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ABSTRACT 
 
Hajj, the annual Islamic pilgrimage to Makkah, Saudi Arabia, is a unique mass 

gathering event that brings more than 2 million individuals from around the world. 

Several public health considerations, such as the spread of infectious diseases, must 

be taken into account with this large temporary influx of people. Gastrointestinal 

diseases, such as diarrhea, are common at Hajj, yet little is known about the etiology. 

The human gut microbiome, collection of organisms residing within the intestinal 

tract, has been under intense study recently, since next generation DNA sequencing 

technologies allow for extensive surveying of genetic material found in complex 

biological samples, such as those containing many different organisms. Thus, using 

16S rRNA and metagenomic shotgun sequencing, we have characterized the gut 

microbiome of over 612 pilgrims with and without diarrhea. Several metadata 

factors, such as hospitalization and different comorbidities, were found to have 

significant effects on the overall gut microbiome composition. Metagenomic shotgun 

sequencing efforts revealed the presence of antimicrobial resistance genes 

originating from disparate regions from around the world. This study provides a 

snapshot of information concerning the health status of the gut microbiome of Hajj 

pilgrims and provides more context to the investigation of how to best prepare for 

mass gathering events. 
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1. Introduction 

1.1. Hajj and Mass Gathering Events and Their Public Health Concern 

Every year, more than 2 million people from around the world converge to the 

Kingdom of Saudi Arabia to partake in a religious event known as Hajj. This event, 

one of the five central pillars of Islam, is required of any Muslim who is physically 

and financially fit to make the journey. The destination, Makkah, Saudi Arabia, is the 

holiest city in Islam, where normally roughly 2 million individuals normally reside. 

The Hajj pilgrimage is centered around the Islamic prophet Muhammad, alive during 

the 7th century. It is considered, however, that the pilgrimage may date back to the 

time of Abraham, thousands of years before the time of Muhammad. Throughout 

the week-long pilgrimage, each person performs several rites: circling the Kaaba 

seven times in a counter-clockwise direction, walking between the Safa and Marwah 

hills, drinking water from the Zamzam well (not mandatory), standing in the plains of 

Mount Arafat in vigil, staying the night in Muzdalifa, throwing a stone at the three 

pillars to symbolize throwing a stone at the devil, shaving or cutting one’s hair, 

performing an animal sacrifice, and celebrating with the festival of Eid al-Adha1. A 

graphic summarizing the steps by the Al Arabiya news outlet is provided below 

(Figure 1)2. 
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Hajj is only one of many mass gathering events that take place around the world. 

These mass gathering events carry a special public health concern due to the density 

of people, accessibility and maintenance of lavatories, and food and water 

distribution3. In addition to a prepared infrastructure, one of the primary health 

concerns is that congested areas can create a focal point for the spreading of 

infectious diseases. Individuals from distant origins all meet, carrying the bugs to 

which they have already, perhaps unknowingly, developed resistance. Several mass 

gathering events have produced outbreaks of infectious diseases: the 1992 and 1997 

Glastonbury music festivals with Campylobacter from unpasteurized milk and E. coli 

respectively4,5, the 2002 San Juan Festival with Salmonella enterica6, the 2008 

Nagoya University Festival with Staphylococcus aureus7, and the 2010 Winter 

Olympics with measles8. Geographically concentrated human beings, with any given 

Figure 1. A summary of the route taken during the Hajj pilgrimage. 
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active infectious agent present in one or more individuals, can be an incubation 

center for the spreading of infectious diseases9. 

 

Geographical origin plays a large factor in the transmission and diversity of microbes 

introduced into a mass gathering event. One systematic literature review found that 

56% of mass gathering outbreaks are related to agriculture fairs, which mainly 

comprise influenza contraction10. This may be related to the evolutionary jump that 

animal pathogens may take towards human infiltration - microbes known as 

zoonoses - that is often facilitated by the high densities of human and animal 

interaction, particularly at animal markets or fairs11. One example would be the 

devastating 2009 swine flu virus, which was a genetic mixture of bird and pig viruses 

from Europe and Asia, respectively, that killed more than 18,000 people12. Other 

diseases, such as measles and mumps, stem from international exposure7. Many 

countries have little or no vaccination programs for infectious agents that are now 

virtually non-existent in developed countries, so much so that many children remain 

unvaccinated in these ‘safe’ countries, protected by herd immunity13. Individuals 

normally safe because of the vaccinated environment, in a sense, become at risk of 

contracting the disease by anyone harboring it, internationally or regionally. The 

quick evolution of microbes fit for parasitic human cohabitation interestingly creates 

a unique immune profile for each individual, depending on their local environmental 

conditions, by trying to outwit it. 

 

Hajj, with its presence of individuals from a diversity of backgrounds and 

geographical origin, presents a situation with specific considerations14. Many of the 
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pilgrims are bedouins, or nomadic peoples of the Middle East and North Africa 

(MENA) region that rely on livestock, primarily goats and camels for milk and meat, 

for their wellbeing. Other individuals arrive from countries in the MENA region, such 

as Algeria, Morocco, Oman, Jordan - all enjoying similar cultures and lifestyles, 

comparatively to the rest of the world. A large percentage of the individuals come 

from Southeast Asia, where Islam is also predominant. However, citizens of countries 

as far away as China, the United States of America, and Australia still make the 

annual journey (Figure 2)15. Additionally, a large elderly population is common, as 

the journey is usually the last religious duty to fulfill in one’s life, being an expensive 

and arduous journey. This mixing of people from around the world, with varying 

lifestyles, ages, and immune profiles, creates interesting conditions for public health 

officials in the Kingdom of Saudi Arabia. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Hajj pilgrims travel from around the world to take part in this religious 
journey. This image was adapted from the Q. Ahmed et. al. In the 2006 “Health 
risks at the Hajj” Lancet review article14. 
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1.2. Communicable Diseases associated with Hajj 

Hajj has a complicated history with infectious disease outbreaks, which is no surprise 

considering the meeting of peoples harboring unique microbes, with reference to 

one another and the resident population of Makkah, in close quarters16. 

Communicable health concerns at Hajj include the transmission of respiratory 

infections, foodborne diseases, bloodborne diseases, and zoonotic infections. For 

example, in 1990, a meningococcal W135 outbreak at Hajj began a global spreading 

of the disease, affecting more than 24 countries17,18,19. Several cholera outbreaks 

have also been linked to Hajj, most notably being the seventh pandemic El Tor Vibrio 

cholerae, which was isolated and characterized for the first time in El Tor quarantine 

from pilgrims returned from Makkah after performing Hajj20,21. Although 

gastroenteritis and diarrheal infections are a significant proportion of the diagnoses 

among pilgrims admitted to hospitals while performing Hajj, little is known about the 

nature and the magnitude of this problem22. Much of the data gathered, thus far, on 

the enteric infections throughout the Hajj season has lacked information regarding 

the causative agent. Additionally, in comparing different studies, there does not 

seem to be a standardized, expected value for the enteric infection rate during Hajj. 

Looking forward, new and emerging infectious microbes, such as the Middle Eastern 

Respiratory Syndrome Coronavirus, and existing infectious diseases, like tuberculosis, 

that remain a problem are still risk factors for Hajj pilgrims23. 
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1.3. Gut Microbiome 

The collection of microorganisms cohabiting our human body has been under 

intense study throughout the past 10 years, which is a direct result of the 

development and implementation of advanced DNA and RNA sequencing 

technologies24. The microbiome, or the totality of genomes comprised in these 

communities, represents a diverse set of organisms that can either benefit or, in 

some cases, harm the host25. These bacteria, fungi, viruses, archaea, and other 

eukaryotic microbes (protozoa) densely inhabit every surface of the human body, 

including the alimentary canal and respiratory system26. There are up to 

1014 individual cells of over 500 species of bacteria alone in the gut27. The human 

microbiome research that has been performed thus far can be broken down into 

specific subcategories based on the physiological system the microbes interact with: 

nasal, oral, gastrointestinal (gut), urogenital, and skin. In the healthy case, microbes 

work in harmony with the surrounding tissues to acquire chemicals necessary for 

their survival and provide nutrients, as a byproduct in many cases, that would be 

mostly unavailable otherwise for humans to ingest28. Changes in community 

structure and gene content can significantly alter the phenotype of the community, 

at large, and have consequences on human health29. However, many of these 

microbiome perturbations are the direct result of stress induced by the human host. 

Variations in diet, the use of antibiotics, inflammation, changing geographical 

location, and essentially any factor that would normally influence the survival of a 
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microbe can alter the overall presence and abundance of the communal microbes30. 

Although there is a great deal of evidence showing that antibiotics can create a 

dysbiotic microbiome, a recent study also found that over 1,000 non-antibiotic drugs 

push the microbiome away from its ‘healthy’ state31. Thus, the entirety of a host’s 

(human, in this case) actions and environment can affect the wellbeing of the 

organisms affecting our wellbeing.  

 

A recently published study looked at the gut microbiome of over 1,000 individuals 

with distinct ancestral origins and found that host genetics plays a small role in 

shaping the microbial composition compared to the effect from the environment32. 

Genetically unrelated individuals sharing a home were found to have the most 

similar gut microbiome profiles, whereas interpersonal microbe variation mainly 

stemmed from differences in diet, drug use (e.g. antibiotics, antidepressants), and 

anthropometric measurements. Interestingly, the authors of the study also note that, 

because of the little influence that genetics has, clinical interpretation of gut 

microbiome analysis can provide unique insight into the health status, e.g. glucose 

and obesity measurements, of the human host, regardless of ethnic origin. 

