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ABSTRACT

Extracytoplasmic function o factors (ECFs) repre-
sent one of the major bacterial signal transduction
mechanisms in terms of abundance, diversity and im-
portance, particularly in mediating stress responses.
Here, we performed a comprehensive phylogenetic
analysis of this protein family by scrutinizing all pro-
teins in the NCBI database. As a result, we identi-
fied an average of ~10 ECFs per bacterial genome
and 157 phylogenetic ECF groups that feature a con-
served genetic neighborhood and a similar regu-
lation mechanism. Our analysis expands previous
classification efforts ~50-fold, enriches many orig-
inal ECF groups with previously unclassified pro-
teins and identifies 22 entirely new ECF groups. The
ECF groups are hierarchically related to each other
and are further composed of subgroups with closely
related sequences. This two-tiered classification al-
lows for the accurate prediction of common promoter
motifs and the inference of putative regulatory mech-
anisms across subgroups composing an ECF group.
This comprehensive, high-resolution description of
the phylogenetic distribution of the ECF family, to-
gether with the massive expansion of classified ECF
sequences and an openly accessible data repos-
itory called ‘ECF Hub’ (https://www.computational.
bio.uni-giessen.de/ecfthub), will serve as a powerful
hypothesis-generator to guide future research in the
field.

INTRODUCTION

Bacterial homeostasis is achieved through signal transduc-
tion mechanisms that connect the extracellular medium
with the cytoplasm. Extracytoplasmic function o factors
(ECFs) are the core components of one of the major
signal transduction mechanisms in bacteria in terms of
abundance and importance of the stress responses they
mediate (1). As members of the ¢’ family, ECFs guide
the RNA polymerase (RNAP) to specific promoter se-
quences, and thereby enable bacteria to redirect gene ex-
pression in response to deteriorating environmental condi-
tions (2,3). Although ECFs are generally less prevalent than
one-component systems (1CS) and two-component systems
(2CS), previous studies revealed a large ECF abundance,
with an average of six ECFs per bacterial genome (1), a
large diversity, with >90 phylogenetic groups (1,4-6), and
a diverse range of activation mechanisms (7). However, the
range of bacterial genomes analyzed in these studies was
limited and the ECF subgroup could be more diverse and
abundant than previously thought.

Members of the ¢7° family are modular proteins com-
posed of up to four core domains (o 4) that are classified
into four groups. While group 1 represents the essential, full-
length version of the ¢7” family, ¢’° groups 2-4, also known
as alternative o factors, are usually non-essential and rep-
resent truncations of this general structure (8,9). ECFs (or
group 4 o’%) are the most minimalistic members of o ’°
since they only contain the o, and o4 domains, essential
for contact with the RNAP and transcription initiation (8).
The functions of both domains are well differentiated: while
o4 initiates the first step of promoter recognition by bind-
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ing to the —35 element (10), o, is responsible for recognition
and melting of the —10 element (11). In addition, both do-
mains are connected via a highly variable linker, which has
recently been shown to assist contact with RNAP similar to
the 03, domain of group 1 ¢’ (12-14).

Given that bacteria typically contain several alternative
o factors, it is key that under non-stimulating conditions
ECF activity is kept low, preventing undesired activation
of their cognate target genes. The most common mode
of ECF activity regulation is via the sequestration of the
ECF by a transmembrane anti-o factor, which keeps its
cognate ECF in an inactive state unless the anti-o fac-
tor undergoes stimulus-induced proteolytic degradation (3);
however, a plethora of other ECF regulatory mechanisms
exist, including sequestration by cytoplasmic anti-o fac-
tors, undergoing stimulus-induced conformational changes
(15,16), partner-switching mechanisms via phosphorylation
of ECF-mimicking anti-anti-o factors (17), C-terminal pro-
tein extensions fused to the ECF (18,19), direct phospho-
rylation of the o factor by serine/threonine kinases (20),
as well as control of ECF transcription via two-component
systems (21,22).

Many of these regulatory mechanisms were first predicted
by genomics approaches (reviewed in (7)). Indeed, research
of the ECF family has been heavily dependent on bioin-
formatic tools from the date of their first description (23).
ECFs are especially suitable for the application of predic-
tion tools since they usually autoregulate their own expres-
sion, facilitating the identification of their target promoter.
Moreover, they are usually co-encoded with regulators of
their activity and/or with genes regulated by the ECF. Ac-
cordingly, the first bioinformatic classification of the ECF
o factor family grouped ECFs from <400 genomes into 67
phylogenetic groups, based on sequence similarity, and re-
vealed that conservation at protein level is often accompa-
nied by conservation of the target promoter motif and a
conserved genomic neighborhood (1). Altogether, this work
proposed that it is possible to predict the contact of an ECF
o factor with its target promoter, its regulatory mechanism
and its target genes from sequence information alone. Fol-
lowing studies expanded the number of phylogenetic groups
by focusing on particularly ECF-rich bacterial phyla, such
as Actinobacteria or Planctomycetes. Initially, nine planc-
tomycetal (4) and 100 actinobacterial (5) genomes were an-
alyzed for their ECF repertoire, again identifying correla-
tions between primary protein sequence and function. More
recently, a comprehensive study on the isolation, cultivation
and genomics of 79 new planctomycetal species also lead
to a significant expansion of the ECF diversity within this
phylum. Almost 6000 ECFs were identified in 150 plancto-
mycetal genomes with an average of 40 ECFs per genome.
This diversity included 30 newly described ECF groups, in-
cluding some with altogether novel signaling mechanisms
(24).

While these initial ECF classification studies helped to
understand the large diversity of ECFs across the tree of
life, they so far addressed ECFs from a limited number
of genomes and/or focused on specific phyla (1,4,5,24).
Based on the relatively sparse sequence basis, some of
the initially defined ECF groups featured natural limita-
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tions in that they either defined groups with only very
few (<10) proteins—so-called ‘minor’ groups (ECF100,
ECF102, etc.) (1)—or in that they clustered divergent se-
quences into groups that share only few unifying character-
istics (e.g. ECF01, ECF10, ECF20) (1,4). However, the ex-
plosion of annotated sequences in databases, not only from
re-sequenced species but also from new species of underrep-
resented phyla, enables a more comprehensive view of the
ECF family.

In the light of the above-mentioned limitations of the ini-
tial studies, in this work we searched for ECF o factorsin all
available genomes and metagenomes of the National Center
for Biotechnology Information (NCBI) database, thereby
expanding the number of ECF proteins 50-fold. We clus-
tered the new ECFs into 2380 subgroups with a high degree
of sequence conservation. Subgroups were further grouped
into 157 ECF groups according to genetic context conser-
vation and their putative mode of regulation. As a result, we
defined 22 novel ECF groups with no significant similarity
to previously described ECF groups. The conservation of
the subgroups facilitated downstream in silico analyses such
as prediction of conserved target promoter elements, con-
served protein domains in the genetic neighborhood, and
putative anti-o factors. Even though the large amount of
information collected for each of the 157 ECF groups only
allows us to focus on the most interesting findings, we pro-
vide an extensive compendium of all the information gath-
ered for each group in the Supplementary Material and via a
newly developed web-platform, ECF Hub, which serves as a
central community resource allowing researchers to browse
our findings with additional visualizations, cross references,
and statistics. This wealth of data represents a comprehen-
sive resource to both computational and experimental re-
searchers and helps guiding the characterization of ECF o
factors of unknown function.

MATERIALS AND METHODS
General bioinformatic tools

The data was processed with custom scripts written in
Python when nothing else is stated (available upon re-
quest from the corresponding author). Multiple Sequence
Alignments (MSAs) were generated by Clustal Omega
1.2.3 (25) and were visualized in CLC Main Workbench
7.7.2 (QIAGEN®). HMMER suite 3.1b2 (26) was uti-
lized for generating and employing Hidden Markov Mod-
els (HMMs). HMMs were produced by hmmbuild (26) and
proteins were searched against HMMs using hmmscan. The
maximum-likelihood phylogenetic tree of ECF subgroups
and bootstrap values were retrieved by IQ-TREE 1.5.5 with
default options and automatic model selection (27). Phylo-
genetic trees were visualized using iTOL (28). Transmem-
brane helix predictions were carried out with TopCons (29)
and PRED_TMBB2 for outer membrane proteins (30).

Nomenclature

Names of original ECF groups are maintained for groups
with the same characteristics. When several original groups
are represented in an ECF group or the ECF group has no
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significant similarity to any original group, the name of this
ECF group follows the pattern ECF2XX, standing for ECF
classification 2.0, where XX is a running number assigned
according to the position in the phylogenetic tree (Figure
4). For instance, ECF201 is closer to the base of the tree
than ECF260. Subgroups are referred with the name of the
ECF group they are part of, followed by ‘s’, standing for
subgroup, followed by a running number that increases for
decreasing subgroup size. For instance, subgroups ECF02s1
(ECF02 subgroup 1) and ECF02s2 (ECF02 subgroup 2)
are both part of group ECF02, and sl contains more non-
redundant proteins than s2. Subgroups that are not part of
any ECF group are named ‘ECFs’ followed by a running
number according to their position in the phylogenetic tree.

