
Идентификация бактериальных операторов 
на основе 3D-структур комплексов 
транскрипционных факторов с ДНК:  

алгоритм и результаты его применения

Е. А. Николайчик



Тысячи бактериальных геномов секвенированы, 
но очень немногие аннотированы качественно

• Typical annotation: gene, CDS, rRNA, tRNA features only
• Transcription control signals (promoters, operators, attenuators, riboswitches, 

terminators) are rarely annotated

Without regulatory info one doesn’t know if, when and how strongly a gene is 
expressed
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Транскрипционные факторы и сайты их 
связывания – ключ к пониманию регуляции 
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SigmoID версии 1: применение регуляторной информации 
к неизученным последовательностям геномов
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ABSTRACT
The majority of bacterial genome annotations are currently automated and based
on a ‘gene by gene’ approach. Regulatory signals and operon structures are rarely
taken into account which often results in incomplete and even incorrect gene function
assignments. Here we present SigmoID, a cross-platform (OS X, Linux and Windows)
open-source application aiming at simplifying the identification of transcription
regulatory sites (promoters, transcription factor binding sites and terminators) in bac-
terial genomes and providing assistance in correcting annotations in accordance with
regulatory information. SigmoID combines a user-friendly graphical interface to well
known command line tools with a genome browser for visualising regulatory elements
in genomic context. Integrated access to online databases with regulatory information
(RegPrecise and RegulonDB) and web-based search engines speeds up genome analysis
and simplifies correction of genome annotation. We demonstrate some features of
SigmoID by constructing a series of regulatory protein binding site profiles for two
groups of bacteria: Soft Rot Enterobacteriaceae (Pectobacterium and Dickeya spp.) and
Pseudomonas spp. Furthermore, we inferred over 900 transcription factor binding sites
and alternative sigma factor promoters in the annotated genome of Pectobacterium
atrosepticum. These regulatory signals control putative transcription units covering
about 40%of theP. atrosepticum chromosome. Reviewing the annotation in caseswhere
it didn’t fit with regulatory information allowed us to correct product and gene names
for over 300 loci.
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With bacterial genome sequencing becoming easily accessible, the demand for quality
genome annotation has increased drastically in recent years. Manual genome annotation
requires a lot of effort and is time-consuming. Therefore, it is usually beyond the
scope of most sequencing projects. As a result, automated approaches are commonly
used by researchers while submitting genome sequences to GenBank. The genome
annotation pipelines such as Prokka, BASYS, RAST and NCBI Prokaryotic Genome
Annotation Pipeline (Van Domselaar et al., 2005; Aziz et al., 2008; Tatusova et al., 2013;

How to cite this article Nikolaichik and Damienikan (2016), SigmoID: a user-friendly tool for improving bacterial genome annotation
through analysis of transcription control signals. PeerJ 4:e2056; DOI 10.7717/peerj.2056

 Pull request  Compare

A Xojo/python tool to ease annotation of sigma-factor and TF binding sites in bacterial genomes

This branch is 6 commits ahead, 1 commit behind master.

Build_resources Integrated cd-hit for promoter seq clustering 2 months ago

Classes Family TFBSs export to a single meme file 2 months ago

Help Added protein seqs export 5 months ago

Modules Integrated cd-hit for promoter seq clustering 2 months ago

Pix Repository reorganisation 8 months ago

Profiles Window localisations 5 months ago

Python technical commit 5 months ago

nikolaichik / SigmoID

 Code  Issues 0  Pull requests 0  Projects 0  Pulse  Graphs

 360 commits  8 branches  3 releases  2 contributors  GPL-3.0

Clone or downloadClone or download  Find file Version2 Branch: New pull request

Latest commit 9000d5e on Sep 8 nikolaichik Integrated cd-hit for promoter seq clustering

Pricing Blog Support This repositoryPersonal Open source Business Explore Sign upSign upSign in