 

Nutrition is one of the most important environmental factors considering 

microbiome stability and composition. Several studies have reported biomolecules 

that are helpful for maintaining a microbiome that contributes back to the health of 

the individual, such as biotin and flavonoid antioxidants33,34. With the diet 

preferences normally based on geographical location and food availability, several 

studies have been able to compare the gut microbiome of individuals with vastly 
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different nutrient intake35. Investigations of this nature usually compare the 

‘Western’ diet, comprising low complexity sugars and high in fats, to a ‘traditional’ 

diet, which is characterized by high fiber content36. Seemingly unanimous among the 

scientific community is the idea that high fiber diets provide an expansive 

assortment of biomolecules that can be processed and passed off by the microbiota 

to the human intestinal cells37. These plant- and animal-based dietary carbohydrates 

are the preferred source of energy and carbon for gut microbes, which accurately 

describes why the ‘traditional’ diet produces better health outcomes38. Professors 

Erica Sonnenburg and Justin Sonnenburg, established human gut microbiome 

researchers, describe the absence of dietary fibers as a “starvation of our microbial 

self”, pointing to the lack of complex nutrients given to the microbiota by a ‘Western’ 

diet32. A high fiber diet is also hypothesized to help push the food bolus quickly 

through the digestive tract, preventing the buildup of hazardous microbial 

byproducts. The ‘Western’ diet and its effect on the gut biota has been causally 

related to metabolic disease, colorectal cancer, diabetes, inflammatory bowel 

disease, asthma, and allergies39. The lack of complexity and diversity in the diet can 

literally starve certain strains of microbes that provide necessary nutrients for 

human livelihood. Although the study describes drastic extremes in diet, humans 

may fill their guts with a mixture of both healthy and unhealthy foods, creating a 

unique biotic community in the gut of each individual. This information provides 

context for how important nutrition is in shaping the microbiome.  

 

Additional factors, beyond bad food, can perturb the microflora, such as travel and 

mental and emotional stress. Although not much research has been done on the 
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‘traveling microbiome’, one study looked into individuals diagnosed with traveler’s 

diarrhea in Central or South America or India after coming from the United States of 

America40. Interestingly, the guts of the healthy travelers looked more similarly to 

those of patients with diarrhea than healthy controls from the Human Microbiome 

Project, indicating stresses and environmental change related to travel may have a 

dysbiotic effect. The direct source of stress may be difficult to narrow down, since 

diet, circadian rhythm, and emotional stress can all play a role41. The brain’s effect 

on the gut microbiome has been an exciting subfield that has recently developed. 

Such studies describe the chemical interaction that occurs between microbes in the 

gastrointestinal tract and the central and peripheral nervous systems, thought to be 

largely mediated by immune cells42. Recent reports have shown the use of particular 

strains of bacteria to help regulate emotional behavior and aid in the development 

of the brain in mice43,44. In the other direction, the human body can create a stress-

related inflammatory response, directing the immune cells resident in the intestinal 

tract to engage with commensal microbes45. Although the pathways are drawn out 

between other physiological systems, the communication between the gut 

microflora and brain seems to exist. Circadian rhythms, regulated by the 

suprachiasmatic nucleus (SCN) of the hypothalamus in the brains of mammals, have 

been found to impact the composition of the gut microbiome through, again, 

indirect means, as opposed to direct regulation by light/dark cycles: food availability, 

environmental changes, human blood concentration of antibodies, innate immune 

cell antimicrobial peptides, and autoantibodies37. Scientists have shown that up to 

15% of species within the gut experience rhythmic changes in abundance throughout 

the day, which, in turn, provides an even greater oscillation in total functional 
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capability of the microbiome46. Ingested molecules and the absence of them 

afterwards, along with rising and falling levels of interaction with the host immune 

system, shifts the environment for which microbes must be suited, causing some to 

increase in number and others to decrease. The brain’s effect on the gut microbiome 

and the social activities that we, as humans, partake in, are constantly affecting the 

viability of microbes within us. The almost infinite combination of events that shape 

the microbiome adds further complexity to our understanding of the dynamic pool 

of organisms vying to thrive in our intestines. 

 

1.4. Infectious Diseases and the Gut Microbiome 

One of the most important functions of the microbiome that has not yet been 

discussed is its acting as a protective barrier to and potential source of infection47. 

The lining of microorganisms in our guts comprise wildly diverse species of bacteria 

and fungi that normally contribute to our health, or at least they do not cause more 

than negligible harm. Yet, under different conditions, some pathogenic species that 

live (in a low number) among commensals, also known as pathobionts, can grow to a 

number that begins to negatively effect the host48. Normally, commensal species can 

keep pathobiont counts low by outcompeting for resources and/or boosting the 

human immune response49,50. As is commonly recorded in ecological studies on 

microbes, many of the gut micro-inhabitants secrete their own antibiotic peptides 

and toxins to provide protection for themselves against parasites - as well as to help 

proliferate through removing competitive species51,52. One three-pronged 

mechanism is the excretion of short chain fatty acids from beneficial bacteria that 1) 

lowers the intestinal pH, preventing the growth of harmful bacteria, 2) serves as an 
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important human metabolite, and 3) downregulates the expression of virulence 

genes53. Several events, however, can disrupt the harmony between beneficial 

microbe and host, such as antibiotic administration or many of the other factors 

discussed thus far. Mouse experiments have shown that the general deleterious 

effect of antibiotics on the gut microflora can markedly increase the number of 

pathobionts - including Salmonella enterica, Escherichia coli, and Clostridium 

difficile54. Cleverly, pathogens can also metabolize the byproducts of commensal 

bacteria for their advantage. For example, bile acid secreted from commensal 

bacteria commonly found in dysbiotic guts has been discovered to help C. difficile 

spores grow55. In order to directly influence the microbial community, pathobionts 

can secrete both bactericidal toxins and virulence factors, which can trigger human 

host inflammatory responses, reducing the overall abundance of commensal 

bacteria in the intestines56. Empty space, where commensal species used to be, can 

quickly be acquired by the pathobionts. Because of the constant competition for 

survival in the gut microbiome and the apparent stochasticity of evolution, bacteria-

to-bacteria interactions are not always straightforward. One mouse commensal gut 

bacterial species, Bacteroidetes thetaiotaomicron, can outcompete a bacterial 

pathogen, C. rodentium, for similar carbon energy sources, but it also processes sialic 

acid from mucin to produce increased concentrations of luminal succinate that can 

lead to enhanced colonization by C. difficile and heightened expression of 

enterohemorrhagic E. coli (EHEC) virulence factors57. An expanded arsenal of genes 

available to functionally utilize and secrete a diverse set of biomolecules helps 

pathogenic bacteria survive in environments where they are not easily tolerated by 

the residents. 
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The most prevalent human gut bacterial pathogens: 

 Bacteria: Campylobacter jejuni, Salmonella enterica, different Shigella species, 

Vibrio cholerae, Escherichia coli, Clostridium difficile 

 Viruses: Norovirus, Rotavirus, Adenovirus 

 Protozoa: Giardia, Entamoeba, Cryptosporidium, Blastocystis 

 

This broad diversity of pathogens (viruses, bacteria, protists) presents a challenge to 

the beneficial microbial communities and human body. Enough growth to cause an 

infection can result in symptoms of diarrhea, stomach pain, nausea, and fever. 

Diarrhea, resulting from an infection, can be caused by the secretion of toxins from 

parasites that induce enterocytes to secrete cytokines, shifting the osmotic balance 

in the gut lumen and causing water to expel from gut tissues58. The quick, watery 

extrusion of these bacteria further clear the playing field for the pathogens to either 

colonize, if bacterial, or contact the intestinal epithelium. Few studies have looked 

into the gut microbiome of diarrheal patients59. Loss in richness and abundance of 

microbes in the gut is characteristic of diarrheal gut microfluora communities, which 

can be explained by the enhanced flushing of the bowels, carrying away more 

bacteria. 

 

As these pathogens must enter through the oral cavity, infections usually stem from 

consuming contaminated water or food. One study in Tanzania found that diarrhea-
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causing viruses are mainly spread through the hands, possibly as a result of not 

rinsing after bathroom use, and E. coli virulence factors were found primarily in 

unsanitary stored water sources60. Since sanitation, and infrastructure in general, is a 

key prevention mechanism against the spread of infectious diseases, countries that 

have not been able to invest in appropriate public health measures are commonly 

susceptible to outbreaks. 

