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• Prokaryotes vs Eukarotes

• Bacteria

• Archaea

• Eukaryotes

• (viruses)
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• 3 or 2 domains?



Microbial diversity

• Richness

• Evenness

• Diversity

Alfa-, beta-, and gammadiversity



Metabolic diversity



Metabolic diversity

Energy source: 
• Phototrophs
• Chemotrophs

Carbon source:
• Autotrophs
• Heterotrophs

MICROBES

David Parkins 2009. Nature 458, 831



Metabolic diversity
ENERGY source for 
generating ATP

CARBON sourcse Microbial examples

Photoautotroph Light (photon) CO2 Cyanobacteria

Chemoautotroph Inorganic
compounds
(H2, CO, NH3, 
NO2,H2S, S, Fe2+)

CO2 methanogens, halophiles, sulfur 
oxidizers and reducers, nitrifiers, 
anammox bacteria, and 
thermoacidophiles.

Photoheterotroph Light (photon) CO2 and simple organic 
compounds

purple non-sulfur bacteria, green 
non-sulfur bacteria, heliobacteria

Chemoheterotroph Preformed organic
compounds

Preformed organic 
matter

Most bacteria, fungi and 
protozoa



Mainly used for protists, but bacteria to!

Most abundant bacteria in oligotrophic marine waters are mixotrophic

Mixotrophs

Huge impact on nutrient cycles! Climate Change! Fisheries!

http://www.fanpop.com/clubs/little-shop-of-horrors/



Microbial world: Huge knowledge gaps
Perhaps around trillion microbial species

Source: “Phylogenetically Novel Uncultured Microbial Cells 
Dominate Earth Microbiomes,” by Karen G. Lloyd et al., in 
mSystems, Vol. 3, No. 5; September/October 2018

OTUs vs species



Unique traits of microbes

• Small size

• Ubiquitous distribution through Earth’s habitats

• High specific surface areas

• Potentially high rate of metabolic activity

• Potentially rapid growth rate

• Physiologically responsive

• Unrivaled nutritional diversity

• Unrivaled enzymatic diversity



Ecological consequences of microbes

• Geochemical cycling of elements

• Detoxification of organic  and inorganic pollutants

• Release of essential limiting nutrients from  the biomass

• Maintaining the chemical composition of soil, sediment, water, 
and atmosphere required by other forms of life

• Major impact on environmental quality, agriculture, and 
climate

Microbial diversity is the key to human survival



Environmental Microbiology: Core Concepts

• Primary directive of microbial life: survive, maintenance, generate 
energy, grow and replicate 

• No method is perfect

• Several independent studies (papers)

• Every form (trait) has its function
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Microbes in (Hawaii) Groundwater



Why microbes in GW matter?

•No meaningful alternative for island communities

•Changing climate and anthropogenic microbial contaminants: health 
risk and ecosystem functioning

•GW microbial communities are important in subsurface biogeochemical 
cycling and biodegradation

•We know nothing about microbes in HI GW, except indicators

•Detect change

•Important when making management decisions



https://www.boardofwatersupply.com/water-resources/the-water-cycle

https://www.boardofwatersupply.com/water-resources/the-water-cycle


The study



Methods

• Collection 

• Filtration            Cultivation

• DNA extraction

• Library preparation 

• Sequencing

• Bioinformatics pipeline and analyses



1
•Quality control and filtering (Trimmomatic)

2
• (PE assembly and) Clustering  (Vsearch)

3
• Identification (SINA aligner)

4
•Statistical analyses (R: vegan and other packages)







Full of life, amazing diversity!

# of 
samples

# of 
sequences

Richness Diversity Evenness

OTUs per 
sample

Shannon’s 
(H)

Fisher α J

Ground
water

37 1,751,074 2,071
(185-

4,373)

5.37
(2.13-6.95)

468.9
(23.1-

1257.2)

0.71
(0.41-0.85)

Soil 32 1,407,413 2,397
(190-

3,937)

5.98
(2.72-6.89)

571.6
(34.1-956.8)

0.78
(0.51-0.87)



Relative abundance (%) of top ten phyla in the groundwater and soil samples. 

