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Schedule for today
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Time Topics

9:00 – 9:10 Introduction

9:10 – 10:40 NGS omics

10:45 – 10:15 MS omics

10:20 – 10:55 Enrichment analysis

11:00 – 11:15 Pathway & network analysis

Discussion & Next Lecture
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Our Resources 
Recordings & slides
Ø https://www.xialab.ca under 

the “Training” tab within 3 
days after lecture

Ø Faster with Firefox
Community tool: 
Ø https://www.####.ca
Pro Tools:
Ø https://pro.####.ca

v You will be assigned to one 
of the three nodes 
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https://www.xialab.ca/


More on the “pro” tools
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1. Dedicated computing
2. More features
3. More stable
4. Better support
5. Towards AI (coming …)

Community version
~ 5000 users / day

 ~ 100s concurrent users

A total of six tools have their “pro” versions
○ https://pro.metaboanalyst.ca
○ https://pro.microbiomeanalyst.ca
○ https://pro.expressanalyst.ca
○ https://pro.omicsnet.ca
○ https://pro.omicsanalyst.ca
○ https://pro.mirnet.ca

https://pro.metaboanalyst.ca/
https://pro.microbiomeanalyst.ca/
https://pro.expressanalyst.ca/
https://pro.omicsnet.ca/
https://pro.omicsanalyst.ca/
https://pro.mirnet.ca/
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MetaboAnalyst

ExpressAnalyst

MicrobiomeAnalyst

OmicsNet

OmicsAnalyst

Raw data è statistics è functions

LC-MS spectra

Bulk RNA-seq

Microbiome



Towards conversational analytics

1. Drop your data
2. Provide data information
3. Describe analysis goal
7. Approve plan
10. Review report 
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OmicsBotYou

4. Confirm data format
5. Confirm analysis goal
6. Propose analysis plan
8. Execute plan
9. Generate report



Project Saving & Live Report
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Coming: PDF report, Slide deck, AI co-pilot



Our Support
● User forum 

Ø https://omicsforum.ca
Ø Please register with subscription 

email! We will add a VIP label 
associated with your account

● Through email
Ø support@xialab.ca

● We need sufficient information to 
reproduce the issue.

1. Analysis goal
2. Tool + input data
3. Steps + parameters

10

https://omicsforum.ca/
mailto:support@xialab.ca


Our Syllabus
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Topic Date Lecture Lab
Omics Data Science 
Foundations

Jan. 6 Omics data processing, statistics and visualization --

Jan. 13 From raw data to functional insights --

Transcriptomics Jan. 20 RNAseq data analysis in model species ExpressAnalyst & NetworkAnalyst

Jan. 27 RNAseq data analysis for non-model species ExpressAnalyst & Seq2Fun

miRNAs & non-
coding RNAs

Feb. 3 MicroRNAs, noncoding RNAs and biological networks miRNet & NetworkAnalyst

Proteomics Feb. 10 Proteomics data analysis and interpretation ExpressAnalyst & NetworkAnalyst

Metabolomics Feb. 17 Targeted metabolomics data analysis MetaboAnalyst

Feb. 24 LC-MS untargeted metabolomics data analysis MetaboAnalyst

Microbiomics Mar. 2 Marker gene data analysis MicrobiomeAnalyst

Mar. 9 Shotgun metagenomics data analysis MicrobiomeAnalyst

Multi-omics Mar. 16 Knowledge-driven multi-omics integration OmicsNet

Mar. 23 Data-driven multi-omics integration OmicsAnalyst



The “big picture” of omics data analysis
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Data Distillation Domain 
Knowledge

The Big D
ata

W
hat w

e Know

Visualization

Statistics, ML

1 2

3



Two main types of raw omics data

1. NGS-omics: next-generation sequencing (NGS) data 
• Genomics
• Epigenomics
• Transcriptomics

2. MS-omics: mass spectrometry (MS) data
• Proteomics
• Metabolomics
• Exposomics

13



Now What? 
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Spectra

I have spent > $10,000 on sequencing (or metabolomics), 
and we have received > 100s GB data



Omics data analysis in a nutshell
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Raw data 
preprocessing