 

1.5. Antimicrobial Resistance 

With the excretion of antimicrobial molecules into the gut lumen, bacteria need 

their own protection mechanisms. Antimicrobial resistance (AMR) genes are a 

classification of genes that, when expressed, code for proteins that either transform 

harmful molecules into safer ones or export them back into the environment. The 

acquisition of AMR genes can usually either be accomplished through a process 

known as horizontal gene transfer, which occurs when a plasmid (small, circular, self-

replicating strand of DNA carrying a small number of genes) with the gene is 

transferred directly from one bacteria cell (or virus) to another bacterial cell, or 

when mutations slightly change the function of an existing protein to nullify the 

damaging agent. The presence of an AMR gene does not necessitate the phenotype 

for one, but they have been used widely in epidemiological studies61,62. Luckily for 

bacteria, different schemes can arise to fulfill the same function. The Antibiotic 

Resistance Genes Database (version 1.1) lists more than 23,000 recorded gene 

sequences for over 240 antibiotics, suggesting significant overlapping roles63. AMR 

genes have been of considerable interest due to their increasing prevalence in 

human infectious diseases, which can be attributed to the almost ubiquitous 
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antibiotic use in the medical and agricultural industries64,65. Widespread use of the 

same classes of antibiotics at hospitals, even if a bacterial infection is not confirmed, 

and farms, for animals, can create an environment where bacteria are subjected to 

suboptimal contact with the drug - not necessarily killing the bacteria, but enough 

stimulation to potentially elicit a stochastic evolutionary selection of bacteria that 

are resistant66. These resistance schemes, once developed, can spread easily if the 

selection pressure continues to provide an advantage over the neighbors. One study 

inoculated the gut microbiomes of human volunteers with vancomycin resistant 

Enterococcus faecium and found that, within two weeks, the original bacteria had 

passed, but the resistance genes had transferred to resident bacteria67. Certain 

mutations, once present, can be moved between distant countries with the ease of 

human transportation. One example such a resistance gene is the bla-NDM gene, 

found to confer resistance against many beta-lactam antibiotics, which traveled from 

New Dehli, India, to Sweden after a Swedish patient visited India and contracted a 

bacterial infection harboring the gene68. Many drug resistant microbes are 

commonly spread at hospitals, since both sick and immunocompromised patients 

are in the same place, but AMR genes in community-acquired infections have been 

also increasing. Carbapenem-resistant Enterobacteriaceae, a family of bacteria 

comprising Klebsiella species and E. coli, were linked to 4 deaths at one hospital in 

California, USA in 2015, while Methicillin resistant Staphylococcus aureus 

hospitalizations doubled from 21 to 42 out of every 1,000 patients between 2003 

and 2008 in the USA69,70. The attempt to control infectious diseases, without fully 

understanding the consequences, has led to a difficult situation. 
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Ecologically speaking, a balance of AMR genes seems necessary to sustain a dynamic 

community of microbes of diverse origin71. One analysis found that, across the 

human body, there are, on average, approximately 44 horizontally transferred genes 

per microbiome, which hints at the potential level of antimicrobial gene transfer72. 

Another study found 1,093 antibiotic resistance genes among the gut microbiomes 

of 162 individuals73. Although the rise of antibiotic use has definitely contributed to 

the increase in prevalence of antibiotic resistance genes, it is important to remember 

that these resistance genes are a natural part of the interplay between microbes in 

the fight for space and nutrients.  

 

Infectious disease microbes each have their unique phenotypic advantage to which 

they leverage over their host, although the gut microflora, and the flora of other 

body parts, have robust molecular mechanisms to aid in our protection.  

 

1.6 Research Objectives and Significance 

The assembly of individuals from around the world at Hajj creates a unique 

environment because of the presence of several stresses that each individual faces: 

travel, nutritional change (in some cases), diverse microbes (from diverse 

individuals), ranging emotions. However, the compounding effect of these many 

influencing factors create a complex web of interdependencies that one must 

consider when looking at the effect of specific conditions on the gut microbiome. As 

previously discussed, the prevalence of transmissible diseases, diarrhea in particular, 

at Hajj gives an idea of the communicability of microbes between individuals. 

Diarrhea infections, and enteric infections in general, are one of the most common 
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complaints among pilgrims, yet scarce data is available to understand incidence, 

etiology, and AMR gene dynamics. To better grasp the what is happening in the guts 

of pilgrims as they undertake the journey, we ask these questions: 

 

1) What does the ‘Hajj gut microbiome’ look like? 

2) What microbes contribute to or are correlated with diarrheal diseases during 

Hajj? 

3) Can we correlate gut microbiome perturbations with specific environmental 

factors? 

4) What AMR genes are present? And, can we find AMR genes only recorded to 

be localized to non-MENA regions in Saudi patients? 

 

We plan to answer these questions using the fecal samples of over 500 diarrheal and 

non-diarrheal patients from hospitals in Makkah, Saudi Arabia. These samples were 

collected as a part of a joint collaborative project between the KAUST Pathogen 

Genomics Group and the Saudi Ministry of Health, where Mona Alsomali’s and 

colleagues characterized diarrheal infections in Hajj pilgrims using the polymerase 

chain reaction (PCR) and oligonucleotide primers against specific pathogens and 

antimicrobial resistance genes74. Now, moving forward, we have looked into the gut 

microbiome of these 500 Hajj pilgrims using 16S ribosomal RNA (rRNA) and whole 

genome sequencing. The mixture of techniques, to be discussed in detail later, gives 

a high-resolution snapshot of what is happening in the gut, giving us a clearer, more 

complete idea of the gut dynamics at this mass gathering event.  
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2. Methods and Materials 

2.1 Patient Enrollment and Sample Processing 

Individuals suffering from acute diarrhea, characterized by three or more loose, 

liquefied or watery stool in 24 hours, who were admitted to hospitals or health care 

centers in Makkah throughout the 2011-2013 Hajj seasons were defined as the ‘Hajj 

cases’. Stool samples from patients that did not complain of diarrhea and were 

admitted to the same healthcare centers were taken to provide as a ‘Hajj control’. 

Either a physician or physician’s assistant gathered clinical and epidemiological data 

from each patient. The data that could be used to identify the patient was 

anonymized by the Ministry of Health before passing to the Pathogen Genomics 

Laboratory at the King Abdullah University of Science and Technology. The 

Institutional Biosafety and Ethics Committees from KAUST and the Ministry of Health 

approved of the measures to perform this study. The fecal samples were collected in 

sterile plastic containers and sealed properly to avoid drying or desiccation. The 

samples, and their corresponding surveys, were relayed as quickly as possible to a -

80 °C freezer in a central laboratory (Hera’a Hospital Laboratory) until further 

transportation to -80 °C freezers in the Pathogen Genomics Laboratory.  

 

2.2 DNA Extraction 

To obtain DNA from the fecal samples, the Quick-DNATM Fecal/Soil Microbe Miniprep 

Kit was selected, based on unshown comparative experiments with other fecal 

extraction kits. First, approximately 150 mg of the fecal sample is placed into a 1.5 

mL tube containing plastic beads with Lysis Solution. The tubes are shaken at 
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maximum speed on the QIAGEN TissueLyser II for 5 repetitions of 2 minutes each. 

The sample tubes are then spun down. The liquid is taken, added to another lysis 

solution, dissolved with beta-mercaptoethanol to help denature proteins, and spun 

again through new filter, removing larger particles. The solution is then spun through 

another filter that binds the DNA. This filter is then rinsed twice, with two different 

cleaning solutions, and finally eluted in salt-based buffer, appropriate for stabilizing 

DNA long-term.  

 

2.3 DNA Quantification 

The Invitrogen Qubit fluoremetric quantification system was used in order to 

determine the amount of DNA in each sample. Two assays, the Broad Range (2-1000 

ng) and High Sensitivity (0.2-100 ng) assays, were used to quantify varying amounts 

of DNA in the samples.   

 

2.4 DNA Length Determination 

Two methods of determining length were used: 1) Agarose gel and 2) Bioanalyzer.  

 

An agarose gel is made from the mixing of agarose and TAE, a buffer solution made 

of Tris base, acetic acid and EDTA. The dissolved solution is heated in a microwave 

until effervescence. SYBR green nucleic acid gel stain is then added to the hot 

solution.  

 

“The Agilent 2100 Bioanalyzer is a microfluidics-based platform for sizing, 

quantification and quality control of DNA, RNA, proteins and cells”, as the Agilent 
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Genomics website states. Without going into detail, the website states that this Lab-

on-a-Chip technology uses “networks of channels and wells that are etched onto a 

glass or polymer chip”. Gel is inserted into the chip during the protocol, along with 1 

μL of each sample, up to 12 samples. The results are displayed onto the computer 

screen, where a graph, describing the DNA length distribution, can be seen and read. 

 

Generally, an agarose gel is used to determine sequence length if rough estimates 

are acceptable to answer the question. The materials and technology to create and 

visualize a gel, respectively, are cheap, but the resolution is slightly lower than that 

of the Agilent Bioanalyzer, which uses nanoscale technology to read sequence length. 

As a final check before sequencing, using the Bioanalyzer can give near exact read 

length data, despite the increase in cost, ensuring the user that the sequences 

resemble the expected size and distribution.  

 

2.5 Polymerase Chain Reaction 

Discovered in 1983 by Kary Mullis, the polymerase chain reaction (PCR) is a protocol 

that allows for the amplification of specific DNA sequences75. Essentially, this 

amplification is accomplished through repetitive sequencing of targeted regions of 

DNA. First, DNA is heated to above 90 °C, causing the hydrogen bonding, holding 

DNA strands together, to disappear, separating the DNA strands. The temperature is 

reduced to approximately 60 °C, which allows primers, small DNA sequences added 

to the solution, to match to specific sites on the genomic DNA. Depending on the 

DNA polymerase (which usually depends on the organism from which it was 

acquired), the temperature is raised to a higher temperature (below 90 °C), where 
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nucleotides in the solution can be used to complete the partially double-stranded 

primer-bound DNA molecules. After several (usually 20-40) cycles, the resulting 

solution contains a high concentration of the DNA molecules whose sequence (using 

the genomic DNA as a reference point) lies between the positions where the primers 

bind.  

 

2.6 16S rRNA Sequencing 

The 16S ribosomal RNA is a component of the 30S subunit of the bacterial ribosome, 

which is a large protein complex necessary for translating messenger RNA sequences 

into proteins. In the 1970’s, Carl Woese and George Fox, American microbiologists, 

noticed that the 16S sequences could be used to phylogenetically classify microbes - 

actually, in the process, discovering that archaea can be defined as another domain 

of life, as opposed to the classically-held view at the time that only prokaryotes and 

eukaryotes existed76. This is possible because of certain regions of the 16S sequence 

have been conserved over thousands of years, while other regions, termed 

hypervariable, have diverged over time, giving each organism a genetic signature. 

