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Development versus predation:
Transcriptomic changes during
the lifecycle of Myxococcus
xanthus

Juana Pérez', Francisco Javier Contreras-Moreno’,
José Munoz-Dorado and Aurelio Moraleda-Munoz*

Departamento de Microbiologia, Facultad de Ciencias, Universidad de Granada, Granada, Spain

Myxococcus xanthus is a multicellular bacterium with a complex lifecycle.
It is a soil-dwelling predator that preys on a wide variety of microorganisms
by using a group and collaborative epibiotic strategy. In the absence of
nutrients this myxobacterium enters in a unique developmental program by
using sophisticated and complex regulatory systems where more than 1,400
genes are transcriptional regulated to guide the community to aggregate into
macroscopic fruiting bodies filled of environmentally resistant myxospores.
Herein, we analyze the predatosome of M. xanthus, that is, the transcriptomic
changes that the predator undergoes when encounters a prey. This study has
been carried outusingasa prey Sinorhizobium meliloti, a nitrogen fixing bacteria
very important for the fertility of soils. The transcriptional changes include
upregulation of genes that help the cells to detect, kill, lyse, and consume
the prey, but also downregulation of genes not required for the predatory
process. Our results have shown that, as expected, many genes encoding
hydrolytic enzymes and enzymes involved in biosynthesis of secondary
metabolites increase their expression levels. Moreover, it has been found that
the predator modifies its lipid composition and overproduces siderophores
to take up iron. Comparison with developmental transcriptome reveals that
M. xanthus downregulates the expression of a significant number of genes
coding for regulatory elements, many of which have been demonstrated to
be key elements during development. This study shows for the first time a
global view of the M. xanthus lifecycle from a transcriptome perspective.

KEYWORDS

Myxococcus xanthus, Sinorhizobacterium meliloti, bacterial predation,
development, transcriptome, predatosome

Introduction

Predatory bacteria use other living bacteria or fungi as food sources, for which they
actively hunt to kill them and consume their macromolecules as nutrients. These small
predators are widely distributed in many natural and artificial environments where
they play important roles in maintaining microbial diversity and shaping ecosystems
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(Chauhan et al., 2009; Chen et al., 2011; Griffin et al., 2013;
Kandel et al., 2014; Johnke et al., 2017). In the last years, bacterial
predators have been receiving substantial recognition and are
attracting the attention of many research groups because of their
potential applications as alternative therapies, in which whole
cells of predators can be used as weapons to kill or control the
growth of other resistant bacteria; that is, their use in bacterial
therapy as “living antibiotics” or as biological resources producing
innovative antimicrobials and other bioactive products (Pérez
etal, 2016, 2020).

Bacterial predators can be grouped into two main hunting
categories: endobiotic and epibiotic (Pérez et al., 2016). However,
there are some bacterial predators that, although can act as solitary
epibiotic hunters, in nature preferably attack forming multicellular
groups where individual cells cooperate within the community by
sharing mixtures of diffusible hydrolytic enzymes and secondary
metabolites that kill and decompose the prey before consuming
the released nutrients (Pérez et al., 2020; Thiery and Kaimer,
2020). This latter strategy is used by myxobacteria, which are
abundant in soils and have been recently described as a key taxon
in the soil food webs (Petters et al., 2021). Myxococcus xanthus is
the most studied myxobacteria, and besides being a predator, it is
also a model organism for studying prokaryotic development and
bacterial multicellularity (Mufoz-Dorado et al., 2016). This
bacterium moves on solid surfaces in a coordinated manner, and
forms dynamic, multicellular groups called swarms, within which
cells interact with each other by complex inter-and extracellular
signaling systems. It moves by using two different locomotion
systems, social motility (S-motility) and adventurous motility
(A-motility). In natural environments, where they share niche
with other microorganisms, M. xanthus swarms move in a
coordinate way, and when they find prey, the population lyses
them and absorbs their nutrients (Munoz-Dorado et al., 2016).
Under nutrient-deficient conditions, M. xanthus accomplishes the
developmental cycle, where thousands of organized bacteria
aggregate forming macroscopic structures termed fruiting bodies.
During development, three subpopulations of cells show division
of labor: a small fraction of cells becomes round resistant
myxospores, another part remains as peripheral rods, whereas
most of the cells die, probably to provide nutrients that allow cells
to aggregate and differentiate. When nutritional conditions are
favorable again, the myxospores in a fruiting body germinate and
originate a predatory swarm (Mufioz-Dorado et al., 2016).

For many years, myxobacteriologists have concentrated their
efforts on the developmental cycle, and a profound knowledge has
been accumulated on the complex regulation, the intra-and
extracellular signaling, and the motility mechanisms that requires
this multicellular behavior (Claessen et al., 2014; Cao et al., 2015;
Pérez et al,, 2016). There are also many studies on the use of
myxobateria as micro-factories of new products (Bader et al,
2020), and other research groups are studying complex adaptions
to changing environments (Mufoz-Dorado et al., 2016; Pérez
etal, 2018; Padmanabhan et al., 2021). Although the first studies
on bacterial predators, more than 80 years ago, were carried out
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with myxobacteria, only in the last decades this trait has attracted
the attention of researchers and some valuable information has
been published to elucidate the systems and enzymes used by
M. xanthus to contact and prey on a broad variety of
microorganisms (for reviews see Keane and Berleman, 2016; Pérez
et al., 2016; Thiery and Kaimer, 2020).