ECF Hub

To ease future research, we implemented the ECF Hub
(https://www.computational.bio.uni-giessen.de/ecthub) as
a novel, centralized resource (i) to browse the extended col-
lection of ECFs, (ii) to visualize individual ECF charac-
teristics, (iii) to assign arbitrary user-submitted protein se-
quences to ECF groups and (iv) to provide a community-
driven portal to collect and present the most recent findings
about ECFs (see Supplementary Text S1 for details). Briefly,
our data was transformed into an organized relational
database scheme representing ECF groups, ECF subgroups,
and ECF o factors (Supplementary Figure S7). The ECF
Hub web interface was established as the primary channel
for human-computer and computer—computer communica-
tion to provide convenient access to the underlying ECF
database. Moreover, to maintain and curate the underly-
ing data by biological specialists with granted privileges,
a user/admin interface was established. For the mainte-
nance of the web application by bioinformatics experts, a
command-line interface was realized. Since ECF o factors
are encoded in close vicinity of related proteins, the inclu-
sion of genetic neighborhood information is a promising
strategy to improve the extrapolation of protein functions
and regulators of ECF activity. At the ECF Hub, we im-
plemented a dynamic genome viewer, which retrieves and
displays the genomic context information for ECF o fac-
tors. For each feature in the context, detailed information,
like annotated Pfam domains or gene products, is addi-
tionally provided via tooltips (Supplementary Figure S9).
ECF Hub provides access to all the taxa and their ances-
tors of the NCBI taxonomy, where ECF o factors could
be identified. We included taxa from the ranks ‘species’,
‘subspecies’, and ‘no rank’ if there were genome assemblies
with ECF o factor sequences associated with them. Ad-
ditionally, we included their ancestors with the following
ranks: ‘superkingdom’, ‘phylum’, ‘class’, ‘order’, ‘family’,
‘genus’ and ‘species’. For each taxonomic entity, a represen-
tative genome was determined (Supplementary Figure S8).
The taxonomic identifiers were inherited from the original
taxonomy by NCBI and were received via their E-utilities
(https://www.ncbi.nlm.nih.gov/books/NBK25501/).

At the ECF Hub, scientists can do their own analyses
for identifying and classifying protein sequences with (i)
a one-click-solution on the ECF Hub website, (ii) using

the ecf classify tool hosted on GitHub (http://ecfclassify.
computational.bio) and (iii) with HMMER and our sup-
porting data hosted and citable at Zenodo (https://doi.org/
10.5281/zenodo0.3672544). The workflow for the first two
options is described in Supplementary Figure S6.

We simplified the access to the hosted data by implement-
ing multiple protocols for receiving data and files. First, pro-
cessed data are accessible either via machine-friendly pro-
tocols like REST-based interfaces or can be downloaded in
standard formats like JSON or CSV. Second, access to an-
notated protein sequences is provided in standard biolog-
ical data formats, allowing users to obtain all assigned se-
quences either individually or for all ECF groups as a whole.
For the conserved parts of ECF groups/subgroups and
their promoter regions, HMMs are offered for download.
Third, most of our figures and visualizations can be directly
downloaded within the web interface. Furthermore, we of-
fer sequence logos in high-quality PDF format for promoter
regions as well as for all sequences of a group/subgroup.
The MSAs were generated with MUSCLE and the sequence
logos with Weblogo 3.0. With the implemented search inter-
faces, our users are able to fast lookup of arbitrary terms in
the database: (i) A general search feature allows for query-
ing, e.g. protein names or ECF group accessions in relevant
database tables. (ii) An advanced search interface allows ap-
plying various filters to the database queries. The search re-
sults always redirect the users to content specific web pages
within the ECF Hub, individually customized for the ECF
researcher’s demands. Moreover, we implemented the ECF
Hub’s TaXplorer (Taxonomy Explorer, Supplementary Fig-
ure S10) for browsing and exploring specific taxa, their lin-
eage and their ECF associations in interactive file-explorer-
like taxonomic trees. Users can inspect ECFs based on the
taxonomic lineage of their origin organism and benefit from
accumulated computations such as overrepresented phy-
lum of an ECF group or the number of ECF sigma fac-
tors present in, e.g. the genus Bacillus. Via a search mask,
an individual taxon can be selected as the root for a cur-
rently displayed taxonomic subtree. Subsequently, the dis-
played tree can be expanded or widened by selecting either
the direct children or the parent of a taxon. By filtering for
ECF groups, it is possible to display the selected ECF group
distributions for all selected taxa, either for the representa-
tive or the non-redundant ECF o factors. Furthermore, the
taxonomic distribution of present ECF o factors can be in-
teractively browsed with sunburst plots. Finally, the ECF
Hub provides a detailed inspection of genome assemblies.
The relevant meta-information of an assembly is shown in a
clear overview in addition to the present ECFs with their ge-
netic neighborhood displayed in a genome viewer (10 genes
up- and downstream of the target ECF).

For curating and discussing our database, the imple-
mented community portal allows users to propose addi-
tional literature (Supplementary Figure S11), comment on
main entities, and present their work on ECF o factors in
a blog-like stories section. Moreover, new database features
can be proposed and publicly discussed. Curators, a small
group of selected users, can modify the groups’ descriptions,
review and accept literature proposals, and attach references
to related items (Supplementary Figure S12).
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ECF identification and classification

One of the main computational foci of ECF research is the
identification and classification of (new) protein sequences
as ECF o factor proteins. Our ECF Hub and the underlying
software package ecf_classify now allow the discovery of po-
tentially new ECF o factors and the prediction of their func-
tionality with regards to the new classification schema. As
an initial step, we classify a sequence as ECF o factor can-
didate based on the alignment with the general ECF HMM
using the HMMER3 software suite (http://hmmer.janelia.
org). For all sequences showing sufficient similarity to the
generic ECF model, the classification is further verified by
checking for the presence of the Pfam domains ‘sigma?2’
(PF04542) and ‘sigma4’/‘sigma4 2’ (PF04545, PF08281)
and for the absence of Pfam domain ‘sigma3’ (PF04539).
To further exclude sequences that might bear a cryptic o3
domain in between the o, and o4 domains, a maximum
distance of 50 amino acids is allowed between o, and o4.
A sequence is considered as an affirmed ECF if it passes
all the above-mentioned checks (Supplementary Figure S6).
Further analyses are subsequently performed for each con-
firmed ECF in order to assign it to the correct ECF group
and subgroup. The conserved part of the sequence, i.e. the
region covered by Pfam domains o, and o4, is compared
to the HMMs of all ECF groups and subgroups. Based
on the HMMER bit scores, the best fitting ECF groups
and subgroups are assigned: Initially, the number of ECF
groups/subgroups is reduced to those which produce suf-
ficiently proper alignments for the protein sequence. For
this, the HMMER bit score is evaluated with two cut-
offs for each ECF group and subgroup: the trusted and
the noise cut-off. The trusted cut-off is the minimum bit
score a confirmed member of an ECF group/subgroup has
achieved, while the noise cut-off is the maximum bit score
of all foreign ECF o factors in the classification against
that ECF group/subgroup. ECF groups/subgroups are af-
terward used in the second step if the bit score of the query
protein sequence against it exceeds the trusted cut-off. If no
group/subgroup exceeds its threshold, the noise cut-off is
considered. For the second step, logistic regression curves
are fitted in order to determine the probability that a pro-
tein belongs to an ECF group/subgroup. If there are prob-
abilities higher than the ROC-optimized probability thresh-
old, the ECF group/subgroup with the highest probabil-
ity exceeding this threshold is assigned to the protein se-
quence (see Supplementary Figure S5). The statistical val-
ues required for the classification of new ECFs against ECF
groups, subgroups and original groups are given in Sup-
plementary Table S5. The described classification workflow
is also provided for offline use; it can be downloaded as a
command-line tool called ‘ecf_classify’ at http://ecfclassify.
computational.bio or directly used as a Docker container.