The entire 16S gene spans approximately 1,600 nucleotide pairs. Bacteria and 

archaea can now be identified directly through their sequences, which has been 

referred to as culture-independent microbial detection77. Traditionally, microbe 

identification depends on visually checking the organism’s growth and morphology 

on a medium rich in specific nutrients. An explosion in research undergoing 

microbiome studies has been possible because of next generation sequencing of the 

collective 16S sequences in a community. Yet, because of the limited length of the 

gene, compared to the entire genome (millions of base pairs), the identification 
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resolution can be limited compared to whole genome sequencing78. Species-level 

recognition is often difficult, if possible, to achieve, although genus and family are 

easily seen, giving 16S analyses the role of looking at overall microbial composition in 

an environment79. 

 

To investigate the gut community structure of the Hajj pilgrims whose samples we 

received, 16S rRNA sequencing using the Nextera XT for the Illumina MiSeq system 

was utilized80. Of the nine hypervariable regions (V1-V9), we chose the V3-V4 region, 

which spans approximately 450 base pairs. The V3-V4 regions are commonly used in 

both medical and environmental studies classifying microbial communities81. The 

primers of the V3-V4 regions, suggested by the Nextera XT protocol, were designed 

to bind at the edge of the conservative regions, allowing the primers to target all 

bacterial species. 

 

16S V3-V4 Amplicon (5’ -> 3’) 

F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 

R: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 

 

Each letter of the above sequences represents one of four nucleotides (A for 

Adenine, G for guanine, T for Thymine, and C for Cytosine), and other letters 

represent the presence of any specific combinations of the nucleotides. For example, 

W can either stand in for an A or a T.  
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The Nextera XT protocol starts with a PCR reaction using the V3-V4 region primers 

from extracted DNA of the samples. The DNA is checked with an agarose gel to 

determine if the amplicons, or amplified sequences, are of the correct size. If a 

successful PCR occurred, the DNA is cleaned with ethanol and another PCR reaction 

with eight forward and twelve reverse Nextera adapters, giving 96 unique adapter 

combinations, with another cleaning following the PCR. The samples are then 

checked on the Agilent Bioanalyzer to determine high resolution data for amplicon 

size. Because the adapters serve as a tag unique for each sample, 96 samples can be 

pooled together in one solution.  

 

The sample was diluted with sodium chloride and water (to separate the strands) to 

a concentration appropriate for the MiSeq sequencer. The Illumina MiSeq machine 

in the KAUST Bioscience Core Labs was used. The MiSeq Reagent Kit v3 (600-cycle) 

was used, meaning that 300 base pairs from each end of the ~ 500 base pair 

molecule were read, also known as paired-end sequencing. 

 

2.6 16S rRNA Bioinformatics Pipeline 

The generated sequences, or reads, were then subjected to several levels of cleaning 

and formatting before entering into analysis.  

 

Because the primers and adapters were part of the sequenced material, the bases 

corresponding to these parts on the reads were removed, or trimmed, using BBDuk 

from the BBtool software suite82. Due to paired end sequencing, usng the Nextera XT 

kit, one fastq file was generated for each the reverse and forward sequences of each 
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pooled sample. To merge the overlapping regions of the forward and reverse reads 

from each file to create one longer read, the tool bbmerge was used. According to 

authors of the tools, BBMerge is the fastest and most accurate overlap-based read 

merger. However, the unmerged reads were subjected to further quality trimming 

and remerged, using bbduk and bbmerge, respectively. The reads from the remerged 

files were concatenated with the data from the original merged reads file. The reads 

were then error-corrected using the BayesHammer algorithm implemented into the 

SPAdes software package83. This tool essentially clusters sections of reads together 

to determine the read quality, potentially discarding rare reads that are assumed to 

be erroneous. This preprocessing workflow was found to work best when compared 

to other trimming and merging tools, such as Trimmomatic and PANDAseq, 

respectively, in providing the highest number of quality reads84,85. On average, 

between roughly 25% to 60% of the reads were left in the sample file, depending on 

the quality of the reads, after the preprocessing. 

 

The cleaned reads were then fed into the mothur MiSeq bioinformatics protocol for 

16S rRNA classification86. First the reads were screened based on length (between 

200 and 500 base pairs), homopolymer presence (where the name nucleotide is 

repeated in a row), and base ambiguity (bases that could be any more than one 

nucleotide). Since no more than eight homopolymers have been recorded in any 16S 

rRNA sequence, any reads with this number or more of the same nucleotide were 

excluded. The files are then processed by a function that produces a file with the 

unique read values and another file with the number, name, and content of each 

read. The file containing only the unique sequences is easier, computationally, to 
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handle for taxonomic classification. The unique reads were aligned to the SILVA 

(Version 128) 16S/18S rRNA database, which contains 16S rRNA sequences of 

genetically characterized microbes thus far87. The reads, then, go through a ‘pre-

clustering’ step, another error-correction method, which consists of an algorithm 

that ranks sequences in order of their abundance and then looks for rarer sequences 

that are within a specific percentage of similarity of the original sequence. 

Sequences within the similarity threshold are merged together, reducing data and, 

thus, computation time in later steps. 

 

Our original work flow consisted of the following three steps: 1) pre-clustering, 2) 

creating a distance matrix (providing quantitative values for similarity between 

sequences), and 3) clustering using the mothur algorithm. The distance matrix is 

built by making pair-wise, quantitative similarity comparisons between each of the 

unique sequences. However, with more than 500 samples, the number of unique 

sequences is expected to increase - especially at an event where microbes from 

around the world congregate - which leads to an increase in the overall amount of 

(temporary) stored data. Calculating the distances between the large number of 

sequences consistently exceeded memory limits, even after allocating 800 gigabytes 

of RAM and 54 nodes on the Dragon Cluster provided by KAUST. After looking more 

into this problem, a blog post by the corresponding author of the manuscript 

introducing mothur, Professor Patrick Schloss, was found, which stated the 

following88:  
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“One of the more common questions we get on the mothur forum and to the 

mothur.bugs email list is some variant of, ‘My distance matrix takes up 100 GB and it 

won’t go through cluster or cluster.split to make OTUs. What can I do?’  

 

…. [a] common variant of [the problem] is that you have paired 250 bp reads and you 

went after the V4-V5 or V3-V4 region or that you used a HiSeq to sequence the V4 

region with paired 150 bp reads. Sound familiar? Read on. 

 

The problem is that if the reads do not fully overlap, your assembled reads (i.e. the 

contigs) will have a high error rate. Don’t believe me? Take a look at our 2013 

paper using the V2 MiSeq chemistry where we saw that the reads must fully overlap 

to get good desnoising of the data. If they don’t fully overlap, the error rates escalate. 

This is independent of cluster density or percent PhiX [bacterial DNA used to control 

for DNA quality].” 

 

Professor Schloss states that if the reads do not fully overlap, error rates of the non-

overlapped regions can be high enough that confident resolution of the reads 

disappears. The benefit of paired end sequencing is that the sequencing of a region 

of DNA from both sides provides higher quality reads. He recommends the use of 

only the V4 region and using both the forward and reverse reads to cover the entire 

region to attain more statistical confidence that these bases are correct, as opposed 

to covering more of the gene with less confidence. These are important 

considerations for future 16S studies. 

 

http://www.mothur.org/forum/
http://www.mothur.org/cluster
http://www.mothur.org/cluster.split
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The next step, clustering, also uses sequence similarity to define Operational 

Taxonomic Units, or groupings of reads that are assumed to be within the same 

bacterial taxonomic division. Calculating required in the clustering step is also 

computationally taxing and requires a significant amount of RAM (Random Access 

Memory) and computer nodes in order to efficiently and correctly group the reads. 

In order to mitigate the memory problem experienced with the ‘dist.seqs’ command, 

creating the distance matrix, the UCLUST algorithm was used on the samples, which 

successfully and quickly identified clusters (or OTUs) that the reads could be 

assigned to without having to create a distance matrix89.  

 

Subsequently, the reads were scanned and given an identity based on the SILVA 

taxonomy reference file, storing representative sequences and their corresponding 

taxonomies, with the ‘classify.seqs’ command. Mitochondrial, eukaryotic, achaeal 

and other unidentified sequences were removed used the mothur ‘remove.lineage’ 

command. The resulting files were reformatted to be analyzed further using the 

phyloseq package of the R Statistical Computing language90,91. 

 

1) OTU table - information concerning how many of which OTUs (only ID’s) are 

present per sample 

2) Taxonomy file - information corresponding to the taxonomic classification of 

each OTU 

3) Sample metadata - clinical data for each patient (e.g. age, geographical origin, 

comorbidities) 
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As described on the website, “R is a free software environment for statistical 

computing and graphics. It compiles and runs on a wide variety of UNIX platforms, 

Windows and MacOS”. Essentially, R is a computer language that provides several 

helpful statistical functions, especially for analyzing large data sets. RStudio is an 

open-source integrated development environment for R that is commonly used 

because its ease in viewing and manipulating data, compared to the command line 

alone. Both R and RStudio were used for the quantitative analysis of 16S rRNA OTUs 

found in the samples. 

 

The Phyloseq R package ties the graphical interface of the ggplot2 package (one of 

the most popular data visualization packages written for R) with statistical analyses 

commonly used for microbiome studies. In addition to more advanced calculations, 

the phyloseq package provided as a convenient means to produce simple bar graphs, 

shown in the Results section, from large scale metadata.  

