l]:o.. | MSystems ®

MICROBIOLOGY

updates

8 | Computational Biology | Resource Report

Annotating microbial functions with ProkFunFind

Keith Dufault-Thompson,' Xiaofang Jiang'
AUTHOR AFFILIATION See affiliation list on p. 9.

ABSTRACT Analyzing microbial genomes has become an essential part of microbiology
research, giving valuable insights into the functions and evolution of microbial species.
Identifying genes of interest and assigning putative annotations to those genes is a
central task in genome analysis, and a plethora of tools and approaches have been
developed for this task. The ProkFunFind tool was developed to bridge the gap between
these various annotation approaches, providing a flexible and customizable search
approach to annotate microbial functions. ProkFunFind is designed around hierarchi-
cal definitions of biological functions, where individual genes can be identified using
heterogeneous search terms consisting of sequences, profile hidden Markov models,
protein domains, and orthology groups. This flexible and customizable search approach
allows for searches to be tailored to specific biological functions, and the search results
are output in multiple formats to facilitate downstream analyses. The utility of the
ProkFunFind search tool was demonstrated through its application in searching for
bacterial flagella, which are complex organelles composed of multiple genes. Over-
all, ProkFunFind provides an accessible and flexible way to integrate multiple types
of annotation and sequence data while annotating biological functions in microbial
genomes.

IMPORTANCE Genome sequencing and analysis are increasingly important parts of
microbiology, providing a way to predict metabolic functions, identify virulence factors,
and understand the evolution of microbes. The expanded use of genome sequencing
has also brought an abundance of search and annotation methods, but integrating the
information from these different methods can be challenging and is often done through
ad hoc approaches. To bridge the gap between different types of annotations, we
developed ProkFunFind, a flexible and customizable search tool incorporating multiple
search approaches and annotation types to annotate microbial functions. We demon-
strated the utility of ProkFunFind by searching for gene clusters encoding flagellar genes
using a combination of different annotation types and searches. Overall, ProkFunFind
provides a reproducible and flexible way to identify gene clusters of interest, facilitating
the meaningful analysis of new and existing microbial genomes.
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The identification of features of interest in microbial genomes relies on gene
annotation, assigning putative functions to genes based on their sequences, predicted
features, and similarity to other genes. Various tools have been developed to facili-
tate the annotation process, providing multiple ways to assign putative functions to
new genes. Sequence and hidden Markov model (HMM)-based searches are common
approaches and involve comparisons to other sequences or models using tools like
BLAST (8) and HMMER (9). Tools like InterProScan can be used to functionally annotate
proteins based on their similarity to curated databases of protein domains and families
(10). Finally, grouping new sequences into larger groups of orthologs using tools like
KofamScan (11) or eggNOG-mapper (12) can be an effective way to annotate new
sequences in an evolutionary and functional context. These different approaches have
distinct benefits and drawbacks, and in many cases, the annotation of multiple genes
encoding biological pathways will rely on a combination of different approaches.

In most cases, the task of integrating different annotation data during genome
analysis falls to individual researchers. This process often involves custom scripts and
workflows, leading to a lack of reproducibility and standardization. Approaches that
integrate different data types and facilitate reproducible and flexible searches are
needed. To facilitate the efficient and customizable search for functions in genome
data, we developed the ProkFunFind tool. ProkFunFind is a flexible search tool designed
to facilitate the identification and characterization of different functions in microbial
genomes. This tool incorporates multiple search and annotation approaches, allowing
for the identification of functions based on sequences, HMIM profiles, protein domains,
and multiple common orthology definitions. ProkFunFind is based on searching for
biological functions rather than single genes, providing a way to denote the relation-
ship between different genes within larger functional definitions such as metabolic
pathways. In addition, we have designed ProkFunFind to be modular and extensible,
allowing for the incorporation of additional search approaches, annotation methods,
and downstream analyses. Overall, ProkFunFind is an important step toward developing
ways to analyze and interact with genome data that incorporate the multiple sources of
information that are now easily accessible and commonly used.