RESULTS
Rationale of this study

Previous ECF classification efforts (1,4,5) were based on
495 genomes and identified a total of 3554 ECFs, which
were classified into 94 ECF groups (summarized in (6)).
Upon initiation of this work (February, 2017), the NCBI
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database contained 180 909 genomes, of which 4106 were
bacterial genomes tagged as ‘reference’ or ‘representative’,
ignoring GenBank assemblies when a RefSeq assembly was
available for the same genome (see https://www.ncbi.nlm.
nih.gov/refseq/about/prokaryotes/). This suggests that the
presently available number and diversity of ECF sequences
might be much larger than previously observed. To expand
the library of ECFs, we here performed a comprehensive
ECF search in the NCBI database and hierarchically re-
classified the resulting proteins. First, we clustered protein
sequences into fine-grained ECF subgroups with a high de-
gree of sequence similarity, and then we aggregated sub-
groups into coarse-grained groups that share a common
genetic neighborhood and a putative type of anti-o fac-
tor. The similarity among the ECFs contained in groups
allowed the identification of common putative target pro-
moter motifs and ECF regulators. These hypotheses were
confirmed whenever experimental reports on members of
the group exist.

The number of ECFs is 50-fold larger than in the original
ECF classification

To identify novel ECFs, we first extracted the sequences
from all previous ECF classification efforts (1,4,5), aligned
them and created a general Hidden Markov Model (HMM)
for the ECF core region, including the linker between o,
and o4, but excluding any potential protein domains fused
N- or C-terminally to the ECF (Figure 1A). To discrimi-
nate ECFs from other o factors, we first scored this generic
ECF HMM against two sets of training sequences—true
ECFs from the original classification and a set of o factors
from groups 1, 2 and 3 that additionally contain domains
o3 and o in some cases. This allowed us to define a thresh-
old score that maximizes true positive ECFs (Figure 1B;
green) while minimizing the number of false positive o fac-
tors (Figure 1B; red). We then selected the non-redundant
protein sequences from the NCBI database, for which the
generic ECF HMM yielded scores higher than this thresh-
old (Figure 1C). As further quality controls, we filtered for
sequences containing the Pfam domains o, and o4 but lack-
ing the o3 domain, and discarded proteins with poorly de-
fined amino acidic residues, such as X or J. This resulted in a
library of 177 910 non-redundant ECF sequences. Some of
the candidate ECFs included in this list clustered together
with group 3 o factors, indicating the presence of a cryp-
tic 03 domain, which prompted us to remove them from the
ECF library. This left us with 177 341 non-redundant ECFs,
accounting for a ~50-fold expansion over the original ECF
classification (1,4,5) (Figure 1C). The full list of ECFs ex-
tracted during this study can be found in Supplementary
Table S1.

Next, we analyzed the taxonomic origin of this ex-
panded ECF library to determine the typical number of
ECF numbers found in individual bacterial phyla. To en-
able such statistics, we focused on the subset of complete
genomes of non-metagenomic origin, classified as NCBI
‘reference genomes’ or ‘representative genomes’, thereby
mitigating bias towards heavily sequenced species. Analy-
sis of 12 539 ECFs extracted from 1234 of these genomes
showed that the taxonomic distribution of species became
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Figure 1. ECF retrieval pipeline. (A) We collected and aligned ECF sequences from previous classification efforts (1,4,5) and built an HMM from the area
containing o, linker and o4 regions. (B) In order to define a HMMER bit-score threshold for ECF extraction, we used the ECFs from (A) as positives and
the o factors containing a '3 domain in the Pfam database as negatives. We scored positives and negatives using the HMM model from (A) and derived
a threshold that produced the largest specificity and sensitivity in the classification process. (C) We used the HMM model from (A) to score all proteins
from NCBI as per February 2017, using as threshold the bit-score defined in (B). Putative ECFs without o5 or o4 domain, or with o3 domain, or proteins
with characters that do not denote amino acids, were discarded. The final set of non-redundant ECFs includes 177 910 proteins.

more diverse than in the original classification efforts (Fig-
ure 2A; Genomes). In particular, the fraction of the three
most abundant phyla—Proteobacteria, Actinobacteria and
Firmicutes—was reduced from 86.9% in the original to
77.6% in the new classification. This reduction came to-
gether with an increase in the number of species from un-
derrepresented phyla, such as Bacteroidetes and Cyanobac-
teria (Figure 2A; Genomes). In addition, 19 new ECF-
containing phyla emerged (Supplementary Table S3, New
phyla). Yet, these 19 phyla have a limited contribution to
the overall ECF database, given their low number of se-
quenced genomes. This difference in the taxonomic origin
of the species included in original and new classifications
naturally changes the taxonomic origin of ECFs gathered
in each library. For instance, the fraction of ECFs from un-
derrepresented genomes, such as Bacteroidetes and Planc-

tomycetes, is larger in the new ECF library (Figure 2A;
ECFs). This is not the case for Cyanobacteria and Aci-
dobacteria, which contribute a smaller percentage of ECFs
than in the original library (Figure 2A; ECFs). These dif-
ferences in taxonomic composition in the ECF library are
reflected in the average number of ECFs per genome, which
increases from approx. seven ECFs per genome in the orig-
inal ECF libraries (1,4,5) to about ten ECFs per genome
in the new library (Figure 2B). Confirming the findings of
previous reports (1,5), the number of ECFs per genome is
directly proportional to genome size (Supplementary Fig-
ure S1), although the average number of ECFs per genome
depends on the phyla of origin (Figure 2B). Bacteroidetes
and Actinobacteria have the greatest abundance of ECFs,
with an average of 22.5 and 17.7 ECFs per genome, respec-
tively (Figure 2B). Phyla with a lower abundance of ECFs
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Figure 2. Taxonomic analysis of the ECF library. (A) Taxonomic composition of the input genomes, ECFs and average number of ECFs per genome in the
original ECF classification (1,4,5) and in this work. For the data of this work, we only included ECFs and genomes from complete and non-metagenomic
assemblies tagged as ‘representative’ or ‘reference’ in NCBI (https://www.ncbi.nlm.nih.gov/genome/browse#!/prokaryotes/), selecting RefSeq assemblies
when both RefSeq and GenBank assemblies are available for the same genome. (B) Number of ECFs per genome for phyla with >20 complete genomes

available. Average number of ECFs per genome is shown.

include Cyanobacteria and Spirochaetes, with an average of
2.7 and 3.7 ECFs per genome, respectively (Figure 2B). Fir-
micutes and Proteobacteria contain an intermediate num-
ber of ECFs, 7.1 and 7.5, respectively (Figure 2B). These
differences might indicate different dependence on ECFs as
signal-transduction system in different phyla, as previously
noticed for Actinobacteria, which are particularly rich in
ECFs, but also in 1CS and 2CS (5).

ECF classification 2.0

The wealth of new proteins identified in the initial library
expansion prompted us to reclassify ECF o factors into
groups according to protein sequence similarity. To this end,

we first subjected the 177 910 protein sequences of the new
ECEF library to the rapid MMSeqs2 clustering algorithm
(31), followed by a quality control that bisects the result-
ing clusters until the maximum pairwise k-tuple distance
between sequences was <0.60 (Figure 3A, see Supplemen-
tary Text S1 and Supplementary Figure S4 for more details).
Clusters with <10 proteins were discarded to ensure high
sequence coherence within clusters, while preventing an ex-
plosion of small clusters with limited statistical relevance
(Figure 3A). This procedure yields a total of 2380 ECF
subgroups, which harbor a median of 22 non-redundant
proteins (Figure 3D). Subgroups capture 77.3% of the pro-
teins, similar to the statistics in the original classification
(1) (Supplementary Table S1). Permutation tests on sub-
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Figure 3. ECF clustering pipeline. (A) The ECF clustering pipeline starts with non-redundant ECF o factor sequences stripped to their o, and o4 domains,
which were clustered using MMSeqs2 and refined using bisecting K-means until the maximum intra-cluster distance was <0.6. Subgroups with less than
10 sequences were not further considered. The consensus sequences of the resulting subgroups were hierarchically clustered, resulting in the ECF o factor
phylogenetic tree, which was used as the basis for the ECF group definition (see Supplemental material for details). (B) Example of the resulting ECF tree
for the clade composed of groups ECF267, ECF268, ECF269, ECF02 and ECF32. Leaves of the phylogenetic tree represent the consensus sequence of
a subgroup. Every branch is associated to a bootstrap value. High bootstrap values are usually present in branches that define groups. The presence of
shared conserved protein domain architectures (>50% conservation) in the genetic neighborhoods of subgroups that form monophyletic clades was used
as a criterion for the ECF group definition. The number of non-redundant ECFs and ECFs from ‘representative’ and ‘reference’ genomes is included as a
column (N/N(rep/ref)). Target promoter motifs were predicted for subgroups as explained in Supplemental material. Subgroups with non-self-regulated
ECFs do not feature a conserved promoter motif (see ECF32 description). (C) Example analysis of group ECF02. The bar plot shows the position-
dependent frequency of domain architectures in the genetic context of members of ECF02 from ‘representative’ or ‘reference’ organisms (N = 832).
Only domain architectures that appear in >20% of the proteins encoded in a certain position are shown. Note that the architecture frequency might
be underestimated due to the presence of higher scoring overlapping domains that interfere with the automatic domain identification (see Supplemental
material: ECF group analysis). The predicted target promoter motif for ECF02 is also shown and has been confirmed for several members of ECF02 (see
description of ECF02). (D) ECF group and subgroup size distribution, represented as box-plot. Size is expressed as the number of non-redundant proteins.
(E) Bootstrap value distribution in branches that define groups compared to branches that do not define groups. Bootstrap values tend to be larger in the
former. (F) Permutation validation of ECF subgroups. Average k-tuple distance for ECF subgroups and 100 sets of randomly generated clusters with the
same size distribution as ECF subgroups. The difference in score distribution is statistically significant (Student’s 7-test P-value < le-16). (G) Thumbnail
of the average normalized bit-score of each ECF group (x-axis) against each HMM (y-axis). See Supplementary Figure S2 for the complete version of this
graph.



groups showed that the average k-tuple distance is signifi-
cantly lower (two-tailed Student’s 7-test; P-value < le-16) in
our subgroups as compared to random clusters of the same
size distribution, indicating that subgroups are well defined
(Figure 3F).

