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What is your experience level with microbiome research?

Answered: 19 Skipped: 0

I'm generally
interested a...

| intend to
get involved...

| have been
involved in...

| have been
involved in...

| consider
myself an...
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ANSWER CHOICES * RESPOMSES =
= I'm generally interested and want to learn more about microbiome research 36.84% 7

= | intend to get involved in microbiome research in the future but have no experience yet 5.26% 1

| have been involved in some microbiome research projects but want to learn more about technigues/analysis 42.71%

I have been involved in multiple micrabiome research projects and have basic understanding of micrabiome data 42.71%
analysis

= | consider myself an expert on some aspect of the microbiome 10.53% 2
Total Respondents: 19
-




What types of seminars are you most interested in attending?

Answered: 19 Skipped: 0

Technical -
Introductory

Technical -
Novel...

Clinical
Research

Man-
Academic/Ap
plied

0%  10% 20% 30% 40% B50% 0% 70% 30% 20% 100%

ANSWER CHOICES ¥ RESPOMNSES 7

= Technical - Introductor 47.37% 9

Technical - Novel Techniguaes/Analyses 24.21%

Clinical Research 73.68%

= Mon-Academic/Applied 26.32%

Total Respondents: 19

Comments (1)




Overview

Microbiome — components, host interactions, and dysbiosis

NGS and Bioinformatics Tools

Microbiome Study Design




Terminology

16S rRNA
gene

¥ Microbiota metabolites ¥ Host metabolites

© Microbiota protein @ Host protein
Microbiota Metagenome Microbiome
16S rRNA Genes and genomes Genes, genomes, products,
Taxonomic identification of microbiota host proteins

Whiteside, S. A, et al. (2015). "The microbiome of the urinary tract— a role beyond infection."

Nat Rev Urol 12(2): 81-90.




NIH Human Microbiome
Project

Phase | (2008 — 2012)
- cataloging microbes in / on human body
- 242 healthy American adults (18 — 44 years old)
-~ 10,000 bacterial species
Phase 11 (2013 — 2015)
- Biological properties of both microbiome and host
- microbial composition, gene expression, proteins and metabolities

- longitudinal cohort studies



Microbial genomes may code for
100x as many genes as human

genome

MICROBIAL CELLS

~100 TRILLION
(-70-90%)

HUMAN CELLS
~30 TRILLION

MICROBIAL GENES
~2,000,000
(-99%)

HUMAN GENES
-23,000

~2,000,000 bacterial genes
~23,000 human genes

Many bacterial species previously not
recognized because unculturable with

current methods




Healthy adults: Unique microbial
community composition in each body part

PCoA2 (4.4%)

PCoA1l (13%)



Relative abundance of taxa at the
phylum level by anatomical site

Oral cavity

e Substantial within
individual variation
across anatomical
site

Nostril

H. pylori (5
stomach

* Presence of
pathogens associated
with ecology

Skin

H. pylori (+)
stomach

Variations between
individuals

& Actinobacteria
& Firmicutes

& Proteobacteria
@ Bacteroidetes
& Cyanobacteria
€ Fusobacteria

eoe

Cho, I. and M. J. Blaser (2012). "The human microbiome: at the interface of health and disease." Nat
Rev Genet 13(4): 260-270.




Microbiome — innate immune system interactions

el

Rheumatoud arthritis Type 1 diabetes Inflammatory
Ankylosing spondylitis bowel disease

A Diseases:
\ 'l Inflammatory

Innat
Microbiota |mmur:1r;as;stem M Eta bOI IC
o K j s Neoplastic

Non-alcoholic
fatty liver disease

Pulmonary disease
and atopy

Diet

) G

Carcinogenesis Obesity Atherosclerosis



Dysbiosis

Microbial imbalance
Changes in quantity and quality
Causes:

- antibiotics

- lifestyle, stress

- age

- genetic predisposition
Consequences:

- immune stimulation



Fungal Dysbiosis

a b Factors contributing to dysbiosis
Healthy Dysbiotic
Genus mycobiota mycobiota
- | Aspergillus
Qi »u ‘ In the mouth, HIV-mediated
D Alternaria < immunodeficiency causes severe
. Candida =0 dysbiosis, which correlates with H I V
N i\ decreased numbers of CD4' T cells
D Capnodiales .
. Cladosporium Cystic fibrosis causes severe
physiological changes in the lung
. Cryptococcus ’.ﬂ accompanied by the outgrowth of C F
- Debaryomyces ® = | opportunistic pathogens. Candida spp.
can adapt to escape Pseudomonas