2 4 0 Watch  Star  Fork

Submitted 26 January 2016
Accepted 29 April 2016
Published 24 May 2016

Corresponding author

Yevgeny Nikolaichik,
nikolaichik@bio.bsu.by

Academic editor

Kay Nieselt

Additional Information and

Declarations can be found on

page 15

DOI 10.7717/peerj.2056

Copyright

2016 Nikolaichik and Damienikan

Distributed under

Creative Commons CC-BY 4.0

OPEN ACCESS

SigmoID: a user-friendly tool for
improving bacterial genome annotation
through analysis of transcription control
signals
Yevgeny Nikolaichik and Aliaksandr U. Damienikan
Department of Molecular Biology, Belarusian State University, Minsk, Belarus

ABSTRACT
The majority of bacterial genome annotations are currently automated and based
on a ‘gene by gene’ approach. Regulatory signals and operon structures are rarely
taken into account which often results in incomplete and even incorrect gene function
assignments. Here we present SigmoID, a cross-platform (OS X, Linux and Windows)
open-source application aiming at simplifying the identification of transcription
regulatory sites (promoters, transcription factor binding sites and terminators) in bac-
terial genomes and providing assistance in correcting annotations in accordance with
regulatory information. SigmoID combines a user-friendly graphical interface to well
known command line tools with a genome browser for visualising regulatory elements
in genomic context. Integrated access to online databases with regulatory information
(RegPrecise and RegulonDB) and web-based search engines speeds up genome analysis
and simplifies correction of genome annotation. We demonstrate some features of
SigmoID by constructing a series of regulatory protein binding site profiles for two
groups of bacteria: Soft Rot Enterobacteriaceae (Pectobacterium and Dickeya spp.) and
Pseudomonas spp. Furthermore, we inferred over 900 transcription factor binding sites
and alternative sigma factor promoters in the annotated genome of Pectobacterium
atrosepticum. These regulatory signals control putative transcription units covering
about 40%of theP. atrosepticum chromosome. Reviewing the annotation in caseswhere
it didn’t fit with regulatory information allowed us to correct product and gene names
for over 300 loci.

Subjects Bioinformatics, Genomics, Microbiology
Keywords Transcription factor binding site, Promoter, Terminator, Genome browser,
Genome annotation, Sequence logo, Pectobacterium atrosepticum

INTRODUCTION
With bacterial genome sequencing becoming easily accessible, the demand for quality
genome annotation has increased drastically in recent years. Manual genome annotation
requires a lot of effort and is time-consuming. Therefore, it is usually beyond the
scope of most sequencing projects. As a result, automated approaches are commonly
used by researchers while submitting genome sequences to GenBank. The genome
annotation pipelines such as Prokka, BASYS, RAST and NCBI Prokaryotic Genome
Annotation Pipeline (Van Domselaar et al., 2005; Aziz et al., 2008; Tatusova et al., 2013;

How to cite this article Nikolaichik and Damienikan (2016), SigmoID: a user-friendly tool for improving bacterial genome annotation
through analysis of transcription control signals. PeerJ 4:e2056; DOI 10.7717/peerj.2056



С помощью SigmoID можно извлечь информацию 
о сайтах связывания из RegPrecise…



… оптимизировать операторный мотив для 
конкретного вида и штамма…



…найти сайты связывания регулятора в геноме и 
при необходимости скорректировать аннотацию.



Есть коллекции операторных последовательностей, 
но они ограничены по объему, видовой специфике, 

чатоте обновлений

Organism specific: 
RegulonDB (E. coli) –  141 TF, ~50 usable 
DBTBS (B. subtilis) – 40 usable (Outdated) 

RhizoRegNet - 46 usable (defunct) 

Multi-species: 
CollecTF – 84 of 252 

Prodoric2 – 261 (few usable) 
RegTransBase – 141 (defunct) 
RegPrecise – 1184 usable



Что можно сделать для энтеробактерии с 
известными операторными мотивами? 