Then, we computed a phylogenetic tree based on the con-
sensus sequence of each subgroup. This tree helps to identify
the evolutionary relationship between the ECF subgroups
(Figure 3A, bottom; Figure 4). As outgroups we included
sequences with a low-scoring o3 domain, as well as the con-
sensus sequence of all o3-containing proteins in Pfam, the
latter of which we selected as root of the tree. Not surpris-
ingly, proteins with a low-scoring o3 domain clustered at
the base of the tree (Figure 4) and formed three groups with
significant similarity to the sporulation o factor SigF from
Firmicutes and Actinobacteria, the flagellum biosynthesis
o factor FliA and the stationary phase o factor SigH from
Bacillus spp. Although they are not part of the ECF classi-
fication, these groups constitute the link between the group
3 and group 4 (ECF) o factors (9) and account for the qual-
ity of our clustering approach. Other sequences with o3 do-
main remained unclassified (0.18% of the unclassified se-
quences).

To identify subgroups with common characteristics, we
performed an in-depth analysis of the genomic context of
ECFs in each subgroup, and aggregated subgroups into a
total of 157 ECF groups. For the definition of these ECF
groups, the phylogenetic tree was manually split into mono-
phyletic clades, unless clades shared a similar genetic con-
text and putative anti-o factor type (Figure 3B and supple-
mental material for more details). As a result, 76.0% of the
ECFs were captured in groups, displaying a median group
size of 243 non-redundant proteins (Figure 3D). The as-
signment of ECFs to ECF groups and subgroups can be
found in Supplementary Table S1. As an example, Figure
3B shows a close-up view on 19 ECF subgroups within the
ECF tree, together with the proteins in their genetic neigh-
borhood that feature >50% domain architecture conserva-
tion (i.e., a combination of their Pfam domains). Here, it
is evident that ECFs in subgroups ECF02s1, ECF02s2 and
ECF02s3 share a conserved genomic context with the anti-
o factor RseA, and the regulators RseB and RseC, suggest-
ing that ECFs in these subgroups feature the same mode of
regulation as RpoE from E. coli (part of ECF02s1). Like-
wise, the subgroups aggregated into group ECF32 display
strong conservation with a 2CS and a large number of genes
encoding a type III secretion system (T3SS) (Figure 3B).
These results underline the previous notion that ECFs with
close phylogenetic distance often share a conserved genomic
context, the gene products of which are typically involved in
the regulation of ECF activity and/or direct transcriptional
targets of the ECF (1). This not only provides the basis for
the definition of an ECF group, but also helps to predict pu-
tative functions and regulatory mechanisms to ECF groups
with no experimentally described members (Supplementary
Table S2).

To provide a systematic overview on the conserved ge-
nomic context in each ECF group, we analyzed the frequen-
cies of genes with a conserved protein domain architecture
encoded up- and downstream of the ECF (Figure 3C). For
group ECFO02, for instance, this reveals that downstream of
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the regulators RseA-C there is enrichment of genes encod-
ing translation regulators (e.g. EF-Tu) (Figure 3C). How-
ever, despite the overall conservation of the genomic con-
text within an ECF group, we often find subgroup-specific
traits with respect to the positioning and the specific type of
conserved genes (Supplementary Text S2; Table S2), clearly
indicating that the definition of ECF subgroups is highly
relevant to the biological function of an ECE.

In addition to the conserved genomic context, ECFs of-
ten auto-regulate the expression of their own genes, allow-
ing bioinformatic prediction of their putative (sub)group-
specific target promoters (1,32). We found overrepresented
promoter motifs in many groups, e.g. ECF02, while others
did not show significant motifs, e.g. ECF32 (Figure 3B and
C), consistent with observations that the latter are not auto-
regulated (21). Interestingly, even though predicted target
promoter motifs were not used in the definition of the ECF
groups, split points that define ECF groups (based on con-
served genomic context) usually agree well with similar pro-
moter elements (Figure 3B). However, as for the conserva-
tion of the genomic context, we sometimes find subgroup-
specific putative target promoters (e.g. in group ECF30 and
others in supplementary text), highlighting the added value
of the fine-grained clustering approach taken here.

The definition of ECF groups based on genomic context
conservation is further supported by high bootstrap sup-
port scores at the rooting branches of ECF groups (Figure
3B and E), indicating that ECF groups are robust with re-
spect to re-sampling. To further check the performance of
the new classification approach, we tested whether HM M
built from ECF groups and subgroups were capable of
faithfully classifying ECF sequences from their own groups
(Figure 3G and Supplementary Figure S2). This showed
that ECF proteins were assigned to the correct ECF group
in 99.3% of cases, while assignment to the correct sub-
group was successful in 94% of the cases. The lower per-
formance of subgroup assignment was not surprising, given
that neighboring ECF subgroups share higher sequence
similarity than neighboring ECF groups. These results con-
firm that the definition of ECF groups and subgroups is
based on a rational statistical approach and that they allow
for the classification of novel ECF o factors in the future.

ECF classification 2.0 refines original and identifies novel
ECF groups

As a proof of concept, we compared the original ECF clas-
sification and the classification presented in this work. To
this end, we classified the new ECFs gathered here against
the original classification. This showed a broad degree of
correlation between the different classification approaches
(Figure 4, ring #1). Accordingly, for these groups of high co-
herence we maintained the original group. Further in-depth
analysis of the composition of the new groups revealed that
62 out of the 94 original groups are preserved, 21 are merged
into larger groups, five remain mainly ungrouped, three are
scattered across several subgroups, and three are present
only in small percentages in some groups (Table 1 and Sup-
plementary Figure S3).

One case of an extremely scattered original group is
ECFO01 (Supplementary Figure S3). This group was al-
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Table 1. Rearrangements of original ECF groups. Equivalence between
original and new groups is shown. Further information supporting this
table can be found in Supplementary Figure S3. Original ECF groups can
either be preserved (not shown in this table), merged, present in the new
classification but composing a small percentage of the destination group,
ungrouped in the new classification, or scattered across different new ECF
groups.

Rearrangments of original ECF groups

Original ECF groups New ECF groups
Merged (21)

ECF05:ECF06:ECF07:ECF08:ECF09 ECF243
ECF13:ECF101:ECF117 ECF293
ECF19:ECF34:ECF126 ECFI19
ECF24:ECF44 ECF238
ECF55:ECF112 ECF265
ECF47:ECF49:ECF50 ECF218
ECF108:ECF110:ECF124 ECF235

Small percentages (3)

ECF04 ECF249
ECF113 ECF281
ECF119 ECF255
Ungrouped (5)

ECF45 None

ECF60 None
ECF104 None
ECF109 None
ECF129 None
Scattered (3)

ECFO01 Many (see Figure S2)
ECF10 Many (see Figure S2)
ECF20 Many (see Figure S2)

ready considered highly diverse in the first ECF classifi-
cation (1) and, based on the relatively unspecific HMM
model of this group, it acquired more sequences in sub-
sequent classification efforts (4,5). As a result, we did not
consider the proteins from ECFOI for the nomenclature
of the ECF groups in this work. Another highly scat-
tered original group is ECF20 (Supplementary Figure S3).
ECF20 is present in four main groups of our classifica-
tion: ECF281, ECF289, ECF290 and ECF291 (Supplemen-
tary Table S2). ECF281, ECF290 and ECF291 seem to
be related to heavy-metal stress, since their genetic neigh-
borhoods contain a conserved heavy-metal resistance pro-
tein in position +2 downstream of the ECF-encoding se-
quence in ECF281 and ECF290, and the full operon of a
metal efflux pump in ECF291. This function of ECF291
has been experimentally confirmed for CnrH in Cupriavidus
metallidurans (ECF291s9) (33). Nevertheless, the anti-o fac-
tors encoded in the genetic context of members of these
groups differ. ECF281 features a zinc finger-containing
anti-o factor downstream of the ECF coding sequence (po-
sition +1), while in the case of ECF289 this protein con-
tains a DUF3520 domain fused to a von Willebrand fac-
tor; ECF290 contains a RskA-like anti-o factor, and, lastly,
ECF291 contains a CnrY-like anti-o factor in position -2
(Supplementary Text S2, Table S2). Based on this anti-o
factor diversity, it seems likely that the cognate ECFs are
regulated in response to different input stimuli, thereby war-
ranting the definition of different ECF groups. The last scat-
tered group is ECF10. Even though minor parts of the origi-
nal group ECF10 appear across the new ECF classification,
only groups ECF239 and ECF240 receive most of the pro-
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teins of the original ECF10. Members of ECF239 do not
contain genes with a conserved carbohydrate-binding do-
main in their neighborhood, a characteristic described for
members of the original ECF10 (1).