- Epicoccum
. Eremothecium
. Malassezia Skin (AF)
Penicillium
Pichia

. Saccharomyces
. Trichosporon

[ other

aeruginosa-mediated inhibition of the
yeast-to-hypha transition

\ Primary immunodeficiencies that
@ i ————— | disrupt the T 17 pathway, such as STAT3
' ) mutation, lead to fungal dysbiosis

In the gut, dysbiosis is induced by
antibiotic-mediated depletion of

> bacteria, genetic defects in antifungal A BX
& — 5 | immunity pathways, changes in diet,

Phylum antifungal drugs and inflammation

- Ascomycota
Basidiomycota
D Other

Several factors can lead to increased
growth of Candida spp. in the vagina,
including glycogen and oestrogen
produced during pregnancy,
HIV-mediated immunodeficiency and
depletion of lactobacilli

B

Skin (HF) Wound (HF)

Temporally stable dysbiotic fungal
£

communities occupy chronic
‘%‘O ‘ wounds and can interfere with the WO u n d S

skin-healing process

5

lliev, I. D. and I. Leonardi (2017). "Fungal dysbiosis: immunity and interactions at T [ m— —
mucosal barriers." Nat Rev Immuno




What do we want to ask?

Microbiome/Dysbiosis \

> Presence/Absence Disease/Outcomes

o Differential abundance
> Diversity

> Functional capabilities
o Activity

N~
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NGS and Bioinformatics Tools

Microbiome Study Design




What is my target?

A lot of data describing many organisms in multiple samples

Other
Ampli-
Seq

RNA-
Seq




16s rRNA Sequencing

16S rRNA gene present in all bacterial species
Highly conserved and variable sequences
Variable = “molecular fingerprint”

Amplification with degenerate primers

targeting conserved regions

Large public database for comparisons




18S rRNA/ITS Sequencing

18S rRNA eukaryotic gene homologous to 16S rRNA in bacteria

For fungi, variability in 18S rRNA may not be sufficient to classify species

ITS = Intergenic Transcribed Spacer = 2 ITS regions in each eukaryotic
cistron

o Higher resolution for fungi, but longer reads generated

54-543bp Intron
fITS7 (F)

fITS9 (F)
5.8S-Fun (F)

BITS (V)

ITS2 (U)
N\ i ITS4 (V)
Y - .

145-695 bp amplicon

267-511 bp amplicon



“Shotgun” Metagenomics

AR

Mixed microbial communlty DNA

l

- What genes are present (from which organisms— maybe) = Functional
potential of the system



Traditional Sanger Sequencing

slllllllllllllllllls.
Template

ddNTPs

ddTTP -@
ddCTP -@
ddATP —-@
ddGTP —@
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https://www.khanacademy.org/science/biology/biotech-dna-technology/dna-sequencing-pcr-electrophoresis/a/dna-sequencing
https://unlockinglifescode.org/timeline/11



https://www.khanacademy.org/science/biology/biotech-dna-technology/dna-sequencing-pcr-electrophoresis/a/dna-sequencing
https://unlockinglifescode.org/timeline/11

Ilumina MiSeq - SBS

SBS = Sequencing By Synthesis

Multiplexing samples into one run using indexes

Multiple reads per base pair

35

DNA
(0.1-1.0 ug) @ 0 t
0 1ol
° 88\
0 §ﬁ§
(€]
© 0 c
. o %
Library i
preparation Cluster generation 5
Sequencing



Adapter Ligation

PCR amplify template out of genomic DNA using
region of interest-specific primers with overhang adapters

§-TCGTCGGECAGCETCAGATGTGTATAAGAGACAG-3'

Forward primer overhang adapber:
— \— Region of interest-spacilic prirmers —

Ragion of interest-specific primar
%, Rewverse primer overnang adapter:
B -GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3'

