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Functional Annotation

A huge “orphan of function” gene space

> orphan genes = genes without homologs with a known function (Fukushi et

al., 2003).

> 20% to 40% of the predicted genes for completely sequenced eukaryotic
organisms have no assigned function (Hanson et al., 2010).
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Bacteria Archaea Eukarya

For Arabidopsis genome

> Only 16% of genes have a validated
function

> More than 5000 Arabidopsis genes
are still orphans (TAIRv10)



Classical analyses by sequence similarity

Based on a comparison of protein sequences to identify structural
similarities

» Some sequences with a low similarity may share a same function (Galperin
et al, 1998)

» A high similarity does not guarantee a functional similarity (Tian et al, 2003)

» Protein sequence comparison gives information about the biochimical
function (Nehrt et al, 2011) - common proteic motif/domain



Classical analyses of co-expression
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characterisation genes for biological
- _ validation
CoExpression analysis

G0

Gene Expression Omnibus

Transcriptomic studies seem relevant approaches since co-expressed
genes are often involved in a same biological process

» Data are generally extracted from international repositories
» With heterogeneous data in terms of acquisition and preprocessing

Co-expression usually measure a correlation value

» Comparison by Pearson correlation based on “gene pairs”
» Difficult to interpret since the number of gene pairs is large

Local point of view of a complex question since genes work in modules



Integration of omics data

Integrating various resources of omics data improves the success of
prediction (Radiovojac et al, 2013) ‘Guilt by association’

But various sources of heterogeneity exist

» Data are qualitative or quantitative

» Available information describes the biological entities or their relationships
» Observations are obtained with various techniques / workflows

Not obvious links between these various data

e.g. Protein Interactome (PPI) by Arabidopsis Interactome Mapping
consortium (2011)

» only 10% have been studied

» high rate of false positive



GEM2Net: Goals

/ Goals: from Gene Expression Modeling TO gene Network to \
Investigate Arabidopsis thaliana stress responses

-> Agronomic challenge to characterize genetic variants resistant to
biotic/abiotic attacks




GEM2Net: Goals & methods

/ Goals: From gene expression modeling to gene network to
iInvestigate Arabidopsis thaliana stress response

CAT

~
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Methods: original features

homogeneous and dedicated transcriptomic data in CATdb
classification of several CATdb projects in biotic/abiotic stress
method of clustering: model based method

* integration of various resources to improve the functional inference
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ATdb http://tools.ips2.u-psud.fr/CATdb

4613 diff. samples on 25 species
- 1657 treated (183 exp. Factors)

- 32 organs, 132 development stages

Explore th

CcATdh provides access to a large collection of trancriptomic data for Arabidopsis thaliana, mainly hybridized with the 2-colors CATMA (Complete Arabidopsis Transcriptome Micro-Array, Crow &f al
MNAR 2003). The CATMA design has been updated to include almost all the annotated genes in Arahidopsis (TAIR + EuGene predictions)

146 CATMA_Z 3INE CATMA_Z.1 1384 CATMA_Z.2 BES CATMA_Z.3 1ELS CATMA_D B8 CATMAEHDIZ 284 CATMAWG.Z-HDIZ 24 CATMAWD. 1-HD12

ZREE ZZETE EZETOR ZI00L FEEZO0 INERE INEDE INERE

GEMZMet is a new module of CATdbh which the main ohjective is to provide a global overview of gene response of Arabidopsis under stress stimuli. This approach is based on a clustering of a subset
of CcATdb data and explores various resources to annotate clusters in order to getinsights into gene functions.

5 e i il . ¥
In CATdh, projects selected for GEMZNet are indicated by this icon m“tﬂ ... click on it to access data & analyses.
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Explore

CATdb stores data of 11 array types to study trancriptome of various species (mainly Plants). These array designs are produced with different technologies (Affiymetriz, NimbleGen, Agilent)
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Transcriptomic Dataset

CATdb : experiments implicated into stresses

i
CATdb

O Large and homogeneous transcriptome resource ::-.;"f (otress |
generated by the POPS platform and available in ‘
CATdb (Gagnot et al., NAR 2008). 07 swaps

O ~ 400 conditions dedicated to stresses
9 biotic and 9 abiotic stress categories

» Based on differential analyses, 60% of the genes coding
proteins have their transcription impacted directly or not by a
stress

