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Stages of amplicon data analysis
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NS

\\ M
~. Quality check
S
‘\\ Primer removal marcelm/cutadapt @a9e

\\\
~

“~._Quality trimming/ filtering

NN

\\\OUT/ASV inferring «;DAZ
N mplicon Sequenc A e
~

~~._ Taxonomy assignment
N

~
\\

Sseo Normalization

S

~



Rstudio
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File Edit Code View Plots
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B Dayl_scriptR
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Session  Build Debug
o & A Go to file/function

Profile Tools Help
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B Day?_script_dada2.R Environment

@ Source onSave  ® 7 - [ ]

.pastel(
rawF[1],
rawR[i],

D] amplicon_functions.R History Connections  Tutorial

Ern B 1+ 4 ESouce - & M = ImportDataset - #) 116GB - «

. gsub( .basename (rawR[11))), R ~ ) Global Environment -

of 4 variables
of 5 variables
of 5 variables

® primers_hits_fin.. 8 obs.
® primers_hits_raw & obs.
® primers_hits_trim 8 obs.
® primers_summary 8 obs. of 10 variables
seqtab int [1:9, 1:836] 27767 26603 10539 52375 562.
seqtab.nochim int [1:9, 1:577] 27767 26603 10539 52375 562.
taxonomy chr [1:3462] "Bacteria" "Bacteria" "Bacteria..
Values
cutadargs
cutapath

, 30, # minimum length , can be longer
,0, #all available cores

system2 (cutapath, args:cutadargsj } # this line runs it

#wait ~1 min

path_trim =
trimF <- sort(list.files(path_trim, pattern= , full.names

trimR <- sort(list.files(path_trim, pattern= , Tull.names

, recursive
, recursive

chr [1:21] "-g" "GTGYCAGOMGCCGCGGTAA" "-G" "GG.
" . /cutadapt/cutadapt.exe"

TiltF chr [1:9] "filtered/I776_1_filt.fastq.gz" "fil.
filtR chr [1:9] "filtered/1776_2_filt.fastq.gz" "fil_
HHHE T Ttering; provide path to trimmed reads - path trim i 9L

S

#paths to filtering output Files Plots Presentatior
filtF <- file.path( , paste0(sample.names, here you can add a tested parameter

filtR <- file.path( , paste0(sample.names,
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filtered_report <- dada2::filterAndTrim(fwd Modified
rev = trimR, filt.rev =

minLen = 30, # usually 20

rm.phix = T,

maxN=0,

truncQ=2, # optimize this parameter

trimF, filt = filtF,
filtR,
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[13] IRanges_Z2.30.1 S4vectors_0.34.0 BiocGenerics_0.42.0 May 4, 2023, 8:35 AM

[17] magrittr_2.0.3 o

loaded via a namespace (and not attached):
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GenomeInfoDbData_1.2.8 pillar_1.9.0

RColorBrewer_1.1-3
zlibbioc_1.42.0
mgcv_1.8-40
cli_3.6.0
fansi_1.0.4
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tools_4.2.1
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Rmarkdown

1. ———

2 title: "MicroWorkshop25"

3 author: "Adam Oss"

4 date: "2025-01-25"

) outrut: html_document —
64 ——-

8~ """ {r setup, include=FALSE} »
9 knitr::opts_chunk$set(echo = TRUE)

12§ ## quality checks pre-processed
13® """ {r Raw-to-Rawr#l}

1<
v

1S ## load libraries
16§ library("dada2")

17

18 ## link the raw data

19Q path = "./raw/" #set path to raw data

20

211 rawF <- sort(list.files(path, pattern="_1.fq.gz", full.names = TRUE, recursive = F))
22 | rawR <- sort(list.files(path, pattern="_2.fq.gz", full.names = TRUE, recursive = F))

24 @ ## get sample names
25| sample.names <- sapply(strsplit(basename(rawF), "_raw_"), [, 1)



Packages for R
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Using them :

#1 Load the whole package :
library(“mypackage”)
#Use a function
myfunction()

#2 load selected function from a package:
mypackage::myfunction()
# doeasn’t always work




Before you start working on anything create a new project

Files Plots Packages Help Viewer Presentatio
© | Folder © File + © Delete - Rename {3 ~
| |JniversidaddeMalaga -~ _other = Workshop Leiden 2025

¥ [ ame Why is it important ?