MATERIALS AND METHODS
Implementation

ProkFunFind is publicly available on GitHub (https://github.com/nlm-irp-jianglab/Prok-
FunFind.git) along with additional documentation describing the tool and a tutorial with
working examples (https://prokfunfind.readthedocs.io/en/docs-and-tests/index.html).
The tool is implemented in Python and has been designed to be modular and easily
extended to incorporate new annotation formats and search approaches in the future.
Depending on the types of search approaches and annotation features being used,
ProkFunFind also incorporates multiple other tools, including BLAST (8), HMMER (9),
InterProScan (10), KofamScan (11), eggNOG-mapper (12), Prokka (13), and Bakta (14).
To perform a search, users can either download precomputed annotation information,
like what is available for genomes from the MGnify database (15), prepare their own
annotation files, or use the ProkFunAnnotate Snakemake pipeline (https://github.com/
nlm-irp-jianglab/ProkFunAnnotate) to generate annotation files for new or existing
genomes.

The ProkFunAnnotate pipeline performs a function similar to Prokka (13) and Bakta
(14), with the additional step of providing annotations based on eggNOG-mapper and
KofamScan. This Snakemake pipeline takes a user-provided collection of genomes and
uses Prokka (version 1.14.5) (13) to predict genes and provide preliminary annotations
and then produces KEGG Orthology (KO) Annotations and ortholog group annotations
using KofamScan (version 1.3.0) (11) and eggNOG-mapper (version 2.1.12) (12). The
ProkFunAnnotate pipeline can also be used to generate annotations for an already
existing genome, using the genome sequence and a set of genes in the GenBank format
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file. The ProkFunFind tool uses the default output formats from these other tools to make
setting up and performing searches on new genomes as straightforward as possible.

ProkFunFind performance

To assess the performance of ProkFunFind, searches were done using six different
function definitions, each based on different annotation types, on a set of 5,000
randomly selected Genome Taxonomy Database (GTDB) representative genomes. The
six function definitions are available as part of the ProkFunFind tutorial materials (https://
github.com/nlm-irp-jianglab/prokfunfind-tutorial/tree/master/queries) and consist of
different representations of 12 genes found in a gene cluster related to the production
of the metabolite equol (2). Each search was run independently on a high-performance
computing node with 20 central processing units and 6 GB of memory. These searches
do not include generating the annotation files for each genome, which must be done
before the search is performed. The average time to process a genome was then
calculated for each search (Table S1).

Search for flagellar genes

To demonstrate a use case of ProkFunFind, a search for flagella gene clusters was
performed using a mixture of HMM profiles, InterProScan predictions, and Clusters of
Orthologous Genes (COGs). First, a function definition was designed to represent the
essential genes that comprise the bacterial flagella (16). The definition includes 18
genes/gene families organized into 5 functional categories required to assemble the
flagellar rod, hook, C ring, motor and MS ring, and export complexes. A combination
of protein domain signatures from the Pfam (17), PANTHER (18), and TIGRFAMs (19)
databases, hidden Markov models from the National Center for Biotechnology Informa-
tion (NCBI) Protein Family Models database (20), and COGs (20, 21) was curated to search
for the flagella-related genes in the Bacillota and Pseudomonadota phyla of bacteria
(Table S2).

The microbial traits data set provided by Madin et al. (22) was used to identify
bacterial species with and without flagella in the GTDB. The trait data were mapped
to the GTDB representative species using the NCBI species taxonomy identifiers. Only
species with their motility annotated as “flagella” or “no” in the trait database were
included, giving 543 Bacillota species (68 with flagella and 475 without flagella) and 690
Pseudomonadota species (246 with flagella and 444 without flagella). The representative
genomes from these species were then annotated with eggNOG-mapper using the
ProkFunAnnotate pipeline and InterProScan (version 5.63-95.0).

The curation of the search profiles for the Bacillota and Pseudomonadota phyla was
an iterative process that consisted of identifying search terms, comparing the predicted
presence or absence of each gene to the ground truth data set, and adjusting the e-value
threshold used to filter hits. For the identification of search terms, an initial annotation
of the Escherichia coli K12 (U00096.3) and Bacillus subtilis (GCF_000009045.1) genomes
was done using the ProkFunAnnotate pipeline and InterProScan (version 5.63-95.0).
Search terms associated with each of the flagellar genes from these genomes were then
identified based on the annotations of those genes from KofamScan, eggNOG-mapper,
and InterProScan. The search terms were examined individually to identify terms that
captured hits in the largest number of genomes annotated as having flagella possible,
and e-value thresholds were chosen that minimized the number of hits in genomes
annotated as lacking flagella. This process was repeated multiple times to generate
function definitions that reasonably captured the presence of flagella in the Bacillota and
Pseudomonadota phyla.