The high occurrence of new groups that combine sev-
eral original groups is probably due to the incorpora-
tion of new sequences that bridge previously isolated ECF
groups. Indeed, this possibility was considered in the origi-
nal ECF classification (1). One example of a merged group
is ECF243, which constitutes the largest group of the new
classification and contains the proteins previously associ-
ated to original Fecl-like groups ECF05 to ECF09 (Sup-
plementary Figure S3). Another example of a merged
group is ECF238, which contains sequences from the orig-
inal groups ECF24 and ECF44 (Supplementary Figure
S3, Table S2). Members of ECF238 contain a cysteine-
rich C-terminal extension of approximately 20 amino acids
(Supplementary Text S2), which is likely required for the
activation of members of ECF238 when the appropri-
ate metal in the right redox state is present in the cy-
toplasm, as found for CorE2 from Myxococcus xanthus
(ECF238s15) (34).

What is likely the most interesting contribution of the
new classification are the entirely new groups. We found 22
new groups that could not be assigned to any original group
(Table 2). From the 16 new groups with 10 or more pro-
teins from representative/reference organisms, 10 share a
conserved genetic neighborhood with putative anti-o fac-
tors. A special case of these is ECF241, which is located
in the Fecl-like clade and represents an evolutionary in-
termediate between groups ECF240 (derived from original
ECF10) and the iron uptake Fecl-like group ECF242. In-
stead of the canonical FecR-like anti-o factor from Fecl-
like groups, members of ECF241 are encoded in proxim-
ity to a conserved two-transmembrane helix protein that in
some cases hits the Pfam model for heavy-metal resistance
proteins (Pfam: PF13801). The N-terminus of this protein is
too short to feature a typical ASD. However, a MSA of this
protein with the ASDs of canonical FecR-like anti-o factors
revealed that a putative, divergent ASD might be located in
the C-terminal cytoplasmic part of the conserved protein.
To our knowledge, this is the first time an anti-o domain has
been predicted C-terminally from transmembrane helices.
The second most common regulators of ECF activity in
these new ECF groups are C-terminal extensions (four out
of 22), with groups ECF287 and ECF288, from Actinobac-
teria and Firmicutes, respectively, containing cysteine-rich
C-terminal extensions, and group ECF294 with a Snoal-
like extension (Supplementary Text S2, Table S2). A poten-
tial regulator was not found for members of ECF201 and
ECF282. In the case of ECF282, the regulation could be
carried out by a novel mechanism that involves transcrip-
tional regulation and ClpXP proteolysis, as explained be-
low.

Taken together, the ECF groups presented in this work
preserve many of the original groups, expanding them with
more proteins, and splitting or merging them in some cases.
Here, we described the new findings concerning the 22 new
ECF groups with no significant similarity to any original
group. However, a full overview of all the ECF groups and
their occurrence in different bacterial phyla is shown in Fig-
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Table 2. Description of 22 new groups that have no sequences with significant similarity to any original group. The description shows the number of non-
redundant ECFs, the number of ECFs from organisms tagged as ‘representative’ or ‘reference’ in NCBI (https://www.ncbi.nlm.nih.gov/genome/browse#!
/prokaryotes/), excluding GenBank assemblies when an equivalent RefSeq assembly exists, the taxonomic origin where members of each group are present,
their putative regulator and other special traits. Taxonomic origin of groups where no representative/reference members are available are marked with *-’.

Groups were regulators were not

New groups with no homology to any original ECF group

No. of No. from
ECF group non-redundant rep/ref
(22) proteins organisms (¥) Taxonomic origin Regulator Special traits
ECF201 69 13 Firmicutes (100%) - Closest ECF group to type III sigma
factors
ECF202 35 none - -
ECF208 79 25 Spirochaetes (100%) Putative anti-sigma factor Associated to glycosyl transferases
fused to IDEAL domains
ECF210 139 5 Proteobacteria (100%) -
ECF215 49 none - -
ECF216 46 13 Proteobacteria (100%) Putative anti-sigma factor
ECF219 88 20 Actinobacteria (100%) Putative anti-sigma factor Lack of sigma2.1 region in some
subgroups
ECF220 55 11 Proteobacteria (100%) C-terminal extension Transmembrane proteins in +1 and
-1
ECF221 243 50 Actinobacteria (100%) Putative anti-sigma factor
ECF222 46 14 Actinobacteria (100%) Putative anti-sigma factor
ECF229 102 19 Spirochaetes (100%) Putative anti-sigma factor Associated to proton-conducting
membrane transporters
ECF234 43 4 Firmicutes (100%) -
ECF241 855 144 Bacteroidetes (68.28%), Putative FecR-like AS factor Located in the FecR clade
Proteobacteria (24.14%), located C-terminally from a
Acidobacteria (6.21%), heavy-metal resistance protein
Spirochaetes (0.69%)
ECF242 147 42 Proteobacteria (44.19%) and Putative FecR-like anti-sigma Associated to TonB-dependent
Spirochaetes (55.81%) factor receptors, except in proteins from
Spirochaetes. Located in the FecR
clade
ECF254 31 9 Firmicutes (100%) - -
ECF258 77 25 Firmicutes (100%) DUF4179 -containing anti-sigma Associated to ABC transporters
factor
ECF267 28 6 Proteobacteria (100%) -
ECF280 44 14 Proteobacteria (100%) Putative anti-sigma factor Broad genetic context conservation
ECF282 128 28 Actinobacteria (100%) Transcriptional regulation and
perhaps ClpXP proteolysis
(Seipke et al., 2014)
ECF287 55 18 Actinobacteria (100%) Cys-rich C-terminal extension
ECF288 74 32 Firmicutes (100%) Cys-rich C-terminal extension Associated to DUF2461 in +1
ECF2%4 300 52 Proteobacteria (96.15%), SnoalL-like C-terminal extension

Acidobacteria (3.95%)

(*) Representative and reference organisms are defined by NCBI (https://www.ncbi.nlm.nih.gov/genome/browse#!/prokaryotes/). Only RefSeq assembly is considered if both

RefSeq and GenBank assemblies are available for the same genome.

ure 5 and the full description of the groups is available in
Supplementary Text S2.

ECF o factors feature diverse, often multi-layered, modes of
regulation

Given the large diversity of the ECF o factor family, it
is essential to focus on individual groups in order to ex-
tract conclusions concerning their biological function, reg-
ulation and DNA binding site. Genetic neighborhoods
of ECFs typically contain anti-o factors. However, other
regulatory elements might be substituting them, ranging
from fused C-terminal extensions, to two-component sys-
tems and serine/threonine protein kinases (1,7,20). Here,
we provide an overview of the different modes of regula-
tion present across the ECF groups. Their comprehensive

description can be found in Supplementary Text S2 and in
Supplementary Table S2.

Most of the ECF groups (114 out of 157) contain a puta-
tive anti-o factor, as defined by (i) the presence of Pfam do-
mains of known anti-o factors, (ii) detectable similarity to
anti-o factors of the original classification (1) and (iii) pres-
ence of transmembrane helices (see Supplemental material
for details). This anti-o factor is typically encoded in posi-
tion +1 from the ECF coding sequence. A list of putative
anti-o factors identified in this study can be found in Sup-
plementary Table S4. In most of the cases, the putative anti-
o factor does not match any Pfam domain of experimen-
tally addressed anti-o factors. In order to decipher common
types of anti-o factors present across the ECF tree, we built
HMDMs from their conserved cytoplasmic area. Searching
the proteins encoded 10 CDSs up- and downstream of the
ECF coding sequence, we found that most of the anti-o
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Figure 5. ECF abundance in different phyla. The heatmap shows the average number of ECFs from a certain ECF group in a certain phylum. We also
show ECFs that are grouped against subgroups that are not part of groups and ECFs that remain ungrouped. Underrepresented phyla are rich in the
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organisms, selecting only RefSeq assemblies when both RefSeq and GenBank are available for the same organism. Organisms not assigned to any phyla
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factors are group-specific (Figure 6F). This agrees with the
orthogonality observed between anti-o factors of different
groups (32). Exceptions are the clade that contains ECF222,
ECFS51, ECF38 and ECF39, groups regulated by FecR-like
anti-o factors (ECF239, ECF240, ECF242 and ECF243),
groups regulated by RskA-like anti-o factors, anti-o fac-
tors with a putative zinc-finger, and anti-o factors with a
DUF4179, almost exclusively present in Firmicutes (Fig-
ure 6F). The number of transmembrane helices on putative
anti-o factors is usually one (82 ECF groups), followed by
two (14 groups), six (five groups), four (three groups) and
three (one group) (Figure 6E). Anti-o factors predicted as
soluble are present in 10 ECF groups (Figure 6E). However,
given that our analysis can only identify soluble anti-o fac-
tors with detectable similarity to described anti-o factors,
it is likely that other soluble anti-o factor variants may ex-
ist. Additionally, it is not guaranteed that all the new puta-
tive anti-o factors function as such, given the vast diversity,
lack of sequence conservation and lack of studies confirm-
ing their function.