T .
| [ databases
_ [ filtered
O o raw Make meaningful names
") ] reports . .
e s ProjectlfalimyfilesR
1 src
O & trimmed_reads
O ﬁﬂ taxonomy_table.rds 375.6 KB
0O 3 primers.fasta 55 B
"} [® Microworkshop.Rproj 253 B
] @ MicroWorkshop.Rmd 7 KB I?e/
B ﬂ .Rhistory 1.3 KB Jraw/ at/l/e
.| @] .RData 3.3 KB Dalcb
") @] rawr_checkpoint.RData 174.8 MB ./src/amplicon_functions.R S/



- Load data
- Primers trimming (cutadapt)
- Quality filter and trim
( filterAndTrim )
- Errors model building
( learnErrors)
- Dereplication
( derepFastq )
- Sample interference
(dada)
- Merging reads
( mergePairs )
- Table
( makeSequenceTable )
- Remove chimeras/bimeras
( removeBimeraDenovo )

- Taxonomic assignment up to genus level

( assignTaxonomy )

- Taxonomic assignment up to species level

(addSpecies )
- Save results

\\
“~~__Quality check
S
\\\

>

NS

Dereplication — check but probably already done, how to check

“~._ Primer removal marcelm/cutadapt %
~~~__Quality trimming/ filtering
~~._ OUT/ASV inferring ::,;“*e%DA?‘

>

‘\\ Taxonomy assighment
~

~
52N

S Normalization

~

\\*
A table




Primers trimming (cutadapt)

Gene-specific Gene-specific
primer primer
5' e e o e e e e e = P NGS read
NGSread €=====cecchtfoccmmm e A e 3
Sequencing Region of interest Sequencing
adapter adapter

#trimming arguments and trimming
for (i in 1:1length(rawF)) {
cutadargs = c("-g",toString(primers_all[1]),
"-G",toString(primers_all[2]),
"-a",toString(primers_all[7]),
"-A",toString(primers_all[8]),
"-n",1, #for ITS change to 2
"-0",paste@("./trimmed_reads/", gsub("raw","trim",basename(rawF[i]))),
"-p",paste@("./trimmed_reads/", gsub("raw","trim",basename(rawR[i]))),
rawF[i],
rawR[i],
"--minimum-length", 30, # minimum length , can be longer
"--cores",®, #all available cores
"--report=minimal")
system2(cutapath, args=cutadargs) } # this line runs it

F))
F))

TRUE, recursive
TRUE, recursive

trimF <- sort(list.files(path_trim, pattern="trim_1.fq.gz", full.names
trimR <- sort(list.files(path_trim, pattern="trim_2.fq.gz", full.names

LR



ITS case

a. b.
) R1 maeasssssssn) $R1
Forward Primer Forward Primer
— —
4e— A—
Reverse Primer Reverse Primer
R2 £ ] R2 ——

Main differences (in processing):
- Variable length

! - The primer sequence can occur more than once :
:I{ }I{



~ Quality filter and trim * Filter out low quality bases

( filterAndTrim )
* Generate report with info how many reads

survived and saves filtered files (paths: filtF/R)

* |n ok dataset 5-10% is still filtered out

filtered report <- dada2::filterAndTrim(fwd = trimF, filt = filtF,
rev = trimR, filt.rev = filtR,
minLen = 30, # usually 20 dada2 cannot assign taxonomy to <30
rm.phix = T, # phiX genome — common contamination
maxN=0, # later steps do not allow N
truncQ=2, # cut when the quality goes below
maxEE=c(2,2), # max number of expected errors
compress=T, # save as.gz (saves A LOT of space)
multithread=T, # doesn’t work on windows anyways
verbose=T) # it talks to us while working



Dada2 is not the only one !l

- (Elrer(;:;;rc:)dril)building >MOTH v R - DGC @
" (doreprasta) »MOTHUR - Opticlust =~

. o ’ 1
- Sample interference " | know what I'm doing

(dada ) »QIIME — Uclust
»QIIME — Deblur
»>UNOISE3
» UPARSE

“DADAZ2 offered the best sensitivity, at the
expense of decreased specificity compared to
USEARCH-UNOISE3 and Qiime2-Deblur”



What is dada2 and what it does ?

The dada2 package infers exact amplicon sequence variants (ASVs) from high-throughput amplicon sequencing
data, replacing the coarser and less accurate OTU clustering approach. The dada2 pipeline takes as input
demultiplexed fastq files, and outputs the sequence variants and their sample-wise abundances after removing
substitution and chimera errors. Taxonomic classification is available via a native implementation of the RDP naive
Bayesian classifier, and species-level assignment to 16S rRNA gene fragments by exact matching.