» Large overlap of impacted genes between biotic and abiotic
stresses

W Nitrogen
W Heavy Metal
W Temperature
mGamma
1 Drought
Oxydative
Salt
uv
Other-Abiotic
Biotrophic-Bacteria
Necrotrophic-Bacteria
W Virus
W Fungi
m Protists
W Nematode
1 Rhodococcus
Stifenia
Other-Biotic
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Co-expression analysis by mixture models

what we observe the model the expected results
L T | Data-driven method
E N ] L i * number of cluster chosen by BIC
SR ] o egnfual] Bayesian Information Criterion

* gene classification based on the
conditional probabilities

L =7

Matrix by stress
{ genes x log-ratios}
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co-expressed genes
(groups of genes with same
profile)
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Co-expression analysis by mixture models

what we observe the model the expected results _ _
|l = = = S | Stress category Cluster_nb

AN W] | A\ ]y e :;..% Nitrogen 13 495 59
{ AL i ] (e ‘ Temperature 11 365 34
T et kL PP Drought 8 143 34
7_ 9 Z 1—02— 13—+ Salt 5729 30
Heavy metal 10 617 57
uv 7894 37
Matrix by stress Gamma 5350 32
{ genes x log-ratios} Oxydative stress 10127 52
Nectrophic 11 220 50

) ) bacteria

Gaussian mixture _ _
Biotrophic 12 023 56

bacteria
Fungi 9773 51
Rhodococcus 1900 13
~ 700 clusters of genes Oomycete 5508 31
- ‘ ' Nematode 7413 27
H Stifenia 1525 17
Virus 11 832 54

18 stress categories



GEM2Net Flowchart

This project has been implemented as a new CATdb module: GEM2Net associated with a

user-friendly Interface (Zaag et al., 2015)
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http://tools.ips2.u-psud.fr/GEM2NET
http://tools.ips2.u-psud.fr/GEM2NET
http://tools.ips2.u-psud.fr/GEM2NET
http://tools.ips2.u-psud.fr/GEM2NET

Cluster Annotations

681 coexpression clusters covering 17264 genes
= 08% of clusters have a functional bias in a term of GO
= 80% of clusters are associated to a Stress term

GEMZ2Net gene set

Total | Orphan BP stress Bibliostress | TF Hormone

Arabidopsis Reference | 34042 |5105 (15%) |5106 (15%) |2580 (7.5%) | 2260 (6.5%) | 695 (2%)

GEM2Net dataset 17264 | 2165 (13%) |4003 (23%) |2064 (12%) |1578 (9%) |487 (3%)




1 m [v] |

U B a3 LS/ CHAEIT 3y LIS adL
[ L TS s TS EeT
FOOT 1D FOeT IS ADL
RO HIP B A ) HP B A ANRD
ORC ARED ¢ W RO Q19 AN
O AR/ HEF BT ARED

O ARED W30 AR
ORI/ EIS BT AN
FIRsaT TR0 S ANED
RIS (E U AR
Vs yE  F e AR

T TS ETINT A

[y T L P Ll oy
PO e 0T AN
FEMRES e L aeD AN

T ra R E e AR
RMM ST IE LT AR

T pag ] | 2T Add

(g STt L R T e

T e e g pEl
e ¢ 1T Al

7 oaiE @y 317 ar B9 AL
Isi e AL o e AT L

7 el ey o 2 eke B AgL
i e sy ¢ shd R AT )
Fg- T pCTTER Ta ET
Lour e oy | o AT |
WAl i S | § A AH L

2 o Dy oAl Ay )

| e D LA A L

[ R g f P ARl

& D (AL

Ve oD § R AdL

60 genes

cluster 7

Percentage of differentially expressed genes in each

Stress category VIRUS

sSamples

<}
£
=
o
=
vl
=
=
)
2
]
Z
°
=
ob
=
42
i
o
o
=
s
)
i
4
u
-
=
o]
»”
53]
o
=
a
(O]
E
s
&

1l

e
@)
L
(p]
(@
qu;
c
V)
e
(D)
Z
@\
>
LL]
O

< back to Stress categories & Search

The box-plot charts deplayed below result from the model-basad clustering method performed on expression data for the stress category VIRUS. Then. the MFDR classification rule was applied

to asign genes in clusters with high confidence.

Clustatng - Brbgeal proces Celur component Mol fncion Sl Bblstes Orplan, TranerionfcrHormone  Ineracione Neverls

While the mouse hovers over a graph. the total number of genes in cluster gopears in a popup and in the

cluster are summared a blue dots to give a synoptic viEw.

duster_10

duster_14

click on a Cluster name to see all Functional Analyses for the cluster

duster_9

duster_13

duster_18

duster_17
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GEMZ2Net Snapshot:

from Gene Expression Modeling To Networks in Plants
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GEMZ2Net Snapshot:

# Total genes  # Clusters  Classification rule  # Classified genes  # CATdb projects
11685 4 MFDR 6046 33>

Clustetag | Biological process | Celluarcamponent| Moleculas fnction Subell | Bibiostoess Orphan Tnsciption facor  Fommone | Inenciome Retwarks

The GO Biological process was used to characterize the clusters for the stress category VIRUS. Results of gene set enrichment analyses are displayed as one pie chart per cluster, its
size reflecting the total number of genes in the cluster.