From raw data to a 
data table

Statistical analysis 
& visualization

Functional 
interpretation

Insights & 
hypothesis

Data processing & 
normalization

Prepare data table for 
analysis

Significant features & 
patterns

Lecture #2

Lecture #1



Task #1: from raw data to data table
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Data Table

mzML

FASTQ



What’s inside a table ……
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Sample IDs

Feature IDs Abundance information

Raw Data Processing = 
Feature Identification & Quantification across samples



Schedule for today
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Next Generation Sequencing (NGS)

Ø Deprecated
o 454
o SOLiD

Ø Supported, not used much in genome 
assembly
o Ion Torrent (Ion PGM)
o Ion Proton

Ø Current workhorses
o Illumina (short-reads)
o Pacific Biosciences (long reads)

Ø Third gen
o Oxford Nanopore
o 10x Genomics - GemCode
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Applications of NGS
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genome                                                         chromatin                               transcriptome



Short Reads vs Long Reads

Long reads is for genome de 
novo assembly (no reference 
genome) or detecting structural 
variants 
o Novel species

Short reads is for genome 
mapping
o Already has a reference genome
o Detection & quantification

ü RNA-seq
ü Metagenomics

21

We will discuss k-mer later



Illumina Systems
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Pros: 
o Huge yield, cheap, reliable
o Read length “long enough” 

(100-300 bp)
o Industry standard=huge 

amount of available 
software

Cons: 
o GC-problems, quality-dip 

at end of reads, 
o Long running time for Hi-

Seq, short insert-sizes



Key Innovation

Massively parallel detection on immobilized 
“molecular colonies”

1. Using PCR to grow clusters of a DNA template 
(no cloning with bacteria or yeast!);

2. Imaging while sequencing by synthesis (SBS) 
in each cycle

23



Massively Parallel 
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Illumina Flow Cells



What the output look like (fastq)? 
Developed at the Wellcome Trust Sanger Institute to bundle a FASTA 
formatted sequence and its quality scores
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# Show the top 50 lines in a fastq file
> head –n 50 ####.fastq



How to understand fastq file? 

‘@’ followed by a sequencer Identifier
The sequence
‘+’, optionally followed by a sequence Identifier
The quality scores

26



What is a base quality score?

Q = -10 log10 p
o p is the probability that the base call is wrong
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Base Quality (Q) Perror(obs. base)

3 50 %
5 32 %
10 10 %
20 1 %
30 0.1 %
40 0.01 %



Quality checking (FastQC)

28

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Trimming based on quality scores
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• fastp
ühttps://github.com/OpenGene/fastp

• Trim Galore
ühttps://www.bioinformatics.babraham.a

c.uk/projects/trim_galore/

• FASTX
ühttp://hannonlab.cshl.edu/fastx_toolkit

https://github.com/OpenGene/fastp
http://hannonlab.cshl.edu/fastx_toolkit


Sequencing types & depth
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Single end (SE) read

Paired-end (PE) read 
Forward & Reverse sequencing

For human studies (most cost effective): 
5 replicates, 10M reads, single-end

Bioinformatics (2013) doi: 10.1093/bioinformatics/btt688



Multiplexing to reduce cost
Due to massive parallel sequencing, the reads length in one illumina run 
can cover a bacterial genome >1000x times! 
Ø 30~40X coverage for genome assembly

Multiplexing
Ø Simultaneously measures multiple samples/genomes in a single run
Ø Primer (adaptor key in the end) + tag + template specific primer + sequence

o Adaptor contains a biotin tag and is needed during sequencing of the template
o Tag allows discrimination between samples (barcoding)
o Primer is needed for amplification of the sequence

Example: TCAGTACTCGGCCTACGGGAGGCAGCAG
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Multiplexing & de-multiplexing
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https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina_sequencing_introduction.pdf



Task overview 
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NGS sequence file Gene count table

• Demultiplexed
• Removed adaptor, 

primers tags
• Trimmed/filtered low-

quality base pairs

?