Schematic of OTU and DADAZ2 approaches towards amplicon sequencing errors.

Illumina Miseq error rates as a function of quality.
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Figure 8. The forward-read error rates observed in the 142 pooled samples from MaclIntyre 2015 are
. ) o ) o shown for the case where the correct base is an A. The x-axis shows the quality score; the y-axis the
Figure 1:ilcudesl:emesent ldelfltmal sets of Se‘llluencmgfreadfl.w{th size scaled b.y aﬁunda’ncle _a'nddmk’r frequency of the specified transition. Dots show the observed frequencies, the black line the error model
‘E(l);e:i?ingigf)‘tOEtrrzrzrzfeeir;gu; ;Eseze%;ezgfpgitc:ﬁesjéiezgnglgiﬁttiqui ff’:]:is tlklfetm? ;(;I:i;trc?f ’t}ieen’ inferred by DADA2 using its default loess fitting, and the red line the expected rates given the nominal

diagram. OTU methods guard against false positive inferences by lumping similar sequences together.

DADA2 uses a statistical model of amplicon errors to infer the underlying sample sequences directly, and

thus tries to denoise the data from the middle to the left.

definition of the quality score: @ = —10l0g10(perr). Illumina quality scores are quite informative about
substitution error rates, but systematic deviations from the expected rates are observed. This plot was
generated by the plotErrors function in the DADA2 R package.



* Building parametric error models for “expected

errors” the essence of dada2
- Errors model building

( learnErrors)
errF <- dada2::learnErrors(filtF,

nbases = 1e8, # how much data is used to build the model

errorEstimationFunction = loessErrfun_mod4,# skip for NOT novaseq
randomize =T,

MAX_CONSIST =15,
multithread =T,
verbose = TRUE)

Illumina Miseq error rates as a function of quality.

log10
; ',?y(ogl:) :

Error frequenc:

o

20 30 40 20 30 40 20 30 40 20 30 40
Consensus quality score
Figure 8. The forward-read error rates observed in the 142 pooled samples from MacIntyre 2015 are
shown for the case where the correct base is an A. The x-axis shows the quality score; the y-axis the
frequency of the specified transition. Dots show the observed frequencies, the black line the error model
inferred by DADA2 using its default loess fitting, and the red line the expected rates given the nominal
definition of the quality score: @ = —10l0g10(Perr). Illumina quality scores are quite informative about

substitution error rates, but systematic deviations from the expected rates are observed. This plot was
generated by the plotErrors function in the DADA2 R package.




errF <- dada2:: (filtF,
nbases = 1e8,
errorEstimationFunction = loessErrfun_mod4,

#1ibs
("dada2")

; randomize = T,
("magrittr")

MAX_CONSIST =
multithread
verbose = T)

#functions
("./src/novaseq.R")

#get sample names
sample_names = ("_raw_1.fq.gz","", ("./raw_data", pattern="_1.fq.gz"})

Rt i ltering; provide path to trimmed reads - path trim

A2G A2T
#paths to filtered reads 1€+00 7
filtF <- ( ("./processed/2.filtered/", pattern="1.fq.gz", full.names = P
filtR <- ( ("./processed/2.filtered/", pattern="2.fq.gz", full.names 1602+ o Iy
.. L]
FHEHERAAARAAERAA learning error rates for novaseq sequencing : > *
##make sure "magrittr" is loaded 1e-041 ‘S
(35) # makes the error learning consistent
C2A c2c C2G caT
errfF <- dada2:: (filtF, 1e+00
nbases = 1le8, Y
errorEstimationFunction = loessErrfun_mod4,# skip for NO7 novaseq 1e-02 1
randomize = T, -
MAX_CONSIST = 12, = .
multithread =8, S 167041
verbose = T) 3
§ G2A G2C G2G GeT
errR <- dada2:: (filtR, O 1e+00 1
nbases = 1le8, b
errorEstimationFunction = loessErrfun_mod4, # skip for NOT novaseq |§1e42.

randomize = T,
MAX_CONSIST = 12,
multithread =8,
verbose = T)

1e-04 1

T2C T2G T2T

##HH#saving error graphs 1e+00 4
(file = "./reports/dada2_error_plots.pdf
(errF) 1e-02
(errR)

1e-04 4

0 10 20 30 40 O 1IO 2IO SIO 4|0(|] 1I0 2I0 SIO 40 0 10 20 30 40
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* Dereplication — combines identical sequences, saves