Пример – Pectobacterium atrosepticum 21А:
✦ найдено почти 100 ортологов ТФ с известными 
операторными мотивами

✦ Идентифицировано около 1000 операторов
✦ Найденные операторы контролируют около 40% всех 
транскрипционных единиц.

Проблемы:
• только для 6 ТФ есть экспериментальное подтверждение их 
операторов

•процедура опирается на предположение (которое никогда не 
проверяется!) о консервативности операторов у родственных 
организмов



Есть ли лучший способ?



Последовательности операторов считываются несколькими 
критичными остатками ДНК-связывающих доменов
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A. Vannini et al. The crystal structure of the quorum sensing protein TraR 
bound to its autoinducer and target DNA. EMBO J. 21:4393-4401 (2002)

Many TF-TFBS structures are solved, CR-nucleotide contacts are known, but this info is never used!



NPIDB (npidb.belozersky.msu.ru) – удобная база данных для поиска 
критичных аминокислотных остатков



Для основных семейств транскрипционных 
факторов определены структуры 

их ДНК-связывающих доменов в комплексе с ДНК

LuxR-семейство: структуры сильно варьируют, но 
контактирующие с ДНК (критичные) аминокислотные остатки  
всегда в трех соседних витках распознающей α-спирали 



Идентифицировать и классифицировать 
транскрипционные факторы легко с помощью 

моделей PFAM



ТФ Pectobacterium spp. принадлежат более чем к 
30 семействам, но 80% всех ТФ – к 12 основным

Семейство Pfam # Число ТФ
LysR PF00126 59
AraC PF00165 24
GntR PF00392 22
LacI PF00356 20
XRE PF01381 19
TetR_N PF00440 17
Trans_reg_C PF00486 14
LuxR PF00196 12
HxlR PF01638 8
Fis PF02954 8
DeoRC PF00455 6
MarR SM00347 6



Как можно использовать структурную 
информацию?
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ABSTRACT
Motivation: Computational techniques for microbial genomic
sequence analysis are becoming increasingly important. With next-
generation sequencing technology and the human microbiome
project underway, current sequencing capacity is significantly greater
than the speed at which organisms of interest can be studied
experimentally. Most related computational work has been focused
on sequence assembly, gene annotation and metabolic network
reconstruction. We have developed a method that will primarily
use available sequence data in order to determine prokaryotic
transcription factor (TF) binding specificities.
Results: Specificity determining residues (critical residues) were
identified from crystal structures of DNA–protein complexes and TFs
with the same critical residues were grouped into specificity classes.
The putative binding regions for each class were defined as the set
of promoters for each TF itself (autoregulatory) and the immediately
upstream and downstream operons. MEME was used to find putative
motifs within each separate class. Tests on the LacI and TetR TF
families, using RegulonDB annotated sites, showed the sensitivity of
prediction 86% and 80%, respectively.
Availability: http://ural.wustl.edu/~gsahota/HTHmotif/
Contact: stormo@wustl.edu
Supplementary information: Supplementary data are available at
Bioinformatics online.
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1 INTRODUCTION
There are more bacterial species than from any other kingdom,
but only a few have been studied in much detail. Their relatively
small genomes make them readily amenable to sequencing and
they now constitute the most abundant genome sequences in the
public databases. Projects such as the Human Microbiome Project
(Turnbaugh et al., 2007) and other metagenomic sequencing projects
(Riesenfeld et al., 2004) promise to significantly increase the amount
of genomic sequence from bacterial species. For most of these
species, the genome sequence is the only available information so
computational approaches are essential to learning more about their
characteristics and capabilities.

Most current computational analyses focus on sequence assembly
(Pop, 2009; Ye and Tang, 2009), the phylogenetic distributions
of species (Hamady et al., 2009; Pei et al., 2009), functional
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classification of gene (Qin et al., 2010; Selengut et al., 2010)
and metabolic network reconstruction (Ye and Doak, 2009). Many
of these analyses are accomplished through the identification of
homologous proteins with known function and the inference of
functional conservation in the newly sequenced species. As of yet,
there has been little computational work focused on transcriptional
regulation in these prokaryotic systems. In this article, we present a
novel sequence-based method to infer the specificities of prokaryotic
transcription factors (TFs) through the comparisons of their DNA-
binding domains and applying a motif-finding algorithm to likely
binding regions.