Understanding NGS data

With reference genome/transcriptome (i.e.
model organisms)
Ø Gene mapping (exact)

Without reference genomes (non-model 
organisms)
Ø Ortholog mapping (allow gaps / mismatches)
Ø It is possible to do genome assembly followed by 

genome annotation (will touch this later)

34

Lecture #3

Lecture #4



Mapping to genome (a.k.a alignment)
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From “mapped reads” to gene counts
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https://htseq.readthedocs.io/en/latest/htseqcount.html

Things can get 
“complicated”



NGS table generation via “reads mapping”
1. Identification 

○ Coordinates (locations) define 
the ID (gene/exon/intron)

2. Quantification
○ Count how many times the reads 

assigned to the same ID 

37

FASTQ



K-mer & Genome Assembly
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Unique challenges with short-read NGS: 
Pros: 

Cost effective, high-quality and high-throughput , ideal for detection 
and quantification 

Cons:
Ø Short & large amount
Ø Computational cost is very high for both mapping (and 

genome assembly) 

è we want to run data analysis on our own laptop!

39



K-mer based approach
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Ø A k-mer is a substring of length k 
Ø A string of length L has (L-k+1) k-

mers
o A moving window
o Example read L=8 and k= 4

AGATCCGT
AGAT
   GATC
      ATCC
         TCCG
            CCGT

Ø The frequency of a set of k-mers can be used as a "signature" of the underlying 
sequence.

Ø Comparing these frequencies is computationally easier. 
Ø Widely used in both genome assembly and mapping (“pseudo-”alignment)



K-mer – “natural” for genome assembly
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ATAGACCCTAGACGAT



Visualize the assembly
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Need to explore a range of k values
Ø For very different reads, use shorter size
Ø For more similar reads, user longer size
Ø Starting from published parameters



Genome assembly is getting easier
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Do it yourself

Give it a try

Find a collaborator



SPAdes – short read assembly for small genomes

Open source de novo assembler suitable for single-cell, isolate, 
RNA, plasmid genomes and metagenome

o https://cab.spbu.ru/software/spades/

44

https://cab.spbu.ru/software/spades/


Schedule for today
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Time Topics

9:00 – 9:10 Introduction

9:10 – 10:40 NGS omics

10:45 – 10:15 MS omics
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====   5 minutes break   =====



Our goals

?

Gene/protein IDs +
Transcript
Abundance

Compound IDs +
Concentrations

Mapping to 
reference 
genomes  



MS-omics: interfacing with the environment
Endogenous and from environment 
o food & drugs
o Microbiome
o pollutants

(Bio)chemical space is vast, highly dynamic
o Known knowns
o Known unknowns
o Unknown unknowns

47

A map generated from GNPS



A relatively new omics field

Ø High-throughput
o Measure a lot samples

Ø Cover a broad range
o Measure a lot of features

Ø High-resolution
o Accurate identification

Ø Cost effective
o Instrument
o Automation

Ø Bioinformatics infrastructure
o Broadly accessible
o Standardized?

48

Tools

Databases

High-throughput 
technologies

Data collection          

Data annotation

Data analysis



Analytical technologies
Technology & Sensitivity 
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Wishart DS et al. (2006)    



Overview of LC-MS
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1
2

3



LC modalities

• Reversed phase – for separation of non-polar 
molecules (non-polar stationary phase, polar 
mobile phase)

• Normal phase – for separation of non-polar 
molecules (polar stationary phase, non-
polar/organic mobile phase)

• HILIC – hydrophilic interaction liquid 
chromatography for separation of polar 
molecules (polar stationary phase, mixed 
polar/nonpolar mobile phase)



What we get from LC: Retention Time/Index (RT/RI)

Retention time (RT) is the time taken by an analyte to pass through a 
column
Ø RT is affected by compound, column (dimensions and stationary phase), flow 

rate, pressure, carrier, temp.
Ø Comparing RT from a standard sample to an unknown allows compound ID

Retention index (RI) is the retention time normalized to the retention 
times of adjacently eluting n-alkanes
Ø “standardized” - comparable cross different columns
Ø Mainly used in GC



Electrospray Ionization (ESI)

Ø Used in LC-MS
Ø Very sensitive, requires less than a pico-

mole of material
Ø Strongly affected by salts & detergents

Ø Two ionization modes:
ü Positive ion mode

• Add formic acid to solvent
ü Negative ion mode

• Add ammonia to solvent



What we get from ESI? Adduct Ions

Ø Adducts are formed with ions derived 
from inorganic salts or residual water, 
inherently present in all biological 
samples. 