ECF107 contains two putative anti-o factors, which
could be part of the same protein complex or compete for
binding the ECF (6), thereby illustrating the complexity and
diversity of anti-o factor mediated regulation. Another in-
teresting example is ECF102. The only described member
of ECF102, SigX from P. aeruginosa, has been suggested to
have a role in mechanosensing (35). SigX is part of a seven-
gene operon which includes a mechanosensitive ion chan-
nel (CmpX), a putative anti-o factor (CfrX) and an outer
membrane porin (OprF) (35). Even though original reports
hypothesized that the regulation of SigX is carried out by
the putative anti-o factor CfrX (6), new reports suggest
that its regulatory mechanism is more complex and involves
also CmpX and OprF (35). We observed that these proteins
are conserved in ECF102s1. Moreover, the mechanosensi-
tive ion channel is conserved in ECF102s2 and ECF102s5.
A similar case, in which proteins in addition to the anti-
o factor are required for ECF regulation, is ECF31. The
only characterized member of ECF31, SigY from B. subtilis
(subgroup 1), requires both the anti-o factor YxIC, encoded
in +1, and YxID, encoded in +2, for its regulation, presum-

ably forming a protein complex with the ECF (36). YxICD
homologs are conserved across ECF31.

The second most common regulatory mode of ECFs is
the presence of C-terminal extensions (19 groups) (Figure
6B), which is typically correlated with the lack of puta-
tive anti-o factors (Figure 6F). ECFs with the same type
of C-terminal extension cluster together in the same group,
i.e., members of ECF42, with tetratricopeptide repeats in
their extension, or in neighboring groups, i.e. members of
ECF41, ECF56, ECF294 and ECF295, with Snoal-like C-
terminal extensions. Given that only the core ECF domains
were inputs of the ECF classification process, this supports
the notion that the extension interacts with the core ECF re-
gions in a unique manner depending on the type of domain
thatit bears (37). An interesting exception is ECF205, which
also has a SnoaL-like extension but is located in proximity
to the base of the ECF tree (Figure 4), indicating that more
factors, in addition to its C-terminal extension, determine
the sequence conservation of this group. We newly identi-
fied a domain of unknown function (DUF1835) in ECF264,
an extension with five or seven transmembrane helices in
ECF263, and a CGxxGxGxCxC motif in ECF288.

Canonical C-terminal extensions are usually longer than
50 aa, but we found that some groups contain short C-
terminal extensions that are difficult to identify when only
looking at average protein length. These groups usually lack
any other discernable means of regulation, which points to-
wards the short extension as a modulator of ECF activity.
One of these groups is ECF238, which merges the origi-
nal groups ECF44 and ECF24. Members of ECF238 con-
tain conserved cysteine residues in their short (~20 aa) C-
terminal extension and also in the linker in some instances.
One of the described members of ECF238, CorE2 from
Myxococcus xanthus (ECF238s15), is known to be activated
by Cd>* and Zn>" via this cysteine-rich C-terminal domain
(34,38). Another characterized member of ECF238 is SigZ
from Bacillus subtilis (subgroup 9). SigZ is not regulated
by any anti-o factor and the studies about its function are
very limited (39). However, association of SigZ with group
ECF238 suggests that the two cysteines present in its C-
terminus could have a functional role. Another group with
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a short C-terminal extension is ECF29, which contains a
conserved RCE/D motif in its extra ~30 aa and lacks any
putative anti-o factor. Unfortunately, no member of ECF29
has been experimentally addressed.

N-terminal extensions of the ECF core regions occur
less often, they are generally shorter than canonical C-
terminal extensions and they are prone to be overlooked
whenever the ECF is translated from non-canonical start
codons. The only well-described N-terminal extension ap-
pears in ECF121 (Figure 6C). This extension has been stud-
ied in BIAN (subgroup 1) from Streptomyces coelicolor,
where it is proteolytically degraded in order to yield its ma-
ture ECF, which then is subject to anti-o factor regulation
(40). Subgroups from several groups contain N-terminal
extensions (Supplementary Table S2). For instance, mem-
bers of ECF36s4 lack a discernable anti-o factor and their
N-terminal extension has been proposed to inhibit DNA
contact in the uninduced state in SigC from M. tubercu-
losis (41). Alternatively, the N-terminal extension of two
members of ECF12s1, o® from S. coelicolor and SigH from
Mycobacterium smegmatis, generates an unstable isoform
produced from an earlier start codon upon exposure to
thiol oxidants (42). This makes o® susceptible towards oR-
activated ClpP1/P2 proteases and thus implements a nega-
tive feedback loop that contributes to turning off the stress
response (42).

Other putative regulators of o factor activity that we of-
ten found in the conserved genetic neighborhood of ECFs
were serine/threonine protein kinases (Figure 6D). ECF
o factors of five original groups have been hypothesized
to be directly phosphorylated by a protein kinase (ECF43
and ECF59-ECF62 (1,4)). We added to the list of protein
kinase-associated groups ECF217, ECF267 and ECF283
(Figure 6D). Other groups such as ECF40, ECF27 or
ECF210 contain protein kinases only in certain subgroups.
Proteins from original group ECF60 were not classified by
the pipeline since only eight members of ECF60 were ex-
tracted. One reason could be the divergent o, domain ob-
served in members of this group (20). Protein kinase-related
ECF groups typically lack co-encoded anti-o factors (Fig-
ure 6D), consistent with the notion that direct phosphory-
lation of the o factor regulates their activity (20). The only
exception is group ECF267, which may be regulated by a
putative FecR-like anti-o factor with tetratricopeptide re-
peats. Given that ECFs from group ECF267 are very dis-
tant from the Fecl-like clade (ECF239-ECF243) (Figure
4), it seems possible that this putative anti-o factor does
not target members of ECF267, but other Fecl-like ECFs.
However, none of the organisms that contain members of
ECF267 contain any Fecl-like ECF o factor. Whether the
anti-o factor and/or the protein kinase regulate the activity
of members of ECF267 is unclear.

Four groups contain 2CSs in their genetic context. These
regulators can co-occur in conjunction with anti-o factors,
as in the case of ECF15 and ECF246, or not, as in ECF32,
ECF234 and subgroups 1, 2 and 3 of ECF39. These possi-
bilities reflect the different regulatory mechanisms exerted
by 2CSs. On one hand, members of ECF15 are regulated
by a partner-switching that involves an anti-anti-o factor
fused to the response regulator of a 2CSs (17). Instead,
the response regulator of members of ECF246 is fused to

Nucleic Acids Research, 2021, Vol. 49, No. 2 999

a transcriptional regulator, suggesting that either the pu-
tative anti-o factor or the 2CS regulate ECF246 activity.
For members of ECF32, it was shown that their 2CS in-
directly regulates their transcription (21,43,44). In the case
of ECF39, a 2CS is directly regulating their transcription
(45,46). Similar direct or indirect regulation of the 2CS
over the ECF expression could also occur in members of
ECF234, given the absence of a putative anti-o factor and
the fusion of the response regulator to a transcriptional reg-
ulator. The physiological function of ECF234 could be re-
lated to an ABC transporter present in its genetic context.

Some ECF groups contain conserved transcriptional reg-
ulators in their genetic contexts, such as TetR-like repres-
sors, which appear in groups with anti-o factors (ECF125)
and, remarkably, in ECF203, which lacks any obvious regu-
lator (Figure 6D). Given the lack of characterized members
of ECF203, it is unclear whether this TetR repressor reg-
ulates the expression of members of ECF203 or is part of
their response. In favor of the former, members of ECF203
do not seem to be auto-regulated judging by the lack of a
conserved predicted target promoter motif (Supplementary
Table S2). Other transcriptional regulators include LysR-
and MerR-like repressors, which appear in several ECF
groups associated with anti-o factors (Figure 6D).