Most prokaryotic TFs contain a helix-turn-helix (HTH) fold,
where the second helix, also known as the recognition helix,
primarily contacts DNA (Harrison, 1991; Perez-Rueda and Collado-
Vides, 2000; Santos et al., 2009). Using crystal structures of
protein–DNA complexes, we can determine a set of residues that
is important for defining the specificity of the protein, the ‘critical
residues’. Commonly, these HTH TFs bind as homodimers with
palindromic DNA specificities. Previous studies have utilized those
features to identify regulatory motifs in related bacterial species
but in those cases the TF that binds the motif was not identified
except in cases where the motif corresponded to one for a known
TF (McCue et al., 2002; Qin et al., 2003). In general, when the
binding motif for a specific TF is known, and orthologous TFs are
identified in other species, one can transfer the knowledge about
the motif and predict genes that are regulated by the TF in the
new species (Alkema et al., 2004; Gelfand et al., 2000b; Tucker
et al., 2004; Yu et al., 2004). Making connections between novel
motifs and the TFs that bind them can also be accomplished by
taking into account additional information (Tan et al., 2005). In
that study, the most useful information for identifying the TF that
bound to a specific motif was the proximity of the TF, within
the genome, to the locations of the predicted binding sites. In a
similar approach, motifs for orthologous TF were predicted based
on the assumption of autoregulation (Sorokin et al., 2009). In an
earlier study of the Escherichia coli transcriptome, ∼55% of the TFs
analyzed were estimated to be autoregulated (Martínez-Antonio and
Collado-Vides, 2003). Our analysis using RegulonDB 6.7 (Gama-
Castro et al., 2008) indicates that this value increases to 78% if one
also includes the promoters of neighboring operons.

Motif finders typically depend on having at least one of two
types of data. In a ‘phylogenetic footprinting’ approach one has
orthologous genes from a set of species and attempts to find
the conserved binding site motifs that control their expression
(Berezikov et al., 2004; Blanchette and Tompa, 2002; Cliften et al.,
2003; Wang and Stormo, 2005). Using such data one can often find
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Поиск операторных мотивов 
(MEME в двух режимах)

Сравнение мотивов с 
референсными 

(TomTom)

Improved de novo TFBS inference algoritm in SigmoID v.2

Идентификация белков, 
принадлежащих к данному 
семейству ТФ (hmmsearch)

Протеом модель PFAM

Поиск ТФ с идентичным КО-тэгом 
(SigmoID)

Экстракция, кластеризация и 
фильтрация регуляторных областей 

(NCBI server, SigmoID, MESHclust)

Наиболее вероятный мотив

Таблица иденти-
фикаторов ТФ

с одинаковыми КО

Улучшенный алгоритм поиска ССТФ в SigmoID v.2



Текущая имплементация в программе SigmoID



Ключевой этап конвейера:
экстракция регуляторных последовательностей
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Основные проблемы: 
1. Ошибки аннотации: пропуск генов (или лишние гены) не позволяют корректно находить 

регуляторные области.   
2. Пропущенные поля в аннотации (могут не дать найти нужную последовательность вообще) 
3. Короткие фрагменты геномов

Принцип: экстракция трех промоторных областей (-400..+50): своего оперона и двух соседних  
с объединением регуляторных областей для дивергонов



MEME почти всегда находит несколько мотивов.
Почему их много и какой "правильный"?
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MEME
Multiple Em for Motif Elicitation

For further information on how to interpret these results or to get a copy of the MEME software
please access http://meme-suite.org.