 

In considering how to define and measure diversity in metagenomic samples, the 

two most common data representations made in 16S rRNA studies are the alpha and 

beta diversity plots. The alpha diversity measure depicts an estimation of richness, 

which is the total number of species in a sample, and evenness, otherwise referred 

to as the relative abundance of species. Alpha diversity is used to get an idea of the 

microbiome diversity within an individual sample. Specifically, the Chao1, Shannon, 

Observed, and Simpson indexes were used to evaluate sample diversity. Beta 

diversity is defined as the proportion of species found in one sample compared to 

the environment as a whole, or, in other words, the diversity between individuals. 
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This calculation is based on the quantitatively determined distance between the 

samples (same principle as with the dist.seqs command in mothur), using the reads 

and clinical metadata. Specifically, the Bray-Curtis dissimilarity parameters were 

used to ascertain beta diversity measurements. Differential Abundance of species 

and Multivariate Analysis of Variance (MANOVA) were calculated using phyloseq as 

well. P-values below 0.05 were considered significant, and p-values below 0.05 were 

considered highly significant.  

 

2.7 Metagenomic Shotgun Sequencing 

Although 16S rRNA sequencing allows for big picture analyses, whole genome 

shotgun sequencing is meant to produce datasets that can be used to understand 

the overall gene repertoire represent in a sample. This approach sequences the 

entirety of DNA in a sample. Many gene sets are of interest to us in the context of 

this study: antimicrobial resistance genes (e.g. membrane transporters, 

biotransformation enzymes), virulence factors, marker genes related to geographical 

origin, and genes associated with unique metabolic features. Thus, to gain more 

information regarding the genetic characteristics of the gut microbiome, whole 

genome shotgun sequencing on the Illumina HiSeq 4000 with the NEBNext® Ultra™ II 

DNA Library Prep Kit was performed. 

 

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina® was selected based on the 

availability of DNA. The first step in the protocol requires the shearing of DNA in 

order to create a uniform length for sequencing. A Covaris ultrasonicator was used 

on the samples to break the DNA into pieces of approximately 500 base pairs. The 

https://www.neb.com/products/e7645-nebnext-ultra-ii-dna-library-prep-kit-for-illumina
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broken ends are repaired using the NEBNEXT End Prep Enzyme mix, which includes a 

DNA polymerase that fill in the missing nucleotides. A solution containing nucleic 

acid adapters and ligation enzymes are added to the solution. A magnetic bead 

solution is then added, which binds to the DNA, isolating it from the solution itself. A 

0.9X solution of the beads is added in order to select for the strands of length near 

500 base pairs. A solution of 80% ethanol, which precipitates DNA, is then used to 

clean the beads, twice. The DNA attached to the beads are released in an elution 

(salt-based) buffer. A NEBNEXT PCR mixture was then added in order to amplify the 

DNA in the solution, allowing for better sequencing coverage. Two primers, one 

universal and one containing a unique sequence, were added to each sample. The 

amplified DNA is cleaned, twice, with 80% ethanol, and the reads are checked on the 

bioanalyzer to determine length distribution. 

 

2.8 Whole Genome Shotgun Bioinformatics Pipeline 

Similar to the 16S rRNA bioinformatics pipeline, the generated reads were trimmed 

with BBDuk (removing PhiX as well) and error-corrected using Tadpole92. The read 

counts, for better coverage distribution, were normalized across the libraries using 

BBNorm. Using BBMap, the reads were screened against antimicrobial resistance 

gene family sequences downloaded from the ResFinder database93. 

 

 

 

 

 



39 
 

39 
 

 

 

 

3. Results 

3.1 16S Analysis 

The overarching microbial compositions of Hajj pilgrims, represented by 508 

diarrheal samples and 89 non-diarrheal samples, were analyzed with the available 

16S rRNA sequences. 

 

Initial bar plots comparing the relative abundances of microbial species between 

control (I.e. non-diarrheal) and diarrheal patients showed no significant differences 

at the phylum level (Figure 3). Interestingly, the phyla Firmicutes, Bacteriodes, and 

Proteobacteria were all in significant abundance compared to the other phyla. 

Proteobacteria, according the healthy gut microbiome standards, usually range from 

0.2 to 4%. Potential implications of this increase will be explored in the Discussion 

section. At the genus level, Prevotella species were increased in diarrheal samples, 

whereas Lactobacilles were more prevalent in the non-diarrheal samples.  
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Figure 3. A, bar chart comparing relative bacterial abundance of bacterial species between diarrheal (case) and non-diarrheal 
(control) samples at the phylum level. B, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between case and control samples. C, bar chart comparing relative abundance of bacterial species between diarrheal (case) and 
non-diarrheal (control) samples at the genus level. 
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Diarrheal disease and its relationship the gut microbiota has only been looked at in a 

few studies58,94,95. Yet, loss of overall abundance and richness has been seen in 

diarrheal patients, compared to healthy controls. Increased water and material flow 

throughout the intestines pushes bacteria out, leading to a loss in diversity, opening 

up space for other organisms to proliferate. Diarrheal disease is a factor that can 

further shape the microbial composition. Thus, in order to more accurately pinpoint 

potential trends in the shifting of microbiome composition across different 

conditions, the data was split into control and diarrheal datasets. The parameters 

used to evaluate as possible sources of influence are found can be found in Table 1. 

 

In addition to PCR- and immunoassay-verified pathogenic bacteria, protozoa, 
viruses*: 
 

Sequencing pool Renal Disease Suspected contaminated consumables: 

Primer index Cardiac Disease Water 

Antibiotic Hypertension Poultry 

Antidiarrheal Diabetic Salad 

Hotel Asthma Fruit 

Gender Vomiting Rice 

Route of travel Dysentery Canned Food 

Hospitalization Fever Uncooked Food 

Technician Bloody Stool Unwashed Food 

Age Mucusy Stool Damaged Packaging 

Origin Country Dehydration  

 
 

 

Table 1. Metadata factors used to identify correlations with bacterial composition.  

*the PCR-verified results come from Mona Alsomali’s processing of the same samples74. 
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Multivariate Analysis of Variance (MANOVA) revealed that the following variables 

have a significant correlation with bacterial community composition: hospital, 

hospital technician, patient hospitalization, country of origin, diabetes, cardiac 

disease, mucusy stool, and parasitic, viral, and bacterial infections. Hospital, country 

of origin, and parasitic infection were found to have the most significant effect with 

p-values less than 0.001. 

 

 

Hospital, Hospitalization, and Technician 

Technicians were given instructions to keep samples cold until being transferred to a 

-80 C freezer. However, fecal samples from Hajj pilgrims were collected from over 21 

hospitals, which increases difficulty in ensuring that the protocols were strictly 

followed. The potential deviations in the collection protocol, based on, for example, 

time that samples sat at room temperature or number of cold/thaw cycles or based 

on personal work habits of the technician, may vary dramatically between hospitals. 

Handling, storage, and transportation of these samples can all play a role in the 

survival of specific bacterial species in the fecal matter96. Although no studies have 

looked specifically at how hospitalization affects the gut microbiome, when 

considering how hospitalization might affect the gut microbiome of a patient, the 

microbes living in the natural environment and food that the patient consumes, 

most likely from the cafeteria of the hospital, might also influence the gut 

communities. Thus, patient hospitalization, the sample-collecting hospital, and 

technician collecting the sample all may introduce some bias or general shift in the  
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sample bacterial communities.  

 

 

 

 

 

A 

B 

Figure 4. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, between inpatient and 
outpatient samples. B, bar chart comparing relative abundance of bacterial species between inpatient and outpatient 
samples at the genus level. 
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The hospital that the patient visited was reported as a factor that is one of the 

statistically strongest correlations in the data based on MANOVA.  Alpha diversity 

calculations and relative abundance figures show strong correlations between the 

A 

B 

B 

Figure 5. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, between different hospitals in 
Makkah, Saudi Arabia, where the fecal samples were collected. B, bar chart comparing relative abundance of bacterial species between 
samples taken from different hospitals at the genus level. 
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hospital and the presence of specific microbes, as shown in Figures 4 and 5. Patients 

who were hospitalized interestingly reported a higher prevalence of Lactobacillus 

species, while Prevotella species were enriched in outpatient populations. These 

microbial abundance shifts were confirmed with differential abundance, showing 

that there was a significant change in the Lactobacillus species.  

 

In the same light that the hospital affected gut microbiome structure, so does the 

technician operating within the hospital, as seen in Figure 6. Alpha diversity and 

relative abundance graphs show large variation in species richness depending on the 

technician handing the sample. Differential abundance calculations revealed that 

Lactobacillus and Gammaproteobacteria species were highly dependent on hospital 

technician with p-values of 2.5x10-10 and 8.3x10-10, respectively.  
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Mucusy Stool 

Mucus is an important lubricant and defense system for the gut lumen. Produced by 

human goblet cells in the gut epithelium, commensal bacteria harbor this space, 

which is filled with a network glycan polymers that provide structural support.  

A 

B 

Figure 6. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, between samples 
collected and handled by different hospital technicians. B, bar chart comparing relative abundance of bacterial 
species between samples taken by different technicians at the genus level. 
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Because of the thickness of the mucosal layer, many pathogens have developed 

molecular methods, such as flagellar locomotion, to maneuver through to the gut 

epithelium. A recent study linked a high-fiber diet to the protection of gut mucosal 

layer – if bacteria do not receive the correct nutrients, they will feed on the polymers 

found in the mucus, cutting down the division between the lumen and epithelium 

and increasing the risk for infection97. Presence or absence of mucus in the stool can 

provide additional context for what might be happening in the gut.  