A total of 16 ECF groups are not linked to any of the
above-mentioned regulators (Figure 7), inspiring us to pre-
dict novel, putative regulators of ECF activity. So far, only
three of these 16 groups have experimentally addressed
members, namely ECF228, ECF282 and ECF114. SigP
from Porphyromonas gingivalis (ECF228s7) is only present
in measurable concentrations when stabilized by direct in-
teraction with the response regulator PorX from the 2CS
PorXY (47). It is possible that other members of ECF228
have a similar regulation. In the case of the novel group
ECF282, 0A™A from Streptomyces albus (ECF282s2) is reg-
ulated at the level of transcription and might be target of
ClpXP proteolysis (48). Indeed, homologs of ™A have
been considered a new group of ECF o factors that control
the expression of antimycins (48). However, the C-terminal
AA dipeptide, suggested as target of ClpXP proteolysis (48),
is only present in members of subgroup 2. In ECF114, SigH
from Porphyromonas gingivalis (ECF114s4) is induced upon
exposure to O, and promotes aerotolerance and hemin up-
take (49). SigH has been speculated to be regulated at a tran-
scriptional level (49).

Given that the genetic neighborhood of the remaining
13 groups does not feature canonical ECF regulators (Fig-
ure 7), we speculated about their putative function. How-
ever, a general issue of this analysis is that it is hard to
discriminate whether these elements are regulators and/or
targets of ECF activity, and both options should be con-
sidered in downstream experimental analyses. Interestingly,
we found new putative regulators/targets of regulation of
the original groups ECF54 and ECF130. ECF54 is en-
coded in close proximity to a protein with a 4Fe—4S cluster,
whereas ECF130 is encoded in proximity to a helix-turn-
helix (HTH) containing protein, which could be involved in
the transcriptional control of members of ECF130 (Figure
7). Similarly, members of ECF201 are encoded in proxim-
ity to HTH proteins (Figure 7). Interestingly, members of
ECF237 share genetic neighborhood with several ‘killing
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trait’ proteins with homology to RebB (Pfam: PF11757)
(Figure 7). Given the absence of conservation for the rest
of the proteins from the R-body, the cellular structure that
RebB ensembles (50), and the presence of several copies of
RebB, it is possible that these proteins have an alternative
function, not related to R-body assembly. Lastly, members
of ECF286 and ECF292 share genetic neighborhood with
several copies of Asp23 proteins (Pfam: PF03780) (Figure
7). Asp23 is one of the most abundant proteins of Staphy-
lococcus aureus and its deletion leads to upregulation of
the cell wall stress response (51). Therefore, Asp23 proteins
could be acting as a new type of anti-o factor that regulate
the activity of members of ECF286 and ECF292.

The ECF Hub portal enables convenient access to the novel
ECF classification

The ECF Hub web portal (Figure 8) was developed as a
central resource facilitating convenient access to the new
ECF classification scheme (https://www.computational.bio.
uni-giessen.de/ecfhub). It enables easy access to the preex-
isting data enriched with additional contextual information
as well as supports the classification and assignment of user-
supplied sequences. At the ECF Hub, scientists can inspect
and examine the distribution of ECF o factors in different
taxa, or get insights into the taxonomic distribution within
a certain ECF group. The ECF Hub provides robust search
interfaces for easy access to all stored data, as well as the
possibility of exporting the analysis results in a variety of
standard formats or images. The ECF classification process
can be performed directly on the ECF Hub web page, or, e.g.
for large amounts of input sequences or confidential data,
with the ecf_classify tool (http://ecfclassify.computational.
bio), which supports reproducible offline use. The underly-
ing models and supporting files are permanently available
at Zenodo (https://doi.org/10.5281/zenodo.3672544). The
resulting annotations are comparable or even superior to
those obtained by the former classification tool ECFfinder
(Figure 9).

DISCUSSION

This work unifies, refines and greatly expands previous ECF
classification efforts. Thanks to its two-tiered clustering ap-
proach, it provides a high-resolution view of the ECF fam-
ily. ECF subgroups, composed of closely related proteins,
are further hierarchically clustered into 157 ECF groups,
defined on the basis of a common genetic neighborhood,
which suggests a similar mode of regulation. As part of
the in silico characterization of ECF groups, we predicted
their putative regulators, their target promoter motifs and
their most likely function (Supplementary Text S2 and Ta-
ble S2). These predictions are biologically meaningful in
that they correctly reflect results of experimentally studied
members, whenever available. We additionally developed
the ECF Hub as a supporting platform. The ECF Hub al-
lows users to browse these data and allows them to analyze
their own ECFs. The comprehensive description of the ECF
groups serves as a source of testable hypotheses that will
support the experimental description of new ECFs, which
will lead, in turn, to more precise and detailed group de-
scriptions.
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The new ECF groups are monophyletic clades of the ECF
phylogenetic tree, that are subdivided into hierarchically-
distributed ECF subgroups. This high-resolution, compre-
hensive classification provides advantages with respect to
partial updates. One example comes from ECF54 and
ECF38, identified in two different works (4,5) and in
two phyla, Actinobacteria and Planctomycetes, respectively.
Within our ECF tree, these two groups are direct neighbors
with a bootstrap support value of 17, indicating a signifi-
cant protein similarity between them. None of them has a
putative anti-o factor or any other clear regulator, and they
contain different elements in their genetic context (Figure
7). These results suggest that ECF58 and ECF54 have the
same origin, but they evolved independently in Actinobac-
teria and Planctomycetes, acquiring the regulation of differ-
ent genes in their genetic neighborhood. What remains un-
clear is whether the regulation of members of ECF54 and
ECF58 has common features, as expected for ECFs with
a common origin. Moreover, the great enrichment in phy-
logenetically diverse proteins allows for the application of
in silico prediction tools for individual groups. These types
of analyses are only possible in large protein datasets with
enough protein diversity, as shown for groups ECF41 and
ECF42 (37).

As part of the description of ECF groups, we analyzed
their most likely regulators and the types of putative anti-o
factors encoded in their genetic neighborhood (Figure 6).
Most of the predicted anti-o factors are highly specific for
their own groups (Figure 6F). Exceptions occur in neigh-
boring ECF groups, e.g. in the Fecl-like clade (ECF239 to
ECF243) or in the clade formed by groups ECF214, ECF18
and ECF19, indicating co-evolution between ECF and anti-
o factor sequences. The general lack of the same type of
anti-o factors in neighboring groups reflects their large di-
versity and their specificity, which has been exploited for
the construction of orthogonal genetic circuits (32). Anti-o
factors are not the only genes conserved in the genetic con-
text of ECF o factors. In this study, we identified the ECF
groups associated to other known ECF regulators such
a C-terminal and N-terminal extensions, two-component
systems, serine/threonine kinases (7), and other regulators
such as TetR repressors (Figure 6).

One important insight of this work is that ECF groups
controlled by several regulatory layers are more common
than originally thought. For instance, members of ECF121
are dually regulated by anti-o factors and N-terminal ex-
tensions, some members of ECF12 are regulated by both
anti-o factors and alternative promoters that generate an
unstable longer versions of the ECF ¢ factor (42) and mem-
bers of ECF18 and ECF19 are not only regulated by RskA-
like anti-o factors, but also by a pair of conserved cysteine
residues known to form a disulphide bridge that senses ox-
idative stress in SigK from M. tuberculosis (ECF19sl1) (52).
While these regulatory layers have only been deciphered for
a few well-studied ECF o factors, they might point towards
a broader means of regulation also implemented in addi-
tional ECF groups. For instance, several ECF groups fea-
ture conserved cysteine residues potentially able to form
disulphide bridges (Supplementary Table S2), and members
of ECF267 contain both a FecR-like anti-o factor and a
conserved protein kinase in their genomic neighborhood.
Given their multi-layered regulation, abundance and diver-
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sity, we suggest that ECF o factors have higher signal inte-
gration capabilities than previously anticipated.