If you use MEME in your research, please cite the following paper:
Timothy L. Bailey and Charles Elkan, "Fitting a mixture model by expectation maximization to discover motifs in
biopolymers", Proceedings of the Second International Conference on Intelligent Systems for Molecular Biology, pp.
28-36, AAAI Press, Menlo Park, California, 1994. [pdf]

DISCOVERED MOTIFS   |   MOTIF LOCATIONS   |   INPUTS & SETTINGS   |   PROGRAM INFORMATION

DISCOVERED MOTIFS

Logo E-value Sites Width More Submit/Download 

1. 9.3e-016 11 24 �

2. 6.1e-010 11 24 �

3. 4.9e-009 13 23 �

4. 2.2e-005 10 24 �

5. 1.0e-009 14 24 �

Stopped because requested number of motifs (5) found.

MOTIF LOCATIONS

Only Motif Sites Motif Sites+Scanned Sites All Sequences 
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MEME
Multiple Em for Motif Elicitation

For further information on how to interpret these results or to get a copy of the MEME software
please access http://meme-suite.org.

If you use MEME in your research, please cite the following paper:
Timothy L. Bailey and Charles Elkan, "Fitting a mixture model by expectation maximization to discover motifs in
biopolymers", Proceedings of the Second International Conference on Intelligent Systems for Molecular Biology, pp.
28-36, AAAI Press, Menlo Park, California, 1994. [pdf]

DISCOVERED MOTIFS   |   MOTIF LOCATIONS   |   INPUTS & SETTINGS   |   PROGRAM INFORMATION

DISCOVERED MOTIFS

Logo E-value Sites Width More Submit/Download 

1. 3.0e-020 24 24 �

2. 3.0e-016 15 16 �

3. 1.3e-006 13 23 �

4. 4.2e-005 13 24 �

5. 6.6e-003 5 20 �

Stopped because requested number of motifs (5) found.
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Only Motif Sites Motif Sites+Scanned Sites All Sequences 
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MOTIF LOCATIONS
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INPUTS & SETTINGS

Sequences

Source Alphabet Sequence Count 
/Users/Home/Documents/SQ2/WholeGenomeTFBSscan/LacI3/Fasta_files/AIK15418.1.fasta DNA 14

Background

1. ECA3649|CAG76547|Pectobacterium 6.17e-10

2. ascG|Dda3937_02578|ADM99913|Dickeya 7.40e-9

3. WN53_01995|AKG68009|Serratia 5.08e-11

4. Ent638_3283|ABP61947|Enterobacter 2.77e-14

5. Z042_06230|AHG19260|Chania 5.15e-9

6. ascG|ERS137967_02698|CNE85259|Yersinia 2.14e-8

7. NT01EI_3269|ACR70408|Edwardsiella 2.54e-12

8. ABW06_04625|KMK15267|Pluralibacter 1.82e-9

9. GKAS_02019|KFD04715|Kluyvera 2.04e-8

10. KPN_03251|ABR78649|Klebsiella 4.85e-17

11. CKO_04213|ABV15272|Citrobacter 5.94e-13

12. LH23_01405|AIR59354|Cedecea 3.65e-8

13. AT03_04705|AIU71768|Hafnia 5.48e-14

14. SARI_04644|ABX24413|Salmonella 3.25e-12

Name p-value Motif Location 
+
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+
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+
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+
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+
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Выбрать корректный мотив позволяет TomTom

Верификация сайта связывания белка VirR P. atrosepticum 



В геноме P. atrosepticum на сегодня 
проанализировано 156 регуляторов из 10 семейств

Правильно определены 39 из 42 известных мотивов (93%)
Для неохарактеризованных белков типичный для семейства мотив  найден в 74% 
случаев

Семейство ТФ Модель PFAM
Число ТФ с 
известными  

3D-структурами

число ТФ в геноме Pat 21A

всего 
(известных)

доступны для 
анализа

идентифицировано 
корректных 
мотивов

LacI PF00356 7 21 (14) 18 17 (94%)