\_

Attach indices and lllumina sequencing adapters

using the Nextera® XT Index Kit
]
—\_

I 1
F7

Mormalize and pool libraries

Sequence




Cluster Generation on Flow Cell




Sequencing

A

Incorporation OH free 3' end
Detection |

Deblock; fluor removal

Next cycle



Flow Cell Cycle1 Cycle?2

.Q'.'
.. A
‘; Cycle3 Cycle 4
v

Cycle5 Cycle6

R

Cycle7 Cycle8

E
L

Base Calling Cycle 9

GATGCTACG  WoR

Humina




e

uencing Output

AAACTGGAALAR A TGATCEGCGATCTGCTGTAATCATTCT TAGCGTGACCGGGARGTCGGTCACGCTACCTCT
ARG T T G T A T T T O CAG TG TAT CATTC TG T TTARCGAGACTGTTTARRCGEARLAATCTT
EATGARATACTTTAC G TAT T G T TACT T TCCATCTCTEAT OGO C AT CCAGC GG GTTTAT CAGGATAL AGET
ATCCCTGCGCTGEARGRATGECTGACATCEECECTARCCACGOCETTTGAACTGEARMCCCGCTTARTCCCCE
ATGAGCAGGCEATCATCEAGC AR AT TGTCTGAGCT GG T GGATGAR A TGAGTTGCCATCTGETGCTCACCAC
GEECEEARCTEECCCEECGCETCETCACETALRCGCCCEATGCEACCCTGECAGTAGCEEACCECGAGATECCT
GECTTTGETGAACAGATGCGCCAGATCAGCCTGCATTTTGTACCARCTGCGATCCTTTCGCGTCAGGTGEECE
AT TCGC AL A A GGG T AT CC T TR C T TACC O GG T CAGCCEARGTCGAT TAR A GRAGRCGCTGERAAGECET
CAAGEACGC TG TAAC G TTET TGO ATGETATTTTTGCCAGCGTACCETACTGCATTCASTTGCTEEAR
GEECCATACATTGARRMCGGCACCEEAAGTGETTIGCAGCATTCAGACCGARGRAGTGCARGRACGCEACETTAGCE
ARTRLARAL L TCCCCCCRGCEEEEEGAT CTCARA AC AR TTAGTGOGATTCACCARTCGECAGALCGETECGER
AT EC TG T T CAGTAC TTCACCCATCECCAGATAGATTECGCTGECACCGCAGATCAGACCARTCCAGT
CEECARRETGEATGATTGCGECETTACCEECAATGTTACCGATCECCAGCAGEGCARRCAGCACEETCAGECT
ARAGRAN A CGARTTGCRAGRACGCETECGCCTTTCAGC TGO CCARCARACATA AR T AGCGTARATACGCCCCAC
AGACCCAGGTAGACACCALGERARCTETGCATTTGECGCATCGETCAGACCCAGTTTCGGCATCAGCAGAATCR
CRACCAGCETCAGCCAGARAGRACCETARGAGETGARTGCEETTARACCEARAGTGTTGCCTTITTTTGTACTC
CRAGCAGLRCCAGC AR AR TTTGCGUGATGCCGCCGTAGRARR R TECCCATGECARGAATAATACCETCCAGAGTL
ARATAACCCACGTTGTGCAGETTAACCAGRARTEETGETCATGCCEAAGCCCATCAGGOCCAGCGETGCCGEAT
TAGC AR CTTAGTGTTGCCCATART TCCTCAR AL TCATCATCGAATGARTEETGARATARTTTCCCTGAATA
ACTGTAGTGTTTTCAGEECGCGECATAR TR A TCAGCCAGT GEEECAGTGTCTACGATCTTTTCGAGEGGAL AT
AR TTTTCCCCGGTTTCCGGTAT CAGRCCTCAGTGECACTARCCATCCGECGEAGECAGGCGATTTGCAGT
ACGECTGERAATTCTCACGCGATAGECAA TGCCGCTCACCGCTTTARCCCCATTTAGTGCCGCGCCTRACAGGET
CTCCCAGACCCGCECCGCeCAGCAM M CATGCCCARGTACGCTCATTGCTGCETGEETGCGTAARRTECGEET
CRAATTGGCTGEARRAGCRA AT GCCACACGCCTTTTGCCARTARTTTOTCTT TCATCAGCAGCGECAGCAGTTCT
TCCAGCTCATTCACCCTGGCAT CEGACC GO T GCAGARRCTCCTGCTTATGTTCCTCGT CCATTTTCTTCCAGE
TGTTACGCAGRALTTGTTCCAGTALMCTGTTGCTCAATCTCARRCETAGACATCTCTTTGTCGLCTTTCAGCTT
AR TG T T TR A AT CGRAGC AR R TGO CCGATAC AR T TTACCETGTCCACGCAGTTTGTIGGCGATACTA
oo CACCAR A TG TG TAATTCTCCGGCARTCAGC TGO CAGTTGCGECGATGTTGCTCGGEATGTCCCTCCA
TCGATTTARLCAGTTCGTTGCGCAT CAGTACGCTGEAGAGEGCEAGTTTITGCCTITTTTCATTATGEGTGAGCAR
e EAn s TT TGO R A TTCT T C T AC TAC AR TG T GEAGRAR R A TCCAGATCTGAATCATTCAGSTALTTS
A A TTCATTTTT T ST T T CTATATT C TGO TTASTCGTCGC CEATARTTTTCAGCGTGECCATATCCGAT