Ø The most common adduct ions in 
LC-MS are 
• Protonated ion [M+H]+ (positive 

mode)
• Deprotonated ion [M-H]- (negative 

mode)

54
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Orbitrap

MS Detectors
Time of Flight (TOF)



Mass Accuracy

3 - 5 ppmTriple Quad
3 - 5 ppmQ-TOF
3 - 5 ppmTOF-MS
1 - 2 ppmMagnetic Sector
0.5 - 1 ppmOrbitrap
0.1 - 1 ppmFT-ICR-MS

Mass AccuracyType

6E1)
m

 m-m(ppm
exp

calcexp
+*=

A metric describing the difference between the measured m/z (mexp) 
of an ion and the real, exact m/z (mcalc) of that ion



What we get from MS? mass spectrum

• Characterized by sharp, narrow peaks
• X-axis position indicates the m/z ratio 

of a given ion (for singly charged ions 
this corresponds to the mass of the 
ion)

• Height of peak indicates the relative 
abundance of a given ion

• Not reliable for absolute quantitation
• Peak intensity indicates the ionʼs ability to 

desorb or “fly” (some fly better than 
others)

LC-MS feature annotation with binner



Mass chromatograms of biological mixtures

● Containing >10,000 peaks  (for complex samples such as blood) 
● Each peaks are characterized by RT and m/z



Processing MS Spectra
1. Raw data is large and noisy
2. Identify, quantify, and align all possible features (peaks) across samples
3. Output: A table of features (RT, m/z) with their quantitative information for 

subsequent statistical analysis

59

Lecture #8 
Global Metabolomics



What is the table look like? 
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Peak intensity values

m/z__retention time
Feature ID:

They are usually not unique 
for each compounds
o One compounds can give 

multiple peaks (adducts, 
fragments, isotopes)

o One peak can be contributed 
from different compounds



Summary of MS table generation
1. Identification 

○ Coordinates (m/z and RT) define the 
feature ID 

2. Quantification
○ Relative quantification (peak height or 

peak area)

61



Have we reached our goal? 

? Compound IDs +
Concentrations

Feature IDs +
Relative abundance

Accurate compound ID is unattainable with current LC-MS technologies that 
allow cost effective, high-throughput analysis

In Omics Data Analysis, accuracy at individual feature level is usually not the 
goal. Instead, we should focus on robust patterns, trends and functions. 

All we need is  “Approximately Correct” 



Goals of omics data analytics 
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Omics & Multi-omics Systems BiologyIndividual Molecules

Patterns, functions, 
hypothesisMechanism Knowledge



Levels of Metabolite Identification

1. Positively identified compounds
Ø Confirmed by match to known standard

2. Putatively identified compounds
Ø Match to MS + RT or MS/MS + RT

3. Compounds putatively identified in a compound class

4. Unknown compounds 

64

Approximately Correct

Accurate



Relative abundance are all we need (most time)
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• Absolute concentrations are useful as 
reference values across different 
platforms
ü Regulatory requirements

• Relative quantification are sufficient:
ü Compare same features under different 

conditions
• Not a concern in NGS-omics – all relative 

qualifications
ü Gene counts are related to sequence 

depth
Even we start with absolute concentration, normalization will 
convert into relative concentrations before statistical analysis. 



If you look for absolute ID & quantification

Ø Most MS-based metabolomics studies are not 
absolutely quantitative

Ø Absolute quantitation requires spiked addition of 2H, 
13C or 15N isotopic standards 

Ø Also requires that the labeled compound is of the 
same chemical type or very nearly the same chemical 
type as target compound

Ø Single Reaction Monitoring (SRM) or Multiple 
Reaction Monitoring (MRM) is used to ensure correct 
compound ID



Schedule for today
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====   5 minutes break   =====



Task #2: from data table to functions
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How do we (human) understand data? 