GntR PF00392 3 22 (9) 18 14 (78%)

LuxR PF00196 4 12 (4) 12 8 (67%)

TetR PF00440 7 17 (3) 16 13 (81%)

LysR PF00126 1 59 (2) 50 32 (64%)

XRE SM00347 11 19 (1) 15 12 (80%)

HxlR PF01638 1 8 (1) 8 6 (75%)

MarR SM00530 5 6 (0) 6 5 (83%)

OmpR PF00486 5 13 (4) 13 9 (69%)

bEBP PF02954 4 8 (5) 8 8 (100%)



Практический пример 1: два паралогичных ТФ с 
одинаковыми КО распознают одинаковый мотив

1zg5 NarL_Ecoli              QLTPRERDILKLIAQGLPNKMIARRLDITESTVKVHVKHMLKKMKLKSRVEAAV
1zg1 NarL_Ecoli              QLTPRERDILKLIAQGLPNKMIARRLDITESTVKVHVKHMLKKMKLKSRVEAAV
1je8 NarL_Ecoli              QLTPRERDILKLIAQGLPNKMIARRLDITESTVKVHVKHMLKKMKLKSRVEAAV
4wu4 LiaR Efaecalis          DLTNREHEILMLIAQGKSNQEIADELFITLKTVKTHVSNILAKLDVDNRTQAAI
4wuH LiaR Efaecalis          DLTNREHEILMLIAQGKSNQEIADELFITLKTVKTHVSNILAKLDVDNRTQAAI
4wuL LiaR Efaecalis          DLTNREHEILMLIAQGKSNQEIADELFITLKTVKTHVSNILAKLDVDNRTQAAI
1H0M TRAR_Atu                WLDPKEATYLRWIAVGKTMEEIADVEGVKYNSVRVKLREAMKRFDVRSKAHLTA
1ZLK DosR Mtuberculosis      GLTDQERTLLGLLSEGLTNKQIADRMFLAEKTVKNYVSRLLAKLGMERRTQAAV
YP_049663 VirR_Patrosepticum IFSQRENEILYWASMGKTYPEIALILDIKISTVKFHIGNVVKKLGVLNAKHAIR
AAX77678  ExpR_Pcarotovorum  IFSQRENEILYWASMGKTYLEVAIILGIKTSTVKFHIGNVVKKLGVLNAKHAIR
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Transcriptome profiling helps to identify potential and true
molecular switches of stealth to brute force behavior
in Pectobacterium atrosepticum during systemic colonization
of tobacco plants
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Abstract In the present study, we have monitored the
process of systemic plant colonization by the plant patho-
genic bacterium Pectobacterium atrosepticum (Pba) using
RNA-Seq analysis in order to compare bacterial traits
under in planta and in vitro conditions and to reveal
potential players that participate in switching from stealth
to brute force strategy of the pathogen. Two stages of
tobacco plant colonization have been assayed: i) the initial
one associated with visually symptomless spread of bacte-
ria throughout the host body via primary xylem vessels
where bacterial emboli were formed (stealth strategy), and
ii) the advanced stage coupled with an extensive coloniza-
tion of core parenchyma and manifestation of soft rot
symptoms (brute force strategy). Plant-inducible genes in

Pba and potential players switching the pathogen’s behav-
ior were revealed. Genes from the cfa locus responsible for
the production of coronafacic acid displayed the strongest
induction in the asymptomatic zone relative to the symp-
tomatic one and were shown experimentally to act as the
true strategy Bswitchers^ of Pba behavior in planta. Sur-
prisingly, cfa genes appeared to be unnecessary for estab-
lishment of the asymptomatic stage of plant colonization
but were required for the transition to soft-rot-associated
symptomatic stage coupled with over-induction of
jasmonate-mediated pathway in the plant.

Keywords Plant-microbe interactions .

Pectobacterium . Soft rots . Virulence factors .