abundance # optional but recommended
* |nterference — ASV’s are generated using error models

- Dereplication
( derepFastq )

- Sample interference
(dada)

- Merging reads
( mergePairs )

dada2::dada(derepF, err=errF, multithread=T, pool=F)
# pool=F increased sensitivity (default)

# pool=T saves time, pool from all the samples

# pool=“pseudo” saves some time

* Fand R reads come together, overlap 12 bp (default)




Still not the final one ...
A table It has ASV sequences (!) as
column names

......... >
Aborted extension
- Table .3
( makeSequenceTable ) s il Mis-priming
- Remove chimeras/bimeras 3
( removeBimeraDenOVO ) TTTTmmemms Extension
e s & o W
kS
Chimera

Figure 1. Formation of chimeric sequences during PCR. An aborted
extension product from an earlier cycle of PCR can function as a primer in
a subsequent PCR cycle. If this aborted extension product anneals to and
primes DNA synthesis from an improper template, a chimeric molecule is
formed.

From Haas et al. (2011) Chimeric 16S rRNA sequence formation and detection

in Sanger and 454-pyrosequenced PCR amplicons, Genome Research.



« Dada?2 uses naive Bayesian classifier method to
assign taxonomy

assignTaxonomy(seqtab.nochim, "./SILVA138/silva_nr99 v138.1 train_set.fa.gz", multithread=TRUE)
You need to use pre-formatted database, or format it yourself

Info about both is here: https://benjjneb.github.io/dada2/training.html

Maintained:
* Silvaversion 138.1 - UPDATED Mar 10, 2021, version 132, version 128, version 123

o NQOTE: As of Silva version 138, the official DADAZ2-formatted reference fastas are optimized for classification of Bacteria a
Archaea, and are not suitable for classifying Eukaryotes.
* RDP trainset 18, RDP trainset 16, RDP trainset 14

» UNITE (use the General Fasta releases, "All eukaryotes”)

» Deprecated: GreenGenes version 13.8 (the source GreenGenes database is no longer being maintained)
Contributed:

* GTDB Version 202: Genome Taxonomy Database (More info on GTDB)

¢ Version 86 for assignTaxonomy and assignSpecies
RefSeq + RDP (NCBI RefSeq 165 rRNA database supplemented by RDP)

¢ Reference files formatted for assignTaxonomy

- Taxonomic assignment up to genus level
( assignTaxonomy ) e HRDBverson 1 (oran Wlesnal 1650 RNA)
_ Taxonomic assignment up tO SpeCieS Ievel ¢ Human Oral Microbiome Database: HOMD

(a d d S p e C | e S ) * MIDORI Reference 2 (for taxonomic assignments of Eukaryota mitochondrial DNA sequences)
* RDPfungiLSU trainset 11

* MiDAS: Field Guide to the Microbes of Activated Sludge and Anaerobic Digesters

* Silva Eukaryotic 185,v132 &v128
* nifH ARB, version 1

* PR2version 4.7.2+. SEE NOTE BELOW.

Note: PR2 has different taxLevels than the dada2 default. When assigning taxonomy against PR2, use the following:
assignTaxonomy(..., taxlLevels = c("Kingdom","Supergroup”,"Division”,"Class","Order", "Family","Genus","Species™))




Specles assignment

- fundamental question: What is a bacteria species? And why it matters... o[
Conserved regions . )
- The full 16S gene is ~1500bp ,weget” 250‘350bp Hypervariable regions g n=1982
viv2 @
PCR amplicon PCR amplicon V3,v4 . 8 ]

V7-v9 . ° [ T T 1

start 250 300 350 400

1 _—

end 100% :L

1,536 P

PCR amplicon PCR amplicon e

=

ViV2samples  VOV4 samples  VEV7 samples  W7VO samples:
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* Checkpoints

##checkpointl

save.image(file = "rawr_amplicons.RData")
H

« Saving results:
e Tables

* write.csv(taxonomy, file="./results/tax table.csv", row.names=T)
* RDS Objects — highly recomended

* saveRDS(taxonomy, file="./results/tax_table.RDS")

- Save results



Filtering and the most common contaminants

“ Kingdom Phylum Class Order Family Genus Species
- - ASV49 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria /A NA
- C h I O ro p I a Sts a n d m It O C h O n d r I a ASV118 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria N4 NA