The ProkFunFind search was performed using search configuration files for the
Bacillota and Pseudomonadota genomes (available as part of the ProkFunFind github
repository: https://github.com/nIim-irp-jianglab/ProkFunFind.git). Hidden Markov models
were compared to the genomes using HMMSCAN (version 3.3.2) (9), protein domain
signatures were identified using the InterProScan results, and COGs were assigned
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based on the eggNOG-mapper annotations. The search results, indicating the presence
or absence of each gene and the completeness of the overall flagella function, were
compared to the trait database annotations and were mapped onto a subset of the GTDB
reference phylogenetic tree using iTOL (version 6) (23).

RESULTS
ProkFunAnnotate overview

The ProkFunAnnotate pipeline was developed as a convenient way to annotate a
genome of interest and produce a set of annotation files in a consistent format that
can be used with ProkFunFind. ProkFunAnnotate is not a novel approach for gene calling
or annotation but instead provides a self-contained pipeline to run multiple commonly
used annotation programs. The ProkFunAnnotate pipeline starts with gene calling and
preliminary annotation using Prokka, generating the associated genome files, including
gene and protein fasta files, along with a preliminary annotation file generated by
Prokka. Additional annotation files are then generated using KofamScan and eggNOG-
mapper, providing a formatted collection of files that can be used with the ProkFunFind
search tool. This collection of files provides users with everything needed to perform
searches with ProkFunFind with any combination of protein sequences, HMM profiles,
COGs, and KOs. These annotations also only need to be generated once, and any number
of searches can then be performed, reusing the same data for the genomes.

ProkFunFind overview

The ProkFunFind tool is designed to facilitate searching for groups of genes in a genome
that are related to a biological function (Fig. 1). ProkFunFind feature definitions are
combinations of different kinds of queries that can be used to represent complex
functions. This allows each search to be customized to address the problem of interest
in the best way. For example, one gene in a pathway may only have a few characterized
reference sequences, making a BLAST-based search a good starting point, while another
gene may be a part of a well-defined protein family, allowing it to be identified based
on an ortholog group assignment. This heterogeneous query structure can be refined
by adding filtering parameters, providing a highly flexible and customizable search
approach. The search output of ProkFunFind provides a basic summary of the presence
and absence of the defined function and multiple output files that facilitate downstream
analyses and visualization.

Search space

The search space for ProkFunFind consists of a genome or set of genomes with a
standardized set of annotation information. The core information needed for each
genome is a nucleotide fasta file containing the genome sequence, a GFF-formatted file
with the gene coordinates, and a protein fasta file with the translated gene sequences. In
addition to this basic genome information, ProkFunFind can utilize annotation informa-
tion generated from general gene calling and annotation tools like Bakta (14) or Prokka
(13), or from specialized annotation tools like eggNOG-mapper (12), KofamScan (11), and
InterProScan (10), to perform searches for COGs, KO identifiers, and protein domain
signatures, respectively. Only the annotation data associated with the search terms being
used is required when running a search, allowing users to avoid generating and storing
extra annotation files. The annotation files are expected to be in the standard output
formats from these programs to make it as easy as possible to generate the files and to
make it possible to run searches on genomes with precomputed annotation data from
databases like the MGnify database (15). The ProkFunAnnotate Snakemake pipeline was
also developed to provide a standardized way to generate the needed genome and
annotation files for new or unannotated genomes. Having this collection of genome
information facilitates flexible and customizable searches across large data sets without
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FIG 1 A diagram showing the ProkFunFind pipeline components and workflow.

having to rely on ad hoc approaches to generating, parsing, and filtering the data
associated with each genome.

Definition of a biological function

ProkFunFind is designed around searching for a collection of genes related to a biological
function. In contrast to most search approaches, this emphasizes the biological function
and how its components are related to each other. The biological function is represen-
ted by a feature model, which is a hierarchical definition of the function, its different
components, the associated genes, and the search terms that can be used to identify
those genes. For example, the metabolism of a specific compound would be an overall
function, with the components being discrete functions (e.g., transport, metabolic
enzymes, and regulation) and each component would be associated with one or more
distinct genes and search terms. This organization allows for the flexible definition of
different kinds of functions in a way that best fits the biological problem. The function
definition is formatted in a user-friendly and readable YAML format, making it straightfor-
ward to write and edit.