Transcriptome profiling . Coronafacic acid . Bacterial
emboli

Introduction

Diseases caused by plant pathogenic bacteria result in
large crop losses all over the world. Members of SRE
(soft-rot Enterobacteriaceae) group, that includes
Pectobacterium andDickeya genus, are among the most
devastating plant pathogens known to date (Charkowski
et al. 2012; Mansfield et al. 2012). They deploymultiple
plant cell wall (PCW) degrading enzymes (PCWDEs)
that destroy plant tissues and are considered to be the
major tool of brute force of SRE for successful plant
host colonization (Perombelon 2002; Charkowski et al.
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Практический пример 2: расшифровка регуляции 
факторов вирулентности у Pectobacterium atrosepticum

Sheet1

Page 1

Expression level (Log2FC)

Locus tag Gene UniProt annotation Family

ECA0131 LysR-family transcriptional regulator LysR nonDEG -5.32 -3.67
ECA0336 LysR-family transcriptional regulator LysR nonDEG -1.07 nonDEG
ECA0427 LysR-family transcriptional regulator LysR nonDEG 3.81 4.66
ECA0905 LysR-family transcriptional regulator LysR nonDEG 1.13 1.67
ECA0916 LysR-family transcriptional regulator LysR nonDEG -2.46 -1.58
ECA1085 LysR-family transcriptional regulator LysR nonDEG -1.80 nonDEG
ECA1482 LysR-family transcriptional regulator LysR nonDEG -1.17 -1.36
ECA1965 LysR-family transcriptional regulator LysR nonDEG 1.37 nonDEG
ECA2227 LysR-family transcriptional regulator LysR nonDEG 1.35 1.44
ECA2284 cysB cys regulon transcriptional activator LysR nonDEG -1.85 -1.73
ECA2724 rscR LysR-family transciptional regulator LysR nonDEG -1.52 -2.04
ECA2973 LysR-family transcriptional regulator LysR nonDEG 1.19 nonDEG
ECA3556 LysR-family transcriptional regulator LysR nonDEG -1.08 nonDEG
ECA3879 nhaR transcriptional activator protein LysR nonDEG -1.13 -1.03
ECA4305 sftR LysR-family transcriptional regulator LysR nonDEG 1.65 2.28
ECA0610 LysR-family transcriptional regulator LysR 3.69 4.05 nonDEG
ECA4483 nac nitrogen assimilation regulatory protein LysR nonDEG -1.07 nonDEG
ECA2036 pecS regulatory protein MarR nonDEG 1.95 nonDEG
ECA1911 MarR-family transcriptional regulator MarR nonDEG 1.36 nonDEG
ECA1954 putative transcriptional regulator MarR nonDEG 1.44 1.24
ECA1644 putative DNA-binding protein MarR nonDEG 3.23 2.81
ECA2910 putative plasmid replication protein MarR nonDEG 3.49 2.88
ECA3511 emrR negative regulator of multidrug resistan MarR nonDEG 1.86 1.90
ECA1194 cueR copper efflux regulator MerR nonDEG -1.07 -2.08
ECA4253 metJ repressor of the methionine regulon MetJ nonDEG 1.01 nonDEG
ECA2437 rdgB regulator of pectin lyase production Mor nonDEG nonDEG 2.19
ECA3695 phage regulatory protein protein Mor nonDEG -1.43 -1.82
ECA0089 mtlR mannitol operon repressor MtlR nonDEG nonDEG 1.38
ECA1203 rcsB two-component response regulator NarL nonDEG nonDEG -1.25
ECA1901 narP nitrate/nitrite response regulator NarL nonDEG -2.49 -2.40
ECA2089 hrpY two-component response regulator NarL nonDEG -1.30 -1.11
ECA0027 glnG nitrogen regulation two-component syst NtrC nonDEG 1.32 1.73
ECA0785 two component system response regulaOmpR nonDEG 5.65 7.22
ECA0889 two-component system response regulaOmpR nonDEG -1.14 -1.14
ECA1110 phoB phosphate regulon response regulator OmpR nonDEG -1.88 -1.83
ECA2013 rstA two-component response regulator OmpR nonDEG -1.27 -1.07
ECA2445 pehR two-component response regulator of viOmpR nonDEG -1.80 -2.37
ECA3893 arcA aerobic respiration control protein OmpR nonDEG -1.24 nonDEG
ECA4044 pmrA two-component response regulator OmpR nonDEG -2.55 -2.20
ECA1869 arbG beta-glucoside operon antiterminator Prd nonDEG 1.17 nonDEG
ECA4389 beta-glucoside operon antiterminator Prd nonDEG 2.67 2.05
ECA2480 hexR hex regulon repressor RpiR nonDEG 1.06 nonDEG
ECA1455 putative transcriptional regulator RpiR nonDEG nonDEG 1.40
ECA3496 putative transcriptional regulator RpiR nonDEG 1.40 nonDEG