Ø NGS omics: Reads => genes => functions => enrichment tests
Ø MS omics:   Peaks => compounds => functions => enrichment tests

69

100,000 10,000 1,000 100 10s

“Biological” dimensionality reduction!



What are functions? 
● Group behavior, collective changes

70

Gene Ontology



Key observation

Ø Biological systems showing coordinated 
changes or group behaviors

Ø Leveraging this “collective power” 
inherent in biological systems can better 
tolerate the random errors/inaccuracies
based on individual features

71

Approximately correct at feature levels allows 
detection of accurate functional level changes

30% correct annotation rate 
(remaining random assignment) 
enable ~100% pathway detection

https://doi.org/10.1093/bib/bbac553

https://doi.org/10.1093/bib/bbac553


Three components for functional analysis

1. Input: define the signals of 
interest
§ Significant features 
§ Complete ranked list 
§ A data table 

2. Define functions libraries: 
§ Pathways
§ Gene/metabolite sets

3. Perform enrichment tests evaluate 
the coordinated changes of a 
group. 
§ Over-representation analysis (ORA) 
§ Permutation based approaches

72

Library

Algorithm

Input



Input for enrichment analysis

Upregulated

Downregulated

Clustered (co-regulated) compounds



Functional libraries
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Biologically meaningful 
groups such as:
• Pathways
• Disease associated 

metabolite signatures
• Localization
• SNP associated metabolites
• …..



Enrichment Tests
We need to calculate the null distribution - how often we can 
see this by random chance? If the chance is low, then we think 
it is enriched

● Model driven 
○ Hypergeometric distribution

● Data driven 
○ Don’t know - we can use permutation to get this

75



Hypergeometric distribution
A discrete probability distribution 
that describe the probability of 
success in draws, without 
replacement

76



Over Representation Analysis (ORA)

1. An input gene list is created using a 
certain threshold or criteria 

• FDR < 0.05 and/or
• FC > 2

2. For each pathway, input genes that are 
part of the pathway are counted

3. Test for probability using 
hypergeometrical tests

4. Repeat for every pathway
5. Multiple testing adjustment

77



Issues with ORA approach
1. The input list is subject to some arbitrary cutoff

○ Different cutoff values can lead to different results
2. The “background universe” (all measurable features by the 

platform) may not be well defined
○ The transcriptome / proteome / metabolome?
○ All those defined in the functional library? 

3. Selection bias: all balls in the urn should have equal
chance of being selected) issue
○ Every gene has equal chance being sequenced by NGS?
○ Every compound has equal chance being measured by MS?

78

The issues are more outstanding with MS-omics



Enrichment tests in global metabolomics

Step 1: Match the peaks to putative metabolites. Looked up 
all the significant metabolites in each pathway and calculate 
the p-value using hypergeometric tests

Step 2: Randomly draw features with the length same as 
the significant ones from the reference list, and repeat Step 
1 for thousand times

Step3: Test if certain pathways are enriched in the 
significant peaks as compared to null models

Input requirement:
• Significant list: selected by t-test or fold change
• Reference list: all features detected 

Step 1

Step 2

79



From patterns to functions to matching details

1
2

3

80
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Pathways & Networks (current) 
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Based on genome scale metabolic models
(GEMs)

83



Pathway analysis – what’s new?
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Junker et al. BMC Bioinformatics 2006

} Which positions are important? 
} Hubs 

} Nodes that are highly 
connected (red ones)

} Bottlenecks 
} Nodes on many shortest 

paths between other nodes 
(blue ones)

} Graph theory
} Degree centrality
} Betweenness centrality

Hub Bottleneck
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Which node is more important?

