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Motivation and Aim: The study of methanotrophic bacteria represents a “hot” research
field in microbial biotechnology, as these organisms have the potential to utilize methane
as a carbon source for the production of useful target and value-added compounds.
Complex interactions between transcription factors (TFs) and target genes are
responsible for various molecular and phenotypic features of bacteria, including
adaptation to changes in environmental and/or cultivation conditions. Despite the long-
term history of methanotrophs’ investigation, both quantitative/qualitative data and
knowledge of such interactions are very limited. However, the assumption that
regulatory interactions between TFs and target genes are conservative among bacteria
allows us to use the accumulated omics data to reconstruct the regulatory structure in
closely related species. Herein, we employ the data on expression profiles for two closely
related  methanotrophs,  Methylotuvimicrobium  alcaliphilum  20ZR  and
Methylotuvimicrobium buryatense 5GB1, to construct the first version of regulons in
methane-oxidizing bacteria. This finding sheds light on transcriptional modules
regulating molecular machinery in methanotrophs at the first time, to the best of our
knowledge. Furthermore, the outcome of this study can be essential to pave the way in
the fruitful development of biotechnological applications of methane-oxidizing
microorganisms.

Methods and Algorithms: Transcriptomic datasets, both unpublished original and
previously published [GSE51145, GSE101981, GSE253414, GSE125909, GSE221011]
were used for the regulons structure. These datasets were obtained under growth
conditions, when methane or methanol are used as a carbon source, and metal ions,
including copper, tungsten, calcium, and lanthanum are harnessed as potential regulators
of enzymes’ activities involved in the metabolism of these substrates. Gene co-
expression networks (GCNs) for M. alcaliphilum 20ZR and M. buryatense 5GB1 were
built using the GENIE3 algorithm [1]. The obtained sets of top gene pairs were divided
into 30 clusters using the ward.D2 hierarchical clustering algorithm. Functional
enrichment analysis of the clusters was carried out using homebrew R-script. The
Operon-mapper web service was used to predict the operon structure of M. alcaliphilum
20ZR[2]. To identify potential regulators for M. alcaliphilum 20Z® we use databases with
computationally predicted TFs: deepTF [3], P2TF [4] and ENTRAF DB [5]. TFBS
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enrichment analysis for differentially expressed clusters was performed using the
MEME suite [6].

Results: The resulting GCN, containing 30 clusters, consisted of 1,241 genes, 78 of
which were putative TFs supported by at least one of the sources. To functionally
annotate the resulting clusters we conducted enrichment analysis based on KEGG
pathways, COG categories and GO terms. Half of the clusters have more than 1 enriched
KEGG pathway and 7 clusters do not show any pathway enrichment. 24 clusters
demonstrate enrichment in at least one COG functional category, 11 of which are related
to only one category. Only 2 clusters show enrichment in one GO term, while 3 clusters
do not show any significant enrichment of the GO terms. Thus, the remaining 25 clusters
have more than one enriched GO term. We analyzed gene expression levels in the
clusters for 3 conditions: CHa limitation, O limitation and Ca-La switch. Based on the
average gene expression level in the cluster, we divided the clusters into two groups: up
and down regulated; the clusters that did not show significant changes in average gene
expression levels were ignored. As a result, several known co-regulated groups of genes
have been identified, such as the mxaF and mxal genes encoding Ca-dependent methanol
dehydrogenase, and related genes mxaR and mxaJ, which have reduced expression levels
in the presence of lanthanides [7]. Several new clusters of genes controlled by one or
more potential TFs have also been discovered. As an example, we observed that two co-
expressed clusters (clusters 14 and 24) had significantly reduced expression under
methane- and oxygen-limited growth conditions. Interestingly, these clusters could be
combined into one cluster by two potential TFs, MEALZ_RS12170 (feoC) and
MEALZ_RS18500 (Fig. 1).
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Fig. 1. Down-expressed clusters 14 and 24 in low CH4 growth condition. Blue color of both
circles and diamonds in a cluster means down-expressed genes and potential TFs
(MEALZ_RS12170 (feoC) and MEALZ_RS18500) correspondingly. Genes in the cluster are as-
sociated with the iron metabolism
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We hypothesize that these genes encode true TFs whose expression and genes in their
operons are associated with the iron metabolism or reduction in response to methane
and/or oxygen limitation. In addition to the clusters identified and described above, a
cluster of genes mainly related to nitrogen metabolism transport and regulation has been
shown to have reduced expression levels under hypoxia conditions. Their only co-
expressed potential TF, CRP, is a regulator of carbon source utilization gene expression
in the absence of glucose. It also regulates the expression of GInG, a known TF mainly
regulating nitrogen transport and metabolism in the bacterial cell. In order to confirm the
potential regulatory role of revealed transcription factors we performed a search of
regulatory signals (motifs) in the upstream of promoters for genes highly co-expressed
with the potential TF in a bunch of analyzed transcriptomic profiles. Furthermore, we
alternatively explore the regulatory motifs via an interrogation of orthologous genes
encoding those genes in closely related methanotrophic strains.

The source code and all data for the whole analysis are available on a GitHub repository
https://github.com/Lynxlazy/20ZR-Regulons.
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