Zone 1 vs. 
Zone 2

Zone 1 vs. 
in vitro

Zone 2 vs. 
in vitro

uga.edu/DOOR/) and KEGG (http://www.genome.
j p / k e g g / ) d a t a b a s e s . To p e r f o rm KEGG
pathways/modules enrichment analysis, DEGs were
separated into up- and down-regulated genes. KEGG
pathways/modules significantly enriched by up- or
down-regulated genes were determined by using Fisher
exact test (P < 0.05). Both functional gene classification
and enrichment analysis were carried out usingmodified
custom R-scripts (http://github.com/RimGubaev/path_
annotation, http://github.com/RimGubaev/deg_to_
path). Classification of DEGs into operons was
perfomed using DOOR2 database. The operons that
contained 3 or more DEGs were visualized using
ggplot2 package (http://ggplot2.org/) in RStudio;
herewith, the following metrics were calculated:
average, standard deviation (SD), median, interquartile
range (IQR). The above procedures were carried out
u s i n g c u s t o m R - s c r i p t ( h t t p : / / g i t h u b .
com/RimGubaev/deg_to_operon).

Construction of the cfa mutant

To construct cfamutant of Pba, cfa6 gene sequence was
PCR amplified from P. atrosepticum SCRI1043 with
cfa6f and cfa6r primers (Table S15) and its internal
NheI-SalI fragment (1462 bp) was cloned into suicide
vector pJP5603 (Penfold and Pemberton 1992). The
resulting plasmid was mobilized into Pba from
Escherichia coli BW 19851 (Metcalf et al. 1994) and
cfa crossover clones were selected on kanamycin
(20 μg/ml) containing plates. cfa6 disruption was con-
firmed by PCR with combinations of primers to cfa and
suicide vector sequences (cfa6f-cfa6r, cfa6f-pjp2 and
cfa6r-pjp1, Table S15).

Gene expression analysis by qPCR

Total RNA from the leaves of control and infected with
either the wild type Pba or its cfamutant tobacco plants

Fig. 1 Schematic representation of sampling locations for differ-
ent analysis of tobacco plants systemic colonization by
P. atrosepticum or its cfa mutant. In case of wild type bacterial
infection, non-macerated asymptomatic stem area corresponds to
initial stealth stage of systemic plant colonization, when bacteria
colonize only xylem vessels and form bacterial emboli (Gorshkov
et al. 2014). Macerated symptomatic stem area corresponds to

advanced soft rot-associated stage when bacteria extensively col-
onize core parenchyma. Within these two areas, asymptomatic
zone 1 and symptomatic zone 2 in plants infected by the wild type
Pba were harvested for RNA-Seq analysis. (i) indicates the inoc-
ulation point. Corresponding stem zones of non-infected plants
were taken as controls

Eur J Plant Pathol



   

RNA-Seq data for ECA0427   

ECA0427 скорее всего контролирует RsmA –
глобальный регулятор вторичного метаболизма
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Практический пример 3: анализ данных RNA-seq 
позволяет различать прямую и непрямую регуляцию
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