 

Patients with and without mucus and their stool were not clearly distinguished by 

the alpha diversity values, as seen in Figure 7; however, enrichment of the phylum  
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Bacteriodetes in samples without stooly mucus can be seen in the relative 

abundance graph, which was confirmed by differential abundance calculations (p-

value 2.8x10-14).  

 

 

 

A 

B 

Figure 7. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between fecal samples that visibly contained mucus or those without. B, bar chart comparing relative 
abundance of bacterial species between mucusy and non-mucusy fecal samples at the genus level. 
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Cardiovascular Disease 

Several studies have linked heart health status and cardiovascular disease to the gut 

microflora98. The means of communication between the gut microbiota and 

cardiovascular system can be accomplished through several molecular pathways, 

such as small short chain fatty acids, bile acids, and trimethylamine-N-oxide 

(TMAO)99. Dysbiosis in the gut microbiome can affect the signaling molecules, 

originating from the gut microflora, being sent through the bloodstream to the heart, 

leading to different health outcomes. TMAO, a byproduct of oxidizing 

trimethylamine (secreted by microbes) in the liver, has been reported a potential 

contributor of atherosclerosis and cardiometabolic diseases100. One study found that 

the administration of Lactobacillus plantarum resulted in improved blood flow in the 

infarcted region and enhanced ventricular function after myocardial infarction101. 

The interplay between cardiovascular disease and the gut microbiota has more to be 

discovered.  

 

A clear difference in the abundance of Lactobacillus and Prevotella species between 

patients with and without heart disease can be seen in Figure 8. Lactobacillus species 

experienced an 8-fold increase in the guts of patients with a history of cardiovascular 

disease, according to differential abundance calculations. Interestingly, the interplay 

between Lactobacillus and Prevotella species seems to be opposite of what is 

normally seen with chronic diseases – increase in Lactobacillus with healthy patients, 

and an increase of Prevotella in patients with chronic illnesses102,103. The many 

interdependencies of the metadata may come into play here, obscuring potentially 

clear conclusions for each metadata factor. 
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A 

B 

A 

Figure 8. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between patients with and without cardiovascular disease. B, bar chart comparing relative abundance of 
bacterial species between fecal samples from patients with and without cardiovascular disease at the 
genus level. 
 



51 
 

51 
 

Diabetes 

Diabetes and other metabolic diseases have been well-documented in the context of 

the human gut microbiome104. Contributing factors to diabetes include a sedentary 

lifestyle, high low-complexity sugar diet, and an inherited genetic predisposition. 

Diversity of microbes found in the diabetic gut microbiome has been shown to be 

generally lower than that of a healthy one105. One recent study showed that a high 

fiber diet can reduce the severity of diabetic symptoms, improve blood lipid levels, 

and boost the production of insulin106. Although clear links between the gut 

microbiota and diabetes remain to be discovered, this context is important to 

consider for what microbes might be present in diabetic patients.  

 

As seen in Figure 9, similar patterns for the cardiovascular disease patients can be 

seen in the diabetic patients as well – an increase in Prevotella species with healthy 

patients, and an increase in Lactobacillus species with diabetic patients. Alpha 

Figure 9. Bar chart comparing relative abundance of bacterial species between fecal 
samples from patients with and without diabetes at the genus level. 
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diversity measures showed no notable difference between diabetic and healthy 

patients.  

 

Age 

Gut microbial community structure has been shown to vary depending on age. One 

study looking at age-related gut microbiome changes in Japan, using samples from 

367 healthy volunteers, found that the infant and elderly gut microfluora generally 

cluster more closely together than with that of an adult. These researchers and 

others have also shown that certain types of bacteria (belonging 

to Bacteroides, Lachnospiraceae, and Bifidobacterium) change in abundance 

throughout life until the 20’s, reflecting an aging or maturation process of the gut 

microbial community107. The study also notes that significant transition points occur 

in life, one major one being after the age of 2. Other bacteria, such as the genus 

Dorea, remained consistent throughout time. 

 

Although not reported as statistically significant, when looking at the relative 

abundances of both the control and diarrheal samples at Hajj, Proteobacteria seem 

to be higher in the earlier and later periods of life, ages 0-5 and >65 (Figure 10). This 

reflects information reported in other studies as well. Overall, there is not much 

variation at the phylum or genus level for the diarrheal samples. Prevotellaceae 

levels seems to increase and decrease in a bell-shaped curve, maximizing at ages 35-

40. The control samples do have more spontaneous compositional shifts that may be 

related to sampling size - as there are more diarrheal samples, the data is more 
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robust. Alpha diversity plots show a slight increase in diversity as age increases, 

which corroborate with other age-related gut microbiome studies. 

 

 

 

Origin Country 

Since diet, vaccination programs, and infrastructure all depend on geography, the 

country of origin may reveal more about the Hajj pilgrim gut microbiome. Several 

A 

B 

Figure 10. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, between different age ranges (x-axis). 
B, bar chart comparing relative abundance of bacterial species between fecal samples from patients of different ages at the genus level. 
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manuscripts have documented the differences in the gut microbiomes of individuals 

in different countries, or even between regions within the same country. Granted, 

wealth distribution and personal choice make for important factors in shaping the 

intestinal microfluora community, which makes generalizations of diet and exercise 

hard to make. Thus, grouping individuals into one large category may add 

background noise, blurring any distinct clusters. Yet, in certain regions, where a 

specific cuisine or certain traditions are more widespread, country may be an 

influencing factor. 

 

Interestingly, the alpha diversity measurements from countries that are represented 

by more patients are more similar to one another – proving the power of sample size 

(Figure 11). Among countries with higher sample numbers, Nigeria and Afghanistan 

showed large increases in Prevotella species, while Egypt and Saudi Arabia could be 

characterized by higher Selenomonadales species, an order of bacteria associated 

with a diarrheal gut microbiome. This factor reveals the importance of sampling size 

when considering the correlations between bacterial richness and environmental 

conditions. 



55 
 

55 
 

 

 

 

 

 

 

 

A 

B 

Figure 11. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, between patients originating 
from different countries. B, bar chart comparing relative abundance of bacterial species between fecal samples from patients 
visiting from different countries at the genus level. 
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Infections 

Bacterial pathogens have several mechanisms with which they can create a dysbiotic 

environment, displacing competing microbes from the gut lining, and colonize empty 

space.  

 

Generally, bacterial infections can be linked to increases in Proteobacteria and 

decreases in overall alpha diversity, which is supported by the literature. Salmonella 

has a seemingly strong effect in enriching Proteobacterial levels. Not seen in the 

relative abundance graphs, Akkermansia species were one of the most significantly 

variable species between bacterial infections (p-value 6.6x10-9).  
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A 

B 

Figure 12. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between patients infected with different bacterial pathogens and those not infected (negative). B, bar 
chart comparing relative abundance of bacterial species between fecal samples from patients infected with 
bacterial pathogens and healthy controls (negative) at the genus level. 
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In the same way as pathogenic and symbiotic bacteria, viruses can be both harmful 

and helpful to the gut microbiome. Rotavirus, Adenovirus, Noroviruses, and 

Astroviruses are all common pathogens, while several phages help transfer material 

between bacteria and certain herpesviruses even help block bacterial invasion108. 

Viruses can also have both positive and negative effects on the gut microbiome 

through the human immune system: viruses can stimulate inflammation, causing gut 

bacteria to be targeted, or can induce macrophage activation, helping defend against 

bacterial pathogens. Bacterial phenotypes can even be replaced by gut infection of 

certain helpful viruses, as one study found109.   
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A 

B B 

Figure 13. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between patients infected with different viral pathogens and those not infected (negative). B, bar chart 
comparing relative abundance of bacterial species between fecal samples from patients infected with viral 
pathogens and healthy controls (negative) at the genus level. 
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As represented in Figure 13, among the different pathogenic viruses, only Rotavirus 

species were found to decrease diversity of the gut microbiota, compared to the 

other viruses or other non-diarrheal samples. The Noroviruses and Adenoviruses, 

interestingly, seemed to have reduced the relative amount of Proteobacteria in the 

diarrheal samples. Adenoviruses and Rotaviruses are characterized by high relative 

abundance of Proteobacteria. The overall level of Bacteriodetes and Firmicutes 

remained the same throughout, while Prevotellaeceae was significantly reduced in 

Rotavirus, but not very much so in the other viruses. Anaerofilum species were 

increased in patients infected with Norovirus (p-value 3.7x10-4), which is supported 

by a study showing that these bacteria are increased when gut permeability is also 

increased110. The exact mechanism for this increase is yet to be discovered.  

 

Many eukaryotic single celled organisms, otherwise known as protozoa, are well-

known gut pathogens. Although many protozoan parasites exist, protozoans have 

also been proven to be helpful, actually helping diabetic and inflammatory bowel 

disease patients after experimental infection. Many studies have characterized the 

microbiome shifts after infection with these pathogens111. For instance, different 

studies found increases in the prevalence of Clostridiales, Prevotella, and 

Gammaproteobacteria, and decreases in abundances of Firmicutes after infection 

with Giardia112.  
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The alpha diversity plots agree with the previously discovered phenomenon that 

protozoan parasites can increase microbial richness, although patients infected with 

Cryptosporidium showed a decrease in microbe diversity (Figure 14). The Giardia-

A 

B 

Figure 14. A, alpha diversity plot comparing the average bacterial diversity, using the Chao1 Index, 
between patients infected with different protozoan pathogens and those not infected (negative). B, 
bar chart comparing relative abundance of bacterial species between fecal samples from patients 
infected with protozoan pathogens and healthy controls (negative) at the genus level. 
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infected patients seemed to have an increase in Prevotella (p-value 2.6x10-3), both 

Giardia and Cryptosporidium had much lower Gammaproteobacteria than non-

infected patients (p-value 2.2x10-4), and Cryptosporidium alone showed enrichment 

in Clostridiales bacteria (p-value 1.2x10-7). More Firmicutes, in general, were also 

noticed in the Cryptosporidium-infected samples. 