High 
betweenness 
centrality

High 
degree 
centrality

ØHubs 
ØBottlenecks 
ØModules
ØShortest paths
Ø…..
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Leveraging networks to advance omics research 

• Knowledge representation
o Gene regulatory networks
o Protein-protein interaction networks
oMetabolic networks

• Case studies
• Accelerate discovery to illustrate unknown

• Global metabolomics  
• Contextualized analysis

• Microbiome
• Multi-omics integration



Functional insights & matching details
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87



88

Module 
detection



Global optimization on networks for 
annotation

89

Chen, L., Lu, W., Wang, L. et al.  Nat Methods (2021)

Integrating contextual 
knowledge (biochemical 
rules) – multiple signals 
converging to the real 
assignment



Multi-omics based on networks
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❖ Integrating SNPs, Taxa, LC-MS peaks to our knowledge framework



Next Lecture
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Topic Date Lecture Lab
Omics Data Science 
Foundations

Jan. 6 Omics data processing, statistics and visualization --

Jan. 13 From raw data to functional insights --

Transcriptomics Jan. 20 RNAseq data analysis in model species ExpressAnalyst & NetworkAnalyst

Jan. 27 RNAseq data analysis for non-model species ExpressAnalyst & Seq2Fun

miRNAs & non-
coding RNAs

Feb. 3 MicroRNAs, noncoding RNAs and biological networks miRNet & NetworkAnalyst

Proteomics Feb. 10 Proteomics data analysis and interpretation ExpressAnalyst & NetworkAnalyst

Metabolomics Feb. 17 Targeted metabolomics data analysis MetaboAnalyst

Feb. 24 LC-MS untargeted metabolomics data analysis MetaboAnalyst

Microbiomics Mar. 2 Marker gene data analysis MicrobiomeAnalyst

Mar. 9 Shotgun metagenomics data analysis MicrobiomeAnalyst

Multi-omics Mar. 16 Knowledge-driven multi-omics integration OmicsNet

Mar. 23 Data-driven multi-omics integration OmicsAnalyst
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Comprehensive protocols (76 pages)
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Assignment: Basic Protocol #11 
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è RNA-seq reads processing and quantification with 
reference transcriptomes (the “kallisto” pipeline)



ExpressAnalyst

https://www.expressanalyst.ca 
https://pro.expressanalyst.ca

https://www.expressanalyst.ca/
https://pro.expressanalyst.ca/


Cloud, Virtual Machine & Container (Docker)
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Virtual Machine Container

Virtual Machine (VM)
Ø Hardware is virtualised.
Ø Each VM has its own 

operating system.
Ø Multiple VMs on a large server
Ø Slower start-up time

Container
Ø Operating system is 

virtualised
Ø It is run from an image 

containing all dependencies 
Ø Multiple workloads can be run 

with one OS.
Ø Faster start-up time



ExpressAnalyst Docker for RNAseq processing
1. Download & install Docker Desktop

○ https://www.docker.com/products/docker-desktop/
2. Install ExpressAnalyst Docker

> docker pull dockerxialab/expressanalyst_docker:latest
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https://www.docker.com/products/docker-desktop/


3. Find your home location
> pwd

■ /Users/jeffxia

4. Start the Docker
> docker run -ti --rm -p 8080:8080 -v /Users/jeffxia:/data 
dockerxialab/expressanalyst_docker:latest
• The command tells Docker to attach the container to your home directory, and 

to create a new, temporary directory called /data to use while it is running.
• The web is accessible: http://localhost:8080/ExpressAnalystSA
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http://localhost:8080/ExpressAnalystSA


5. Create a folder “Process_Kallisto” in your Desktop
6. Download the example FASTAQ files

https://www.xialab.ca/api/download/expressanalyst/protocol_2023_fastq.zip
• This dataset contains 18 sub-sampled FASTQ files from double-crested 

cormorant.
• Save it under the folder “FASTQ” inside “Process_Kallisto”

7. Download the reference transcriptome
https://www.expressanalyst.ca/ExpressAnalyst/docs/Databases.xhtml
• On the “With a Reference Transcriptome” tab, find the Gallus gallus (chicken) 

reference transcriptome
• Save it under the folder “DATABASE” inside “Process_Kallisto”

8. Upload the FASTQ files and map reads to the reference 
transcriptome
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https://www.xialab.ca/api/download/expressanalyst/protocol_2023_fastq.zip
https://www.expressanalyst.ca/ExpressAnalyst/docs/Databases.xhtml
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We would like to hear your 
comment & feedback

100

contact@xialab.ca

See (most of) you next week!

mailto:contact@xialab.ca