ASV144 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria ~A NA
U I 'f : d d ASV158 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria /A NA
- n C a SS I I e re a S ASV221 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria N4 NA
ASV237 Bacteria Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria N4 NA

- Euca ryot a ? acran | orreria | prresnhareeria | Alnhanmmsenharverts | Rirkarreintas | sivmchemdets | 42
[ ]

“ Kingdom Phylum Class Order Family Genus Species
ASV160 Bacteria Cyanobacteria Cyanobacteriia Chloroplast NA NA NA
ASV183 Bacteria Cyanobacteria Cyanobacteriia Chloroplast NA NA NA
ASV297 Bacteria Cyanobacteria Cyanobacteriia Chloroplast NA NA NA
ASV335 Bacteria Cyanobacteria Cyanobacteriia Chloroplast NA NA NA
ASV362 Bacteria Cyanobacteria Cyanobacteriia Chloroplast NA NA NA N I f &
ASV535  Racteria Cvanahacteria = Cvanohacteriia Chloranlast NA NA NA GeLS Totming Cyanobacterium

/

Aerobic
bacterium

Ancestral Infolding of Endosymbiosis Ancestral
Prokaryote plasma membrane Eukaryote




suplement



We ended with creating two files ! taxonomy
>seqtab.nochim Kingdom - Phylum * Class * Order

>taxonomy

Those are JUST tables

seqtab.nochim

TACGGAGGGTGCAAGCGTTAATCGGAATTACTGGGOGTAAAGCGCACGCAGGCGGTCTGI TAAGTCAGATGTGAAATCC

[GGATTTATTGGGCGTAAAGCG...

CGOAATTACTGGGCGTAAAGC...

COGAATTACTGGGCGTAAAGC...
COGAATTACTGGGCGTAAAGC...
COGAATTACTGGGCGTAAAGC...
[CGGAATTATTGGGCGTAAAGG...

Bacteria
Bacteria
Bacteria
Bacteria
Bactena
Bactena
Bacteria
Bacteria
Bacteria
Bacteria
Bacteria

Bacteria

Protecbactena
Protecbactena
Protecbactena
Firmicutes
Protecbactena
Protecbactena
Protecbacteria
Actincbactenota
Protecbactena
Protecbactena
Protecbactena

Firmicutes

Gammaproteobactena
Gammaproteobactena
Gammaproteobactena
Bacilli
Gammaproteobactena
Gammaproteobactena
Alphaprotecbacteria
Actinobactena
Alphaprotecbacteria
Alphaprotecbacteria
Alphaprotecbacteria

Desulfitobacteria

Enterobacterales
Pseudomonadales
Enterobacterales
Lactobacillales
Enterobacterales
Enterobacterales
Rhodobacterales
Micrococcales
Sphingomonadales
Sphingomonadales
Sphingomonadales

Desulfitobactenales

Bacteria Protecbactena Gammaproteobactena Enterobacterales

Creating phyloseq object is a way to keep all the data in one place as one object
containing:
- ASV/OUT object

Taxonomy table sample_data() Sample Data: [ 9 samples by 4 sample variables ]
tax_table() Taxonomy Table: [ 577 taxa by 6 taxonomic ranks ]
metadata refseq() DNAStringSet: [ 577 reference sequences ]

phyloseq-class experiment-level object
otu_table() o0OTU Table: [ 577 taxa and 9 samples ]

ASV/OUT sequences phyloseq




o metadata
Phyloseq: organism habitat replicate treatment

- ASV/OUT object (obligatory) I776 unicorn magic_wood 1 uni_wood_1_165S
1777 unicorn magic_wood 2 uni_wood_2_16S
- Taxonomy table (recomended) I778 unicorn magic_wood 3  uni_wood_3_165
- Metadata (recomended) I_' dragon anmm:leﬂaﬂd 1 dra_wonder } 16

_ 1780 dragon wonderland 2 dra_wonder_2_1

- ASV/OUT sequences (optlonal) I781  dragon wonderland 3 dra_wonder_3_1

. 1782 troll magic_wood 1 tro_wood_1_1

- Phylogeny (optlonal) 1783 troll magic_wood 2 tro_wood_2_1
1784 troll magic_wood 3 tro_wood _3_16

matrix data.frame matrix 0 aiﬁz ge %Zﬁg&%s

read.tree
read.nexus

otu_table as sample data as tax_ table as read tree AAStringSet
OTU Abundance Sample Variables Taxonomy Table Phylogenetic Tree Reference Seq.
otu_table sample data taxonomyTable phylo XStringSet

otu_table sample data tax_table refseq Accessors: Processors:
get_taxa filter taxa
get_samples merge_phyloseq
get_variable merge_samples
5 nsamples merge_taxa
Experiment Data ntaxa prune_samples
constructor: phyloseq rank_names prune_taxa
k phyloseq otu_table, sample_ names subset_ taxa
sam_data, sample_sums subset_samples
2> tax table, P» | sample_variables tip glom
import phy tree taxa names tax _glom
refseq taxa_sums
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