Full of amazing life!



Hug LA, et al., 2016. A new view of the tree 
of life. Nat Microbiol. Apr 11;1:16048. doi: 
10.1038/nmicrobiol.2016.48. PMID: 
27572647.



Top 10 phyla, classes, genera

Top ten phyla (left), classes (middle), and genera (right) based on the sequence abundance in the  OAHU aquifers (ENTRA –
central, HONOLULU – Honolulu, NORTH – North, RL HAR – Pearl Harbor,  WAIANAE – Waianae, and WINDWARD –
Windward aquifers) 



A B

CHEMOAUTOTROPHS!



Core Groundwater Microbiome



Core Groundwater Microbiome

BASAL + DIKE                                                                                                BASAL



HI Groundwater Quality: indicators

•16.2% of groundwater samples were positive for total coliforms 

(GM: 0.6 MPN/100ml; Range: <1 to 18.9 MPN/100ml) 

•No E. coli or C. perfringens or F+ coliphages were detected in the 
groundwater

•No sewage-specific markers were detected in the groundwater

Do  not get scared, it is before chlorination!



GW Study Summary
• GW not sterile, but distinct and diverse bacterial communities

• High abundance of chemoautotrophs

• A few core OTUs, but abundant

• SO4, NO3, and Na correlated significantly with gw. bacterial community 
composition

• Relatively good groundwater quality

• Likely large adaptive potential
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Why water quality matters?

Human health concern

Environmental concern

Economy
$$$,$$$,$$$



Public health hospital costs from USA drinking 
water exposures

NTM –non-tuberculosis mycobacteria



Etiological agents and percentages for 780 
drinking water outbreaks, 1971-2006 USA



Top 10 Causes – Outbreaks in Public Water 
Systems in the US (CDC.gov)
• Giardia
• Legionella
• Norovirus
• Shigella
• Campylobacter
• Copper
• Salmonella
• Hepatitis A
• Cryptosporidium
• E. coli, excess fluoride (tie)

https://www.cdc.gov/parasites/giardia/
https://www.cdc.gov/legionella/index.html
https://www.cdc.gov/norovirus/index.html
https://www.cdc.gov/shigella/index.html
https://www.cdc.gov/nczved/divisions/dfbmd/diseases/campylobacter/
http://www.atsdr.cdc.gov/toxfaqs/tf.asp?id=205&tid=37
https://www.cdc.gov/salmonella/
https://www.cdc.gov/hepatitis/hav/index.htm
https://www.cdc.gov/parasites/crypto/index.html
https://www.cdc.gov/ecoli/index.html
https://www.cdc.gov/healthywater/hygiene/dental/water_fluoridation.html


Drinking water source

In US:

68% surface water

32% groundwater

<1% other

In Hawaii:

>99% groundwater

https://www.otonabeeconservation.co
m/new-road-signs-identify-municipal-
drinking-water-protection-zones/



NRC 2004 Indicators of waterborne Pathogens



How can GW get contaminated?
Groundwater under the direct influence of surface water (GWUDISW or GWUDI)

• Permeability
• Location and depth of 

the well
• Aquifer composition
• Proximity to pollution 

source 
• Well and spring 

construction

Usgs.gov



http://planning.hawaii.gov/gis/download-gis-data-expanded/



Koch postulates (1890) to define a pathogen

• The bacteria must be present in every case of the disease.

• The bacteria must be isolated from the host with the disease 
and grown in pure culture.

• The specific disease must be reproduced when a pure 
culture of the bacteria is inoculated into a healthy 
susceptible host.

• The bacteria must be recoverable from the experimentally 
infected host.