While the mouse hovers over a pie chart, the total number of genes in cluster appears in a popup and in the 'Biological process' frame on the right side. As well, the number of
genes annotated with a GO term is displayed and the hypergeometric test p-value is mentioned when statistical significance is achieved.

_ click on a Cluster name to see all Functional Analyses for the cluster /  click inside a circle to see the Clustered Gene list _

DNA_or_RNA_metabolism 9 31 genes in cluster_2

cell_organization_and_biogenesis . O o G G term name = p-value r

developmental_processes o response_to_abiotic_or_biotic_stimulus TN AT B

electron_transport_or_energy_pathways . TESPOTISE_to_Stress - - -

protein_metabolism cluster_1 cluster_2 cluster_3 cluster_4 cluster_5 cluster_6 protein_metaholism 1

response_to_abiotic_or_biotic_stimulus . cell_org n_and_biogenesis 2
electron_transport_or_energy_pathways 2

Tesponse_to_stress . developmental_processes 4

signal_transduction . signal_transduction 4

transcription_DNA_dependent [ ] transport 6

mansport o cluster_7 cluster_8 cluster_9 cluster_10 dluster_11 cluster_12 || "nknown_biological_processes 6
other_metabolic_processes 15
other_cellular_processes 16
other_biological_processes 0
Ref nb: number of genes annotated with the term in the reference
set
(see docurmentation)

cluster_13 cluster_14 cluster_15 cluster_16 cluster_17 cluster_18
cluster_19 cluster_20 cluster_21 cluster_22 cluster_23 cluster_24
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cluster_25 cluster_26 cluster_27 cluster_28 cluster_29 cluster_30




GEMZ2Net Snapshot:

# Total genes  # Clusters  Classification rule  # Classified genes  # CATdb projects # Genes in cluster  # TAIR genes  # Other genes
11685 54 MFDR 6046 5>> 213 212 1

Download functional annotation table

Overview of all functional annotation analyses made for the cluster ‘cluster_49". While clicking on a circle, a gene set enrichment list for the conceming annotation appears below
the main panel. Results of analyses are recapped in the 'Functional Annotation' table on the right side and are downloadable using the link above.

T cluser_49 i
Biological process
cell_organization_and_biogenesis . . A _ i
TESpONsE_to_siress . K A
Cellular component i -- ]
Clustering Biological process Cellular component Molecular function Subeell ““”mﬁ'lﬁ‘
il
| tochonc
mitochondria ribosome
Molecular function protein_binding
protein_hinding structural_molecule_activity
Subcell Bibliostress. Orphan Transcription factor Hormone Interactome
Mit
Interactome cluster_49: Biological process
gene name
AT1G01160 GRF1-INTERACTING FACTOR 2 -.!.!.....!
AT1G01230 ORMDL FAMILY PROTEIN . [ N [ ]
AT1G04070 TRANSLOCASE OF OUTER MEMBRANE 22-1 .. [ N
AT1G05070 PROTEIN OF UNKNOWN FUNCTION (DUF1068) . L] ® L]
AT1G21720 PROTEASOME BETA SUBUNIT C1 ” [ N [ ]
AT1G23260 MMS ZWEI HOMOLOGUE 1 . L ] o L ]
AT1G24450 RIBONUCLEASE IIl FAMILY PROTEIN . [ N L]
AT1G27310 NUCLEAR TRANSPORT FACTOR 2A ‘ e o [ ]
AT1G3170 SULFIREDOXIN . [ N ® L ]
AT1G32310 NOT DEFINED ' L] ® ®
AT1G52740 HISTONE H2A PROTEIN 9 .‘ e o [ ]
ATIG61570 TRANSLOCASE OF THE INNER MITOCHONDRIAL MEMBRANE 13 .. [ N [ ]
AT1G65290 MITOCHONDRIAL ACYL CARRIER PROTEIN 2 . [ B N N L]
AT1G67350 NOT DEFINED ” [ N [ ] [ ]




GEMZ2Net Snapshot:

# Total genes  # Clusters  Classification rule # Classified genes # CATdb projects # Protein-protein interactions  # TF-target interactions
11685 54 MFDR 6046 522 42 (1]

