostridiales Ruminococcaceae -- 0.35 0.35 

ASV64 Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Bulleidia 0.35 0.40 

ASV52 Firmicutes Negativicutes Selenomonadales Acidaminococcaceae Phascolarctobacterium 0.34 0.22 

ASV40 Verrucomicrobia Subdivision5 -- -- -- 0.32 0.27 

ASV101 Firmicutes Clostridia Clostridiales Lachnospiraceae -- 0.29 0.21 

ASV112 Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae Treponema 0.29 0.23 

ASV21 Firmicutes Clostridia Clostridiales -- -- 0.28 0.27 

ASV140 Verrucomicrobia Subdivision5 -- -- -- 0.25 0.19 

ASV237 Planctomycetes Planctomycetia Planctomycetales Planctomycetaceae -- 0.24 0.26 

ASV44 Firmicutes Clostridia Clostridiales Lachnospiraceae -- 0.22 0.26 

ASV73 Bacteroidetes Bacteroidia Bacteroidales -- -- 0.22 0.20 

ASV220 Firmicutes Clostridia Clostridiales Lachnospiraceae Clostridium_XlVa 0.20 0.20 

ASV83 Bacteroidetes Bacteroidia Bacteroidales -- -- 0.19 0.21 

ASV189 Verrucomicrobia Subdivision5 -- -- -- 0.18 0.22 

ASV139 Spirochaetes Spirochaetia Spirochaetales Spirochaetaceae Treponema 0.18 0.17 

ASV222 Firmicutes Clostridia Clostridiales 
Clostridiales_Incertae_ 

Sedis_XIII 
Anaerovorax 0.16 0.13 

ASV150 Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Rikenella 0.15 0.14 

ASV260 Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Paraprevotella 0.10 0.08 

ASV689 Firmicutes Clostridia Clostridiales Ruminococcaceae Sporobacter 0.08 0.06 

ASV741 Firmicutes Clostridia Clostridiales Ruminococcaceae -- 0.05 0.06 
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Table S 4. Summary of LMM test statistics in African elephants using alpha 

diversity measures 

Variable 

Reciprocal ASV Richness ASV Phylogenetic Diversity 

Wald X2
 p-

value 
Coefficients 

Wald X2 p-

value 
Coefficients 

Cyclicity Status 0.2362 1.31e-4 0.463 -1.69 

GI 0.3865 9.24e-5 0.593 -1.18 

BCS 0.7807 
-8.98e-5 (BCS 4) 

-2.14e-5 (BCS 5) 
0.697 

-2.52 (BCS 4) 

-3.40 (BCS 5) 

Age 0.2670 -1.02e-5 0.026* 0.43 

Fecal 

Glucocorticoid 

Metabolites 

(FGM) ng/g 

0.6674 4.94e-7 0.658 -0.011 

 

 

Table S 5. Summary of Bayesian LMM test statistics in Asian elephants using alpha 

diversity measures 

Variable 

ASV Richness ASV Phylogenetic Diversity 

Wald X2 

p-value 
Coefficients 

Wald X2
 p-

value 
Coefficients 

Cyclicity Status 0.1305 -48.31 0.24011 -3.55 

GI 0.6856 -12.51 0.74257 0.99 

BCS 0.1833 

-35.19 (BCS 2) 

-121.63 (BCS 3) 

-66.51 (BCS 4) 

-16.43 (BCS 5) 

0.73409 

11.57 (BCS 2) 

4.51 (BCS 3) 

4.82 (BCS 4) 

6.72 (BCS 5) 

Age 0.2529 -2.43 0.04124* -0.42 

Fecal 

Glucocorticoid 

Metabolites 

(FGM) ng/g 

0.9304 0.022 0.88180 -0.003 
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* ASV with an asterisk were also identified using LEfSe analysis.   

 

 

 

 

 

 

 

Table S 6. Bacterial ASV indicators associated to reproductive status in female African elephants using indicator 

species analysis 

Breeding 

Status 
Taxonomy 

Test 

statistic 

Adjusted p-

value 

Cycling Firmicutes_Clostridia_Clostridiales_Lachnospiraceae_NA_ASV105* 0.650 0.003 

Synergistetes_Synergistia_Synergistales_Synergistaceae_Synergistes_ASV442 0.509 0.003 

Verrucomicrobia_Subdivision5_NA_NA_NA_ASV81 0.507 0.05 

Bacteroidetes_Bacteroidia_Bacteroidales_Prevotellaceae_Prevotella_ASV33* 0.373 0.05 

Non-

Cycling 

Bacteroidetes_Bacteroidia_Bacteroidales_Rikenellaceae_Anaerocella_ASV19* 0.630 0.03 

Firmicutes_Clostridia_Clostridiales_Ruminococcaceae_Oscillibacter_ASV321 0.619 0.02 

Firmicutes_Clostridia_Clostridiales_Ruminococcaceae_Saccharofermentans_ASV258 0.551 0.05 

Bacteroidetes_Bacteroidia_Bacteroidales_Prevotellaceae_Prevotella_ASV199 0.496 0.04 

Table S 7. One bacterial ASV indicator associated to reproductive cycling in female Asian elephants using indicator 

species analysis 

 

Breeding 

Status 

Taxonomy 
Test 

statistic 

Adjusted p-

value 

Cycling Bacteroidetes_Bacteroidia_Bacteroidales_Rikenellaceae_NA_ASV46 

 

0.636 0.03 
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