Pathogens (the health concern)
• Pathogens

• Infection

• Infectious dose

• Frank pathogen vs opportunistic pathogen

• Incubation time  

• Origin: host or the environment

• Die-off

• Enteric pathogens

• Water-borne disease

Okafor, 2011



Okafor, 2011



Survival

• In general, viral and protozoan pathogens survive longer than bacteria

• Survival depends from the environment (temperature, moisture, etc)

Gerba in Mayer, et al, 2009



Gerba in Mayer, et al, 2009



Gerba in Mayer, et al, 2009



Okafor, 2011



Naegleria fowleri

• amoeboflagellate

• World-wide in freshwater, sediments, soils

• >35°C amoeba transforms to flagellated form which allows it to swim

• Swims to nose, and follows nerve to brain, produces toxin that 
liquefies brain

• Massive headache, death in 4-6 days, 95-97% fatality

• Prognosis after death…(amphotericin B if diagnosed early)

https://www.cdc.gov/parasites/naegleria/index.html





What and Why we measure?

• Too many potential pathogens, methods tedious, difficult, 
and time consuming

• Microbial indicators

• What do microbial indicators indicate? 



Total 
coliforms

Fecal 
coliforms

Escherichia 
coli

Some of the microbial indicators
• Total coliforms
• Fecal coliforms
• Escherichia coli
• Enterococci

Problems:

• Regrowth in aquatic and/or soil environments

• Regrowth in distribution system (TC)

• If regrowth - Not indicative of health threat or risk

• No relationship with protozoa or viruses or environmental 
pathogens

• E. coli die-off rapid (faster than pathogens) in marine environments

(Drawn not in proportions; 
taxonomically nonsense)



Some examples of alternative microbial 
indicators

F+ and somatic coliphages  

• Pros: good proxy for viruses

• Cons: concentrations relatively 
low in sewage, methods tedious

Clostridium perfringens (spores)

• Pros: obligate anaerobe

• Cons: spores can survive long in 
sediments



Safe Drinking Water Act

• Total Coliform Rule  -treatment efficiency and distribution system integrity

• Surface Water Treatment Rule - treatment efficiency and distribution 
system integrity

• Groundwater Rule – fecal contamination in source groundwater

• Drinking Water Contaminant Candidate List (CCL) – treatment and 
distribution system

Regulations dependent from how many people are served

Public Water System - 15 service connections or serves an average 25 or 
more people at least 60 days a year



Hawaii Drinking Water Regulations
• HAR Title 11 Chapter 20 (2017)

• Not just microbiology, also includes organic and inorganic contaminants

• Regulates sampling frequency, depends how many people served

• Regulates until water reaches your house, you are responsible for 
pluming (lead) and its integrity (entry of contaminants)

• Distribution system is not compliant if E.coli positive sample follows 
total coliform positive sample or total coliform positive samples follows 
E. coli positive sample. Failure to collect is also considered as system 
failure

• E.coli positive sample triggers boil-water notice

• Drinking Water samples should also not contain Cryptosporidium, 
Giardia lambia and Legionella as well as free from enteric viruses 
(coliphage as proxy). Used to evaluate treatment.



Outside the US





Growth of indicator bacteria (total 
coliforms, E. coli, and enterococci) 
in Hawaiian soils

• Known for 25+ years

• High concentrations measured  

by many scientist:

Hardina & Fujioka, 1991

Luther & Fujioka, 2004

Byappanahalli et al., 2011

Goto & Yan, 2011

Kirs et al, 2017

It is not a theory or hypothesis



Growth of indicator bacteria  in Hawaiian soils -
consequences

• All current indicator bacteria can grow in Hawaii soils

• Transported by rain

• Impacts water quality

What do high indicator bacteria truly mean? 



Soil samples around 34 groundwater 
wells on Oahu 

(fenced, no public access)

• All soil samples were positive for total coliforms and enterococci. 

• Geometric mean concentrations of both organisms were 1403 MPN/g and 
49 MPN/g respectively, but frequently exceeded >2,419.6 MPN/g of soil. 

• E. coli was detected in 55% of samples and the concentrations varied from 
<1 to >2,419.6 MPN/ g. 