Quality Control

- Pair-ended read generation reduces sequence error rates

- But, low quality reads can still be present

- Quality (Phred Score, Q Score) = Function of confidence in base calling

Phred Quality Probability of Base Call

> Q-score
Score Incorrect Base Call Accuracy

10 1in10 90% Q10

20 1in 100 99% Q20

1in 1000 99.9% Q30

1 in 10000 99.99% Q40




Domain

Kingdom

Alignment — the key step

Phylum
Sequencing projects are limited by the available reference

databases
Class

- Sequences clustered by similarity into Operational Taxonomic

Units (OTUs) (97%,99%) Ord
rder

- Representative sequence from each cluster is aligned to a
reference database (e.g. Greengenes, Silva, UNITE)
, Family
- Challenges: multiple matches, no matches (new OTU)
- Some species may share >97% similarity, no resolution at species

level Genus

- Taxonomic databases (16S/18S/ITS studies) vs. Functional
databases (NCBI RefSeq, nr/nt) Species
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Microbiome Study Design

—

Microbiome/Dysbiosis
> Presence/Absence
o Differential abundance
> Diversity
o Functional capabilities

o Activity

- What microorganisms are present (who is there)?

Disease/Outcomes

- What functionality does this community represent (what can they do)?

- Alpha-diversity

- Beta-diversity




Microbiome Study Design

Considerations:

- Outcomes vs. predictors

> A variable may be both, but need to collect enough information on all
potential predictors and outcomes

- Power calculation (1-B), effect size = often not really known

B = Type Il Error (False Positives)
4 B =1 Power

N Sample Size leads to 1 Power



Microbiome Study Design

Sample collection:

- Site of sampling

- Samples unlikely to be contaminated by other sites or after collection
o = ANY BACTERIA/FUNGI/ETC WILL BE AMPLIFIED

- Expected major bacterial/fungal organisms = may affect DNA
extraction needed

- How much DNA? Depends on the type of sample (is it a mix of human
and bacterial DNA? Fungi? etc.)



Metadata, Metadata, Metadata!

A B C D E F G
1 #SamplelD| ~ | BarcodeSequence | ~ |LinkerPrimerSequence | ~ |ForwardFastqFile |~ ReverseFastqFile ~ | TreatmentGroup |~ Days_Post_Tx ~|
2 30005 30005_1.fastg.gz 30005_2.fastg.gz post 12
3 30017 30017 1.fastg.gz 30017 2.fastg.gz post 33
4 30019 30019 1. fastq.gz 30019 2.fastg.gz post 40
5 30029 30029 1.fastg.gz 30029 2.fastg.gz post 35
6 30036 30036_1.fastg.gz 30036_2.fastg.gz post 70
7 30107 30107 _1.fastg.gz 30107 _2.fastg.gz post 161
8 30014 30014 S136_LO01_R1 00 30014 S136 L0O01 R2 post 20
9 30008 30008_S139_L001_R1_00 30008 S139 LOO1 R2 post 3
10 30041 30041_S85 L001_R1_001 30041 _S85 LO01 R2_ post 66
1 30123 30123 S85 LO0O1_R1 00130123 S85 LO01_R2_ post 178
12 30010 30010 S151_LOO1_R1 00 30010 _S151_L0O01_R2 post 9
13 30012 30012_S49 LO0O1_R1 00130012 S49 LO0O1 R2_ post 20
14 30016 30016 S163_LOO1_R1 00 30016 _S163_L0O01_R2 post 6
15 30204 30204 S14 LO01_R1 00130204 S14 LO01 R2_ post 211
16 30596 30596_S53_L001_R1_ 00130596 _S53 LO01_R2_ post 385
17 30020 30020 S175 L001 R1 0030020 S175 LOOL R2 post 10
18 30035 30035_S21_L001_R1_001 30035 _S21_LO01 R2_ post 35
19 30215 30215 S50 L00O1 R1 00130215 S50 L0O01 R2 i post 208
20 30544 30544 S88 L001_R1_001 30544 583 LO01 R2_ post 356
21 30026 30026 _S80 LO01 R1 00130026 S80 L0O01 R2 i post 5
22 30168 30168_S2_L0O01 R1_001.130168 S2_L001_R2 O post 178
23 30117 30117 S73_L001_R1 00130117 S73_L001 R2_ post 151
24 30606 30606_S132_LO01_R1_00 30606 _S132_L001_R2 pre -32
25 30661 30661 _S61 _L0O01 R1 00130661 S61_L0O01 R2_ post 4
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% Relative Abundance