 

 

The other metadata factors did not show reveal any information that was deemed 

warranted to discuss further on this manuscript. Additionally, beta diversity plots did 

not show any clustering.  

 

 

3.2 16S Based Pathogen Check 

Although mothur and other similar bioinformatics pipelines used to analyse 16S data 

are useful in interpreting how specific environmental conditions affect the overall 

microbial composition, pathogens are often in low count and are not represented 

well among organisms in high prevalence. Thus, to validate the PCR-based detection 

of infectious bacteria, the 16S sequences were screened against 16S sequences of 

pathogenic bacteria to see how many hits could be found. 

 

The reads from each sample were, first, trimmed of the primer sequences and, then, 

mapped to the 16S sequences of Cryptosporidium jejuni, Salmonella enterica, Vibrio 

cholerae, Yersinia enterocolitica, and Lysteria monocytogenes. The mapped reads 

from each sample were then computationally assembled using SPAdes.  

Table 2. Results from the 16S rRNA pathogen screening. False negatives are defined as samples that were defined 
as not having a pathogen by PCR, but the pathogen was found using 16S rRNA sequencing. False positives were 
defined as a sample that was recorded to harbor pathogenic bacteria but none were found using 16S rRNA 
sequencing. 
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 Salmonella spp. Campylobacter spp. 

False positives 30 2 

Correct 26 0 

False negatives 68 2 

 

After the mapping and cross-referencing with the PCR-detected pathogens, a large 

proportion of samples were either false positives or false negatives. The definition of 

false positive or negative is based on the reference being the mapped and assembled 

reads (Table 2). These results reflect the difficulty of finding pathogens in the dense 

and complex environment of fecal matter. 

 

 

3.3 Metagenomic Shotgun Sequencing and Antimicrobial Resistance 

To obtain more information about other genes found in the gut microbiomes oh Hajj 

pilgrims, the reads were sequenced using metagenomic shotgun sequencing. 

Although much data was generated, the focus of this master’s thesis was to 

investigate what drug resistance genes are coming from where during this mass 

gathering event. Metagenomic shotgun sequences from 48 control, non-diarrheal, 

patients were selected, since diarrheal samples are generally more diluted and may 

contain less ARGs, and scanned against ARG databases. The sequences were 

screened against the following drug classes:  

Aminoglycoside (A) 

Beta-lactamase (BL) 

Colistin (C) 
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Fosfomycin (FO) 

Fusidicacid (FU) 

Macrolide (M) 

Nitroimidazole (N) 

Quinolone (Q) 

Rifampicin (R) 

Sulphonamide (S) 

Tetracycline (TC) 
Trimethoprim (TM) 

Vancomycin (V) 

 

Table 3 summarizes the prevalence of ARGs found within these classes per country. 

 

Certain gene families are represented in higher abundance in some countries than 

others; however, without a reference to the healthy Saudi gut resistome profile, we 

are not able to make conclusions as to the spread of ARGs during Hajj. Several of 

these resistance gene families are common in the gut microflora – e.g. tetracycline, 

macrolide, aminoglycoside. Other genes, however, such as vancomycin and colistin, 

Country (n) A M BL TC S TM Q C N V FO FU R 

Bangladesh (1) 3.9E-01 2.3E-01 1.3E-02 4.9E-02 1.1E-03 7.1E-02 9.6E-04 0.0E+00 2.2E-03 1.0E-03 3.2E-04 0.0E+00 0.0E+00 

Egypt (4) 5.7E-03 7.6E-03 1.0E-03 2.7E-02 5.3E-03 3.0E-03 5.9E-03 0.0E+00 1.9E-03 1.8E-04 3.4E-04 0.0E+00 3.8E-03 

Ethiopia (2) 4.9E-03 6.5E-03 1.2E-03 4.9E-02 4.2E-03 3.7E-04 2.1E-05 0.0E+00 1.1E-03 1.4E-03 1.1E-05 0.0E+00 2.2E-05 

India (1) 5.8E-04 5.8E-04 5.8E-04 7.5E-03 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 4.0E-03 

Indonesia (2) 2.6E-02 1.1E-02 1.9E-03 3.7E-02 1.8E-02 7.2E-03 6.4E-03 0.0E+00 1.7E-03 1.5E-03 1.8E-03 0.0E+00 4.7E-03 

Malaysia (1) 2.3E+00 1.6E+00 4.7E-04 4.4E-01 2.9E-03 1.6E-03 5.9E-04 0.0E+00 1.1E-03 3.9E-03 3.5E-04 0.0E+00 0.0E+00 

Mouritania (1) 1.8E-02 7.8E-03 5.3E-04 3.6E-02 2.7E-02 9.2E-03 8.1E-05 5.4E-05 2.1E-04 1.7E-03 2.7E-05 0.0E+00 0.0E+00 

Saudi (19) 3.5E-01 1.4E-01 1.5E-02 1.4E-01 1.2E-02 9.5E-02 1.4E-01 2.6E-05 1.6E-02 2.9E-01 6.4E-04 5.5E-03 2.3E-04 

Pakistan (5) 8.8E-03 1.7E-02 2.1E-03 3.6E-02 7.7E-03 1.6E-02 7.3E-04 6.1E-04 1.8E-04 2.7E-04 9.2E-05 0.0E+00 3.3E-05 

Palestine (2) 5.8E-03 3.6E-02 1.5E-03 8.1E-02 2.5E-03 1.2E-03 1.8E-03 0.0E+00 0.0E+00 0.0E+00 6.2E-05 0.0E+00 3.7E-04 

Senegal (1) 4.9E-03 5.5E-03 6.2E-03 1.1E-02 4.8E-03 5.2E-03 2.9E-04 0.0E+00 3.2E-03 3.8E-03 0.0E+00 0.0E+00 1.1E-05 

Somalia (1) 6.3E-03 1.0E-02 7.3E-04 3.6E-02 7.7E-04 1.4E-04 3.5E-04 0.0E+00 0.0E+00 7.0E-05 0.0E+00 0.0E+00 0.0E+00 

South Africa (1) 7.4E-03 1.6E-03 2.9E-04 2.1E-02 5.0E-03 1.1E-02 4.2E-04 0.0E+00 3.3E-04 4.9E-04 1.7E-02 0.0E+00 0.0E+00 

Sudan (1) 2.2E-03 6.2E-04 6.9E-03 3.9E-02 4.7E-04 3.1E-04 5.2E-05 0.0E+00 3.6E-04 5.7E-04 0.0E+00 0.0E+00 0.0E+00 

Turkey (4) 4.6E-02 3.7E-02 1.1E-02 3.6E-02 1.2E-03 8.1E-03 3.1E-04 2.0E-05 3.1E-04 2.3E-02 1.5E-04 3.0E-02 0.0E+00 

USA (1) 1.6E+00 8.1E-01 4.4E-04 1.3E+00 2.6E-03 3.5E-01 6.6E-04 0.0E+00 1.2E-03 2.4E+00 3.3E-04 0.0E+00 0.0E+00 

Yemen (1) 3.0E-04 1.0E-02 5.8E-03 7.5E-03 8.5E-05 4.2E-05 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

Table 3. Antimicrobial resistance genes (ARG) family sequences were mapped to metagenomic shotgun sequences from 48 control samples 
of diverse countries of origin. The numbers represent the normalized presence of each family of genes in each sample. The reads were 
normalized to the prevalence of the E. coli RecA gene.  
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a last-resort, were also found in the fecal samples of patients from different 

countries, Saudi Arabia included. This snapshot of antimicrobial resistance in the gut 

microbiomes of Hajj pilgrims provides more context for how mass gathering events 

may contribute to the spreading of ARGs.  

 

4. Discussion 

Mass gathering events and the gut microbiome associated with them have, up to this 

point, not been characterized. Hajj pilgrims come from various backgrounds and 

geographical locations, which makes it difficult to identify the effects of individual 

variables. Interestingly, the relative abundance of Proteobacteria between residents 

of Saudi Arabia and international pilgrims attending Hajj were similar. Sequencing 

the gut microbiome of residents of Saudi Arabia would be useful moving forward, 

helping accurately infer differences purely made by attending Hajj. The idea that the 

overarching gut microbiome profiles look similar between Saudi and international 

pilgrims hints at the possibility that individuals at Hajj may converge on a shared 

microbiome, which is probable considering two points: 1) shared experiences largely 

entail shared effects and 2) gut microbiota are transmissible. One study found that 

mice sharing cages converged on the same microbiota profile, compared to those in 

other cages113. Although still not well understood, the expulsion of bacteria into the 

environment through any form of prolonged interaction (e.g. spores released by 

defecation) and subsequent intake by another individual can allow for transmittance 

of microbes from one host to another. Although many questions remain, new 

observations did arise from which we may extrapolate hypotheses concerning the 
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organization of microbes in our guts and their role in health during mass gathering 

events, like Hajj. 