Clussog Blological pocess Cllularcomponent | Molecularfuncion Subcell | Biblosress Ophan | Tansctplonfcior Homoone  ltemciome | Networks

Networks of Protein-protein interactions or Target genes of Transcription factors (TFs) are shown for a selected cluster. By default, all protein interactions (experimental and
predicted interactomes), as well as confirmed links of TFs to their targets are displayed for gene accessions inside the selected cluster. Out-cluster interactions can be seen on
option. Functional annotation is available to charaterize nodes. On the right frame, Filters are provided to view only nodes of the selected term(s). Additional information is

available on the bottom side by clicking on a node oran edge.

select acluster: | cluster_49 3| FuNcTIONAL ANNOTATION: (O Transcription Factor & Hormone | All Hormone | | orphan

PROTEIN INTERACTOMES TARGETS of TRANSCRIPTION FACTORS

in-Cluster interactions: & All interactions [ Confirmed interactions in-Cluster interactions: ) Confirmed interactions

options: [ self interactions [ out-Cluster interactions (confirmed) option: O out-Cluster interactions (confirmed)

AT1GO AT2G43640
AT1GTE630 540 |

AT3G49100

AT2G27730

AT2G33220 AT1GO3330

43}1521 20
AT4GL4800 ATBG51940
atafyr

\ AT1G23260 AT3GESE00
AT4G16 I
AT2G04630 ATEG09520
ATSGE2E40 AT3GE2090ATEG41010

Layout: | Circle * | Node Labels &

Filter

Use filters to view nodes of the selected item(s)
Filter by GO terms

BIOLOGICAL PROCESS

Terms

£

response_to_stress
other_cellular_processes
other_metaholic_processes
protein_metabolism
response_to_ahiotic_or_biotic_stimulus
unknown_biological_processes
cell_organization_and_biogenesis
transcription_DNA_dependent
developmental_processes
electron_transport_or_energy_pathways
other_biological_processes
DNA_or_RNA_metabolism

transport

CELLULAR COMPONENT
MOLECULAR FUNCTION

4
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From co-expression to co-regulation
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Clusters of co-expression
By stress

Horizontal integration

across the 18 stresses

Co-regulation networks



From co-expression to co-regulation

_ 3 -

Clusters of co-expression
By stress

Horizontal integration

across the 18 stresses

Co-regulation networks

» Method : Identify pairs of genes co-expressed in different stress catgories
compared to random networks (resampling test)

EOEa I BB A O N
295105 57833 19087 7997 3782 1908 903 395

G 6g333 733 5 ~0 0 0 0 o0 0 0 0 0 0
aléatoires

Ll 23150 12% 0026 g 0 o 0 0 o0 0 0 0 0
d’erreur %

» a pair observed more than 3 times is statistically significant




Co-Regulation (R. Zaag PhD)

-
Identification

of Coregulated
genes

.

~N

At Network « 3+ »
stresses scale

4 )
Describe groups

of functional
partners

J

5626 nodes 57 833 edges/pairs

—> 713 orphans

-

.

Annotation
of orphan
genes
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Co-regulation Network (7 stresses)

The network with gene
, pairs conserved in at least
e 7 stresses is the first
(22 . network showing
| connected components

*(8)

- ~I~._.

(16)(17)
w9 (20 L

> w4l (1s) @

@ (2 @
- TF W

Legend

@ Coregulated genes : : :
Orphan genes 415 genes with 41 orphan genes, 1908 interactions




Example of an orphan identification within a module

81 genes, 945 pairs, 1 orphan




Example of an orphan identification within a module

81 genes, 945 pairs, 1 orphan

\
N ,}'« A
S

First Neighbors of the
orphan gene

48 of the 55 neighbors are annotated as
« Structural constituent of ribosome »

This orphan gene most likely codes for
a ribosomal protein



Cis-regulatory motifs enrichment

Distribution of CACGTG

relative to the TSS
Preferential f’
position
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cis-regulatory motifs found by
PLMdetect (Bernard et.,2010)

» 10 components are enriched in cis-
regulatory motifs

» For 4 of them, the motif is present in
over 80% of the gene promotors

» Component 2 has 5 motifs related to
the light regulation, present at most
in 50% of gene promoters



From Gene Expression Modeling to gene Network

» Vertical Integration of molecular data
v" Required to control data heterogeneit

GEM2Net \

Annotations of
groups of genes |

|

In progress....
Identification of Annotation
functional — of Orphan
partners genes

» Co-regulation = Horizontal integration of co-expressed data

v Required to control stress heterogeneity
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