Taxonomic Distribution

Bar chart Heat map

Mean Relative Abundance of Genera By Sample Group (Week 1-4)
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Alpha diversity

Diversity within a sample — based on OTU assignments

Richness — number of species present (Chao index)

Evenness — abundance of different species (Shannon index)

@
..CQ
Rich and o ® .~ .‘ 3 Not rich but
even ®%® oo
e r“ ® :“




Beta diversity

Cross-sample relatedness

How different are types present?

Measure of genetic distance / dissimilarity between sample pair




UniFrag to determine beta-diversity -
sequence alignment based
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PC 2(25%)
e

R
What is sharedvs.what R| 0| 5 | .7
differs across samples 2> 500 |1

Distance Matrix Bl .71 |0 R
Distance Matrix \‘ -E
B

Hierarchical
Lozupone & Knight 2005 AEM 71:8228 Cluster




Principal Coordinate Analysis

Visualization of beta diversity matrix

Transform distance matrix into new set of orthogonal axes

Gastrointestinal
4
e, ®
2
e d

2D or 3D

PCoA2 (4.4%)

PCoA1l (13%)



LEfSe — Effect sizes across
sample groups

: Alloscardovia
: Bifidobacterium

Bacteroidetes a
b
c: Metascardovia
d
e

: Bifidobacteriaceae
: Bifidobacteriales
f: Asaccharobacter
g: Barnesiella
h: Parabacteroides
I: Porphyromonadaceae
J: Bacteroidales
k: Staphylococcus
I: Staphylococcaceae
m: Bacillales
n: Streptococcus
o: Streptococcaceae
p: Clostridiaceae
q: Coprococcus
r: Roseburia
s: Lachnospiraceae
t: Oscillibacter
u: Papillibacter
v: Ruminococcaceae
w: Clostridiales

Differential
abundance of key
taxa (biomarkers)

x: Lawsonia
y: Escherichia_Shigella

Segata, N, et al. (2011). "Metagenomic biomarker discovery and explanation.” Genome Biol 12(6): R60.




PICRUST — Inferring Functional
Potential from Taxonomy

16S Copy
Number
Predictions

Normalized
OTU Table

Metagenome
Functional
Predictions

Functional
Trait
Predictions

OTU Table +

Normalized
OTU Table




What do we want to ask?

Microbiome/Dysbiosis \

> Presence/Absence Disease/Outcomes

o Differential abundance
> Diversity

> Functional capabilities
o Activity

N~




Summary

Microbiota can influence host in a number of ways = bacteria, fungi, viruses

16S rRNA sequencing remains the method of choice (cost, ease of use) for initial
surveys of microbiome communities

ITS gaining ground as databases improve fungal-host connections are made
Metagenomics more informative but with logistical limitations

Taxonomic profiles, alpha-diversity, beta-diversity, differential abundance of taxa
can all give different sides of the picture

Importance of honing study design and data collection prior to sequencing

Many opportunities for growth and collaborations: immunology, metabolomic studies,
validation in animal models, mycobiome; analysis of existing datasets, epidemiology and

biostatistics
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