 

4.1 Proteobacteria 

One of the most interesting findings was the almost ubiquitous rise of 

Proteobacteria. Of the 52 recognized bacterial phyla, Proteobacteria are the most 

diverse, comprising 116 families; the average bacterial phylum represents 10.1 

families114. They can be found to inhabit nutritionally disparate environments: 

saltwater, soil, air, and both mammalian and plant bodies. Within the human body, 

Protobacteria can be associated with the oral cavity (17.2–36.8%), skin (6.8–30.0%), 

gut (2.5–4.6%), and vaginal tract (2.3%)115. Several papers cite the presence of 

enriched Proteobacteria as a marker for gut dysbiosis, implying a diseased state116. 

Some of the human conditions in which Proteobacteria have been reported to be 

increased in relative abundance are diabetes, metabolic disorders, gastrointestinal 

cancer, inflammation, and post-gastric surgery117,118,119. When a dysbiosis occurs for 

any reason (e.g. infection or inflammation), many of the beneficial microbes become 

dislodged from the gut lining, creating space for Proteobacteria to fill in. A recent 

paper described Proteobacteria as a major contributor of functional variability in the 

gut120. Such an ability can explain a fitness advantage when space is available in the 

gut microbiome - they are able to survive in diverse environments, given their 

functional variability, but are outcompeted in states that are more harmonious for 

beneficial bacteria and the host. Proteobacteria are actually hypothesized to 

establish a suitable environment for anaerobic bacteria, many of which are beneficial 

for the host, during neonatal development by reducing oxygen levels and producing 
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carbon dioxide and nutrients121. To add further context to the fitness landscape of 

Proteobacteria, one study found that inflammation increases the amount of 

horizontal gene transfer between pathogenic and commensal Enterobacteriaceae, a 

family under Proteobacteria. These molecular sharing methods can quickly 

maneuver genes necessary for survival, after being selected for by the environment, 

between members of the same phylogenetic lineage, in this case Proteobacteria122. 

This evolutionary advantage can help stabilize and increase numbers in hazardous 

communities. Although the gut microbiome can transiently increase to above 40% in 

relative abundance, the extent to which these bacteria consume space in the gut 

microbiome (average 25% of the microbial community) of so many individuals is 

unprecedented considering the literature published thus far.  

 

Does the largely increased presence of Proteobacteria imply that the ‘Mass 

Gathering gut’ may be dysbiotic? Although the prevalence of Proteobacteria in gut 

communities is termed dysbiotic, many Proteobacteria do not negatively affect the 

gut. Several pathogens, such as Klebsiella and E. coli, are classified as Proteobacteria; 

however, being the most diverse phylum of bacteria, it would be expected that a 

range of functions, in strict ecological terms, would be present in such a genetically-

related family. As mentioned before, the stresses of travel, diet change, emotional 

change, physical activity, and environmental exposure can affect the survival of 

certain microbes, which can, in turn, shape the biotic composition of the gut. As the 

average, or residual, microbiome of those attending mass gatherings events have 

not yet been recorded, we should consider the unique context that Hajj confers. The 

combination of these stresses may push the limits of what is allowed for a seemingly 
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healthy, yet dysbiotic, microbiome. There is one other study recently published that, 

in some cases, mimics the conditions at Hajj: The antibiotic resistome and microbiota 

landscape of refugees from Syria, Iraq and Afghanistan in Germany123. There are 

several differences between the conditions of refugees and Hajj pilgrims: emotional 

experiences, route of travel (and experience during travel), and access to food, water, 

and shelter. But, traveling and difference in food type might create a similar effect. 

The study reported that the Proteobacteria levels in healthy refugees were double 

that of the German control. The overall gut microbiome profiles, especially 

considering the relative abundances of Firmicutes and Bacteriodetes, of the refugees 

were actually more similar to the Hajj microbiome than they were to the German 

controls. This could imply that the combination of stresses creates an environment 

that promotes the growth of Proteobacteria and, more or less, allows the 

persistence of the main microflora inhabitants. It is important to note, again, that 

the healthy gut microbiomes of individuals from the Middle East or North Africa 

have not yet been described, leaving the question of how this travel and experience 

actually affects the gut microflora.  

 

5.2 Antibiotic resistance 

Antibiotic resistance is one of the most pressing global health issues challenging 

government and public health officials. The ability for bacteria to acquire resistance 

mutations through both environmentally-induced mutations and horizontal gene 

transfer creates a dangerous situation for those infected with these pathogens. 

Furthermore, when individuals from around the world converge to one location for 

mass gathering events, it can be expected that resistance genes may be transferred 
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between the attendees, although further studies must take place to make a 

definitive statement on the transmissibility of genes during mass gathering events. 

As discussed earlier, Hajj brings millions of people from diverse backgrounds to one 

location. Many pilgrims arrive from countries where antibiotics are prescribed 

quickly and frequently without appropriate testing or where antibiotics can be 

obtained over-the-counter, which leads to an increase in the chance that one 

bacterial cell may, stochastically, acquire a mutation that allows for a phenotype that 

can defend against the drug. The presence of genes that confer resistance to last-

resort drugs, such as vancomycin and colistin, are warning signs of a future that may 

involve pathogens that are significantly resistant to drugs. Our results provide a 

snapshot of drug resistance at mass gathering events. Moving forward, pre-Hajj 

supplements, discussed in the next section, have the potential power to prevent 

colonization of pathogenic bacteria harboring antibiotic resistance genes. By 

introducing more bacteria that are helpful and symbiotic with your gut during times 

of stress, the chance for a pathogen to colonize the gut lining decreases drastically. 

By proactively battling pathogenic bacteria, potentially carrying drug resistance 

plasmids, we can secure a safer environment for all attending these events and 

those that meet the pilgrims upon returning home. 

 

 

5.3 Pre-Hajj Supplements 

Probiotics have long been used by humans in the form of cultured food products, 

such as milk, yogurt, pickles, kimchi, and kefir, for centuries124. Spanning different 

geographical influences, these cuisines introduce symbiotic bacteria, allowed to 
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grow on the food through unique, cultural processes, into the human 

gastrointestinal tract. Many of these bacteria, now residing within the gut, have the 

ability to ferment normally nondigestable foods, making important nutrients easily 

available for absorption. Others have beneficial effects on other organ systems, such 

as the brain, liver, or kidney125,126,127. Now, colloquially, the term probiotic includes 

all living, consumable microorganisms that are beneficial for the host. Officially, in 

2014, the World Health Organization and the Food and Agriculture Organization of 

the United Nations defined probiotics as “live microorganisms which when 

administered in adequate amounts confer a health benefit on the host”128. These 

microbes can be found in infant formula, animal feed, or encapsulated in 

polymerized sugar-based tablets found in many convenient and food stores across 

the globe129. The bacterial genera Lactobacillus and Bifidobacterium comprise the 

large majority of probiotics in use today130. Some physiological results recorded in 

clinical tests thus far have been reduced blood concentration of inflammatory 

markers, improvement in intestinal habits, lowered incidence and mortality of 

necrotizing enterocolitis, and protection against antibiotic-induced diarrhea131. 

However, many studies have shown that bacteria do not stay in the intestinal tract 

long before being removed. Although the therapeutic means of maintaining a 

selective gut microflora is not currently available, slight temporal aid for gut 

microbes may provide useful in many cases. 

 

Considering the numerous stresses throughout the Hajj journey, starting from the 

doorstep of the individual’s home and back, the pilgrim gut microbiome could take 

some help. A meta-analysis of 63 studies, looking the effect of probiotics on acute 
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diarrhea, performed by the Cochrane Collaboration found that probiotics reduce 

time of illness by one day on average132. The differing probiotic treatment methods 

(capsule, chewing gum, food), implementation of the trials, and etiology of diarrhea 

all have important consequences on study outcomes, and, thus, the results must be 

taken in the context of themselves. However, if probiotics and prebiotics (chemicals 

used to enhance microbe growth) can be used preemptively to mediate the negative 

effects on the microbiome, perhaps the gut community structure may be less 

susceptible to deviation under stressful conditions. One study found that the 

introduction of a drug resistant Lactobacillus reuteri strain to the gut microbiome 

after surgery, while taking vancomycin, prevented the colonization of C. difficile133. 

These studies lend evidence to the notion that probiotic and prebiotic supplements 

before and during Hajj may provide a robust prophylactic measure against microbial 

community disorganization in the bowels - potentially leading to a stronger defense 

against gut pathogens.  
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5. Conclusion 

Mass gathering events raise many public health concerns due to the large amount of 

resources needed to create an environment suitable for supporting thousands to 

millions of people over an extended period of time. Hajj brings together people from 

around the world to one place to engage in a week-long pilgrimage, which also 

involves moderate physical activity. This unique event provides an interesting 

context which we have used to understand gut microbiome dynamics under stressful 

conditions. It remains to be understood whether the dysbiosis caused by stress 

creates an environment suitable for pathogen establishment or if pathogen 

infestation begins and propagates a dysbiotic gut - perhaps both. The 

interdependency of the many factors affecting the survival of microbes creates a 

problem for identifying individual factors, leaving many questions unanswered. With 

this snapshot of pilgrim gut microbiome health, we can better prepare to improve 

the experience of pilgrims looking for an optimal experience. We also gained more 

information about the resistome landscape at an international gathering, like Hajj, 

showing how the potential of transmissibility of antibiotic resistance genes. Perhaps, 

with the administration of prebiotics and probiotics and quick sequence-based 

pathogen detection methods, Hajj pilgrims can have a more enjoyable experience 

throughout this once-in-a-lifetime opportunity. This information may help in the 

betterment of infectious disease surveillance and management during Hajj and other 

mass gathering events.  
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