Indicator bacteria in soils at 
Lyon arboretum

Adam Cannon (REU student)



Microbial Source Tracking (MST):

Set of tools to identify the source of fecal contamination in 
ground and surface waters

Importance:
• Health risk
• Management 
• Mediating Conflicts 

Key component in QMRA studies

Birds
Salmonella,
Campylobacter

E. coli,
Cryptosporidium,
Giardia

HUMANS

Human 
Noroviruses, 

Human 
Adenoviruses

RUMINANTS

E.coli O157:H7

Cryptosporidium

Giardia

BIRDS

Salmonella

Campylobacter
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Drinking Water Treatment

• Water sources: groundwater, surface water, rainwater….wastewater

• Slow sand filters were the earliest methods used

• In 1881, Koch showed that chlorine can be used as disinfectant

• First continuous chlorination of public water supply for the first time 
1905 (London), regular use in US 1908 (Chicago)

Gerba & Pepper, 2015



Drinking Water Treatment
• Treatment process trains (options):

Gerba & Pepper in Mayer, et al, 2009



Drinking Water Treatment

1. Chlorination (chlorine or chlorine dioxide) or Ozone ((or bromine, 
iodine, UV))

• Strong oxidizers

• Chlorine when added as gas forms hypochlorous acid (HOCl) and 
hydrochloric acid (HCl)

• To prevent regrowth, treatment with ozone is typically followed by 
chlorination as  ozone leaves no residue. 

• Ozone treatment is more expensive than chlorination, can produce 
suspected carcinogens



Drinking Water Treatment
2. Sedimentation
• Coagulant is added to enhance removal of dissolved suspended solids during the 

sedimentation and filtration
• Flocculation (stirring) enhances coagulation
• Frequently used coagulants are alum, ferric sulfate and ferric chloride or 

polyelectrolytes
• Gravitational settling

3.Filtration
• Rapid sand and/or anthracite filters (50-75 cm) (mostly US), backwashed on regular 

basis
• Slow sand filtration (60-120 cm and gravel 30-50 cm)) (mostly Europe), biofilm 

formation important
• Filtration especially important for removal of Giardia and Cryptosporidium



Drinking Water Treatment

Gerba in Mayer, et al, 2009



Drinking Water Treatment – Other options

• Riverbank filtration

• Solar pasteurization

Temperature Results

55°C(131°F) Worms, protozoa cysts
D =~ 1min

60°C(140°F) E. coli, rotavirus, Salmonella typhi, Vibrio
cholera, Shigella
D value ~1min

65°C(149°F) Hepatitis A virus
D value =~1min

D – value – 90% of contaminant removal

Ray and Jain, 2011

Solarcooking.org

CEDESOL Foundation

Ryan, et al., 2002



Drinking Water Treatment – Other options



Drinking Water Treatment – Other options

• Solar distillation
Distillation ... earliest probably 1200BC in Mesopotamia

Panchal, 2012



Several barriers to protect end-user

• Source water protection

•Water plant process and disinfection

•Distribution system residual disinfection

• Security



Water Distribution Systems and Biofilms

• Dissolved organic compounds can cause problems – taste, odor, 
enhanced chlorine demand, and bacterial colonization (biofilms)

• Biofilms can have aerobic and anaerobic zones

• Biofilms controlled by temperature, water hardness, pH, redox 
potential, dissolved carbon and residual disinfectant.

• Microorganisms more resistant to disinfectants in biofilms 

• Heterotrophic plate count can be used to indicate deteriorating water 
quality in the distribution system 

• Water-based pathogens such as Legionella can form biofilms



Typical water that leave treatment plant HPC:  10 CFU/ml

Average household tap has HPC: ~3,000 HPC /ml (Pepper et al., 2004)



Summary

• Health risk from a wide array of microbial pathogens may exist if 
drinking water is sourced and used untreated from the GWUDI wells.

• Indicator bacteria concept and its shortcomings

• Drinking water treatment options

• Biofilms in the distribution systems