With an average of approx. 10 ECFs per genome, these
regulators are more abundant than previously thought (1).
Confirming previous reports (1,5,53), we find that the num-
ber of ECFs is proportional to genome size (Supplemen-
tary Figure S1), with species thriving in diverse environ-
ments typically featuring larger genomes that provide them
with the ability to sense and respond to a variety of exter-
nal signals. One example is the bacterium Sorangium cel-
lulosum So0157-2, which features a genome that is more
than 1Mbp larger than its close relative S. cellulosum So
ce56, allowing the former to adapt to alkaline conditions
(53). Accordingly, the number of ECFs in S. cellulosum
S00157-2 (82 ECFs) is significantly larger than in S. cellu-
losum So ce56 (70 ECFs), emphasizing the increased regu-
latory capacity incurred by genome expansion. Among the
ECF groups acquired exclusively in S. cellulosum So0157—
2, we found ECF03 (one extra member), ECF26 (one ex-
tra member), ECF41 (two extra members) and ECF56 (one
extra member). ECF03 and ECF26 are novel acquisitions
present in S. cellulosum So0157-2 but not in S. cellulosum
So ce56. Indeed, members of ECFO03 are mainly present in
Bacteroidetes (Supplementary Table S2), and could have
been acquired by horizontal gene transfer. However, this
protein is not overexpressed under alkaline conditions (53),
indicating that this ECF is either not autoregulated, or not
responsible for alkaline resistance in S. cellulosum So0157—
2. In contrast, the additional member of ECF26 contained
in S. cellulosum So0157-2 is overexpressed at pH 10 (53) and
could therefore be part of the alkaline resistance observed
for S. cellulosum So0157-2. This ECF belongs to ECF26s1,
which shares a conserved genetic neighborhood with a cata-
lase (-1 from the ECF coding sequence) and a cytochrome
b561 (position —2). Whether ECF26 or any other of these

ECFs provides S. cellulosum So0157-2 with alkaline resis-
tance needs further investigation.

The search of ECF o factors presented in this work has
some limitations related to the quality filters that we applied
during the ECF retrieval. These filters limit the diversity of
the extracted sequences, while ensuring that the collected
proteins function as real ECF ¢ factors. In particular, we
noticed that two main types of ECF ¢ factors could not be
captured, namely, ECF o factors from phages and ECFs
whose conserved o, and o4 domains are divergent. o fac-
tors of phage origin have been described in literature (see
review (54)); nevertheless, they are usually divergent from
traditional o factors (54), in some cases incorporating al-
ternative domains replacing o core domains. For instance,
in Bacillus phage vB_BceM-HSE3, the ECF Gpl7 contains
a double zinc ribbon domain (Pfam: PF12773) in the posi-
tion of the o, domain, while the generic Pfam domain for
o4 1s not found at all (55). Similarly, the o factors Gp01 and
Gpl03 contain only o, domain or no Pfam domain, respec-
tively (55). Another reason for the lack of phage proteins in
the present work is that viral genomes are usually not an-
notated in NCBI (56) and did not enter the ECF search in
most of the cases. Other types of ECF-like o factors not in-
cluded in the current version are ECFs whose a4 (e.g. Sigl
from Bacillus subtilis) or 05 domain (such as VP0055 from
Vibrio parahaemolyticus or ComX from Streptococcus pneu-
moniae) do not hit their Pfam models. A special example
of this are o!-like ECFs, which contain a o.c domain in-
stead of a canonical o4 domain (57). These ECFs are in-
volved in the synthesis of components of the cellulosome in
cellulolytic clostridia (57). Attempts to classify these pro-
teins against the current ECF classification were unsuccess-
ful. The group with the highest probability of containing
o!-like ECFs is ECF201 (probability = 1.12e-19), the out-
ermost group of the ECF classification, indicating that o''-
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| ECF Hub ECFfinder

RefSeq Assembly Accession Species (Strain) Phylum Identified |Classified [Identified [Classified
GCF_000005845.2 Escherichia coli (str. K-12 substr. MG1655) |Proteobacteria 2| 100,00% 2| 100,00%
IGCF_000006765.1 Pseudomonas aeruginosa (PAO1) Proteobacteria 19| 100,00% 19| 89,47%|
IGCF_000006965.1 Sinorhizobium meliloti (1021) Proteobacteria 11] 100,00% 11 90,91%|
IGCF_000007565.2 Pseudomonas putida (KT2440) Proteobacteria 19) 100,00% 19 89,47%|
GCF_000007985.2 Geobacter sulfurreducens (PCA) Proteobacteria 1| 100,00% 1 100,00%
IGCF_000009365.1 Alcanivorax borkumensis (SK2) Proteobacteria 100,00% 2| 100,00%
IGCF_000011705.1 Burkholderia mallei (ATCC 23344) Proteobacteria 11| 100,00% 11]  100,00%|
IGCF_000018865.1 Chloroflexus aurantiacus (J-10-fl) Chloroflexi 9 66,67% 9 88,89%|
IGCF_000064305.2 Flavobacterium psychrophilum (JIP02/86) |Bacteroidetes 7| 100,00%| 7| 71,43%|
IGCF_000146165.2 Shewanella oneidensis (MR-1) Proteobacteria 5 100,00% 5 100,00%
IGCF_000184745.1 \Variovorax paradoxus (EPS) Proteobacteria 17| 100,00% 18 72,22%|
IGCF_000195955.2 Mycobacterium tuberculosis (H37Rv) Actinobacteria 10, 100,00% 10 80,00%|
IGCF_000215745.1 Klebsiella aerogenes (KCTC 2190) Proteobacteria 3  66,67% 3 33,33%|
IGCF_000238395.3 Pseudoalteromonas arctica (A 37-1-2) Proteobacteria 8 87,50% 9 55,56%|
GCF_000318015.1 Bordetella bronchiseptica (253) Proteobacteria 12| 100,00% 12| 83,33%|
Identified ECFs Classified ECFs

ECFfinder / ECFfinder
2 136 0

X ECFHub

3 112 19

T

Figure 9. Comparison between ECFfinder and ECF Hub assignment for selected genomes. Selected genomes were processed with the ECFfinder website
and the ECF Hub classification tool. Left: ECF predictions obtained from ECFfinder and ECF Hub are generally in accordance. Right: The ECF Hub,
which incorporates the new classification scheme, enables a larger fraction of ECFs to be classified.

like ECFs are distant from canonical ECFs and might have
evolved in parallel to them from group 3 o’ factors. Low-
ering the stringency in our extraction pipeline would allow
to study these non-canonical ECFs in further depth. The
strategy to follow could be similar to work made on ECF43,
the group of VP0055 from Vibrio parahaemolyticus, which
was expanded from the 69 non-redundant proteins identi-
fied in this work, to more than 900 members of ECF43 (20).
Likewise, a similar approach could be used to identify and
expand knowledge around bacterial ECF factors with split
domains, such as B. subtilis SigO-RsoA, which contain the
o, and o4 domains in two separate polypeptides (58,59).
The average number of identified ECF o factors per
genome varies for different groups and bacterial phyla (Fig-
ure 5). In this analysis it turned out that the number of un-
classified ECFs per organism is larger in bacterial phyla un-
derrepresented in biological databases (Figure 5). In the fu-
ture, clustering strategies could specifically target these pro-
teins, which are likely too diverse and scarce to be clustered
with the currently available dataset. We also found that
some ECF groups are particularly enriched in certain phyla.
For instance, we observed an average of 5.3 copies of ECF57
per planctomycetal genome, and an average of 3.4 copies
of ECF240 per Bacteroidetes genome (Figure 5). In these
cases, a question that remains unsolved is whether the func-
tion of members of the same group is redundant in the same
organism, or they rather hold specialized functions. In favor
of the latter, members of ECF240, which inherits most of its
characteristics from the original group ECF10, have been
associated to carbohydrate scavenging in Bacteroidetes (1).
Even though no member has been experimentally addressed

to date, it is possible that the different members of ECF240
present in the same genome are involved in the uptake of
different carbohydrates. A similar case occurs in the pro-
teobacterial group ECF243, which merges original Fecl-
like groups ECF05-09, and is in charge of iron uptake
(1,60). We found an average of 1.13 members of ECF243
per proteobacterial genome. However, under closer inspec-
tion only 33% of the proteobacterial genomes contain mem-
bers of ECF243, indicating that, when present, members of
ECF243s are duplicated and appear in 3.4 proteins per or-
ganism on average. Interestingly, only 8.9% of the organ-
isms contain ECF243’s from the same subgroup, suggesting
that different subgroups fulfill different physiological func-
tions. One possibility is that members of different subgroups
detect signals from different FecR-like anti-o factors, which
in turn, detect the presence of iron-siderophore complexes
from different FecA transporters (see (60) for a review). Fu-
ture analyses have to answer whether the different members
of the same ECF group in the same genome have acquired
different specificities and whether this specificity is a general
feature of ECF o factors.

In summary, the updated ECF classification presented in
this work serves as a detailed source of testable hypotheses
to guide the experimental characterization of this important
class of bacterial regulators. The ECF classification comes
together with a full description of ECF groups, including
the putative group-specific regulators of ECF activity, con-
served proteins encoded in the same genetic neighborhood,
and predicted target promoter motifs (Supplementary Text
S2, Table S2, and the ECF Hub as online resource). Col-
lectively, this information allows prediction of the potential
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function of the members of the group, which is verified by
experimentally described members whenever they are avail-
able (Supplementary Text S2). Moreover, our hierarchical
two-level classification provides a broad sequence collection
with an appropriate degree of similarity (or variability) re-
quired for in silico prediction tools that employ sequence
variation-based algorithms, such as co-variation-based pre-
diction of protein-protein interactions or structural predic-
tions.
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