The lowest level of the function definition is the genes that are being searched for.
Each of these genes is associated with one or more search terms that define how the
search is performed. These search terms can be amino acid sequences, profile HVMMs,
KEGG or COG orthology IDs, or protein domain signatures. The genes can be associated
with one or multiple search terms of the same or different types. To further customize the
search, each search term can be filtered using the relevant parameters, including e-value,
bit score, or percent identity, allowing for different genes to be identified using more
or less strict parameters. Each component and gene can also be designated as being
essential or non-essential to the overall function, allowing for additional accessory genes
that are not core parts of the function but still of biological interest to be searched for.
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Detection of candidate genes

The detection of putative genes associated with a function is done by examining the
search and annotation results and applying a set of filters to identify the best hits for
each component of the function. If sequences or profile HMMs are used in the search,
then a search using BLASTp or hmmscan is performed first. The results of the searches
and the annotation results from InterProScan, KofamScan, and eggNOG-mapper are
then parsed to identify any genes that match the search terms defined in the function
definition. A set of user-defined thresholds are then applied to each gene to remove
low-quality hits from the results. These thresholds can include cutoffs for the e-values,
percent identity for sequence-based searches, and annotation scores for KofamScan.
User-defined thresholds can be customized for each search term in the function, or
defaults can be set for any terms using that search approach. All putative hits for each
component of the function are then summarized and added to a central genome object
for subsequent analysis.

Output and performance

ProkFunFind searches return hits to multi-component functions, and understanding if
these putative hits are located in similar regions of the genome can be biologically
informative. To capture these relationships between the identified genes, ProkFunFind
utilizes the DBSCAN algorithm to detect groups of hits that are located near each other
in the genome. The clustering settings are adjustable, allowing for the fine-tuning of
what qualifies as a “gene cluster” to suit different biological questions best. After this
clustering step is performed, the annotations and cluster information are reported to the
user. To mirror the flexibility of the search input, the output of ProkFunFind was designed
to provide the putative hits and annotation information in multiple formats to facilitate
downstream analyses. These include an easily parsable tab-separated table format, a
GFF-formatted file containing information about each putative hit and their locations
on the genomes, a pickle-formatted archive that can be interacted within Python, and
a YAML-formatted summary of each component’s presence and absence. These output
formats can be loaded into other analysis tools, allowing for additional downstream
analysis and visualization.

The performance of ProkFunFind was evaluated using a collection of search
configurations using different query types in a search against 5,000 randomly selected
GTDB representative genomes. On average, the ProkFunFind searches took between 4.7
and 8.5 s per genome across the different search approaches (Table S1). The sequence
and HMM profile-based searches were all relatively quick, while the other searches,
which require parsing through the precomputed annotation files, took slightly longer.
Overall, ProkFunFind searches are relatively quick and lightweight, allowing users to
efficiently scan collections of genomes for features of interest.

Using ProkFunFind to detect flagellar genes

To demonstrate a use case for ProkFunFind, a search was performed for flagellar genes
in a collection of genomes from the Bacillota and Pseudomonadota phyla of bacteria.
Flagella are complex organelles that are involved in bacterial motility (24). Flagella
synthesis and activity involve dozens of distinct genes, with a core set of 21 genes
typically being conserved across all motile bacteria (16). Feature models representing
these core genes, grouped into five functional categories, were developed for both
phyla using a combination of HMM profiles, protein domain signatures, and COGs. The
ProkFunFind search results were compared to motility trait annotations in a microbial
traits database (22) to assess if the search captured known flagellated bacteria.

For the Bacillota phylum, the ProkFunFind search identified all of the core flagella
genes in 66 of the 68 genomes annotated as having flagella in the trait database (Fig.
2; Fig. S1). The Bacillales order contained a majority (38) of the species annotated as
having flagella, with the ProkFunFind search identifying flagellar genes in 37 of these
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species (Fig. 2A). Gene clusters were identified in an additional 25 of the species that
had been annotated as not having flagella in the trait database, but these species
were almost always closely related to other species that are known to have flagella. In
contrast, the Clostridia class contained only a few species annotated as having flagella,
with all eight of them being identified in the ProkFunFind search (Fig. 2B). The search
in the Pseudomonadota phylum was more variable, with 189 out of the 246 flagella
annotated species being identified by the ProkFunFind search and flagellar genes being
identified in an additional 88 species that were not annotated as having flagella in the
trait database (Fig. S2).

The search for flagella resulted in the identification of flagellar genes in 81% of
the 314 Bacillota and Pseudomonadota species that were annotated as having flagella
in the microbial traits database. An additional 125 species had putative flagellar gene
clusters but were annotated as not being motile in the traits databases. The differences
between the trait database and the ProkFunFind predictions were further examined
for the Bacillota genomes, which had 2 species that were falsely predicted to have
incomplete sets of flagellar genes and 37 species that were falsely predicted to have
flagellar genes (Table S3). For 10 of these species, there were differences between the
trait database annotation and what was reported in the literature, with the literature
either disagreeing with the trait database annotation or there being reports of strain-
level differences in motility for that species. Three additional species were observed to
have strain-level heterogeneity within the GTDB species cluster, with the representative
genome having putative flagellar genes, while other genomes from that species were

March 2024 Volume 9 Issue 3

10.1128/msystems.00036-24 7

Downloaded from https://journals.asm.org/journal/msystems on 24 January 2025 by 130.14.20.100.


https://doi.org/10.1128/msystems.00036-24

Resource Report

missing them. This highlights a shortcoming of this ground truth data set, where the
microbial trait annotations are reported as a consensus annotation at a species level, not
at the individual strain or genome level (22), resulting in the disagreements that are seen
when looking at just the representative genomes for each species in GTDB.

Twenty-three of the falsely predicted Bacillota species had no clear explanation, with
the search identifying reasonable flagellar gene clusters. These cases may partly be
explained by the complex evolutionary history of flagellar genes. Flagellar gene clusters
are subject to frequent mutation events (25), leading to significant heterogeneity in
flagellar gene presence, the pseudogenization or genes, and resulting in partial flagellar
gene clusters in some strains. Additionally, components of the flagellar complex are
homologous to other systems, notably the Type 3 secretion system (26, 27), which may
explain some of the partial sets of genes detected in many of the Pseudomonadota
genomes. Overall, the flagellar search demonstrates the utility of the ProkFunFind search
approach, using a heterogeneous set of search terms to identify complex sets of genes in
diverse genomes.

DISCUSSION

ProkFunFind has been developed to bridge the gap between the numerous and varied
annotation approaches that are commonly used in genome analysis, providing a flexible
platform to perform searches with heterogeneous data. The rapid and continued
development of new annotation approaches and the sequencing of new genomes have
led to a flood of data. However, this abundance of data can lead to analytical difficulties,
as combining information from multiple sources is often left to individual researchers
using ad hoc approaches. ProkFunFind provides a tool to combine different types of
annotations and facilitate meaningful data exploration using different features.

One of the central concepts of ProkFunFind is the ability to perform searches using
heterogeneous data types. Biological functions are often complex, involving multiple
gene products that have different importance to the overall function. Similar concepts
have been applied in the MacSyFinder and ConJScan tools, where collections of HMM
profiles are used to search for complex systems of genes like those related to conjugation
and secretion systems, providing sensitive ways to search for the functions (28, 29). The
challenge that comes from searching for genes associated with complex functions is that
one type of search is often not sufficient to capture each of the genes. Some genes may
have well-defined orthology definitions in commonly used databases like KEGG, while
others may only have one or two representative sequences and would be best searched
for using a direct sequence search approach. ProkFunFind's function definition allows for
a mixture of these search terms, allowing each search to be tailored to the function of
interest. This flexible and customizable approach can lead to more meaningful searches
and biological insights.

The other central concept in the ProkFunFind approach emphasizes searching for
biological features rather than single genes. Many biological features are not defined by
the presence or absence of a single gene but instead, involve multiple gene products
and may have multiple other genes that serve accessory roles. To assess if a function is
putatively present or not in a given genome requires searching for multiple genes in a
way that accounts for how these genes are related to each other. The ProkFunFind query
was designed to represent a collection of genes that are related to a function in a flexible
way that can account for the relationships between different gene products and the
essentiality of different components to the overall function. The utility of this approach
to searching for functions was highlighted through the application of ProkFunFind to
identify putative flagellar genes, which are part of a complex and multi-gene system. The
benefit of searching for sets of genes related to a function and allowing for mixed types
of search terms is highlighted by this example, where the flagellar genes have complex
evolutionary histories, and identifying homologs of single genes is not informative in
relation to the overall function.
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Overall, ProkFunFind provides a useful tool that can aid in the analysis of biologi-
cal systems. Genome analysis is becoming a central component of many biological
studies, and methods that provide accessible ways to interact with genome data will be
important moving forward. The flexibility and customizability of ProkFunFind allow it to
be used when searching for simple and complex microbial functions while providing an
interface to interact with multiple types of annotation data at the same time.
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