M. xanthus holds one of the largest genomes among
prokaryotes, which encodes an uncommon high number of
regulatory mechanisms and exhibits a huge biosynthetic capacity
for degradative enzymes and secondary metabolites production
(Goldman et al., 2006; Pérez et al., 2008; Munoz-Dorado et al.,
2019). Although there are some excellent groups studying the
production of secondary metabolites and new antimicrobial
agents, and several bioactive new products have been isolated and
characterized (Herrmann et al., 2017; Hoffmann et al., 2018;
Bader et al, 2020), many of the predicted biosynthetic gene
clusters (BGCs) remain silenced or are expressed at low level
under the laboratory conditions assayed. Consequently, more
research is needed to exploit more efficiently the enormous
potential of this predator (Pérez et al., 2020). In this sense,
transcriptomic studies by using massive sequencing techniques
will help to test different conditions that resemble natural
environments to unlock the expression of genes coding for
enzymes involved in secondary metabolites biosynthesis that
could be of pharmacological or industrial interest. In fact, the
expression profiles of the dynamic transcriptome in developmental
conditions showed that many of these BGCs increase during
development, probably to defend spores inside the fruiting bodies
or to release nutrients from preys to promote germination
(Munoz-Dorado et al., 2019). Similarly, elucidation of M. xanthus
transcriptomic changes in diverse predatory conditions and with
different prey will allow not only to increase the expression of
cryptic genes, but also to assign functions to hypothetical proteins.

In our group we are studying predation of M. xanthus on
other soil bacteria that are important from a biotechnological and/
or agricultural point of view, such as the antibiotic producer
Streptomyces coelicolor and the legume symbiont, nitrogen fixing
Sinorhizobium meliloti. We have demonstrated that the presence
of M. xanthus induces multicellularity and over-production of the
blue-color antibiotic actinorhodin on S. coelicolor (Pérez et al.,
2011). It has also been demonstrated that during co-culture of
M. xanthus with reference laboratory strains and field isolates of
S. meliloti the predator exhibits two different predatory strategies
and that the exopolysaccharide galactoglucan (EPS II) is the major
determinant of these patterns. This study also showed that A- and
S-motility are required for efficient predation in the conditions
assayed (Pérez et al., 2014). Moreover, it has been revealed that
copper plays an important role in M. xanthus-S. meliloti
interaction, inducing in the prey the biosynthesis of melanin to
protect itself against predation (Contreras-Moreno et al., 2020).
Now, we are focused on the elucidation of the M. xanthus
predatosome. The predatosome can be defined as the
transcriptomic changes in the predator in response to the presence
of the prey. We will use this term to refer to the upregulated genes
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that will help to the bacterial predator to recognize, contact, kill
and lyse the prey, and use the by-products, but also to the
downregulated genes that, in the case of the multicellular
M. xanthus, are especially important, because they are in charge
of diverting the complex lifecycle towards predation,
avoiding development.

Herein we have used RNA-seq technology to define the
predatosome of M. xanthus preying on S. meliloti. The results
obtained, in addition to identify which specific genes are
upregulated to detect, kill, lyse, and consume the prey, have
revealed that this myxobacterium modify its lipid composition.
Moreover, comparison with other transcriptomic changes during
predation on other prey has allowed to outline a core predatosome.
Finally, comparison with the developmental transcriptome has
allowed to draw a global transcriptional perspective of the

complex lifecycle of this intriguing multicellular bacterium.

Materials and methods

Preparation of M. xanthus synchronously
predatory cells

M. xanthus strain DK1622 (Kaiser, 1979; Goldman et al., 2006)
and S. meliloti Rm1021 (Meade and Signer, 1977) used in this study
were grown in CTT (Hodgkin and Kaiser, 1979) and TY (Beringer,
1974) broth, respectively, with vigorous shaking at 30°C. The
rhizobial culture was grown to an optical density at 600 nm (ODg,)
of 1 and then diluted to a final ODg, of 0.2. For each replicate, twenty
10-pl drops of the diluted culture were deposited on the surface of
CTT agar plates (1.5% Bacto-Agar [Difco] supplemented) and
incubated at 30°C for 24 h. Then, M. xanthus cells grown in CTT
liquid media to an ODg, of 1 were centrifuged and concentrated in
TM buffer (10mM Tris-HCI [pH 7.6], 1mM MgSO,) to a final
ODy of 15. Then, ten-microliters drops of concentrated culture of
the M. xanthus strain were deposited on top of each of the rhizobial
colonies (samples Mx_Sm) or twenty 10-pl drops were placed onto
CTT plates (samples Mx; Supplementary Figure S1). After 2 and 6h
of incubation, two replicates from each of the two conditions
(predator/prey co-culture and pure culture of M. xanthus) were
harvested from plates, and the obtained pellets were transferred
immediately into 0.5ml of RNA Protect Bacteria Reagent (Qiagen).
Cells were then incubated at room temperature for 5min, harvested
by centrifugation at 5000x g for 10 min (4°C), and stored at —80°C
after removal of the supernatant. For the M. xanthus t=0 samples
(samples Mx_t0), two replicates of 3 ml of the original liquid culture
(ODgy of 1) were harvested by centrifugation as above, resuspended
in RNA Protect Bacteria Reagent, and processed in the same manner.

RNA extraction

To isolate RNA, frozen pellets were thawed and resuspended
in 250 pl of 3 mg/ml lysozyme (Roche) and 0.4 mg/ml proteinase
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K (Ambion) prepared in TE buffer (10mm Tris-HCl; 1 mm
ethylenediaminetetraacetic acid [EDTA], pH 8.0) for cell lysis.
Samples were incubated 10min at room temperature. RNA
extraction was carried out using the RNeasy Mini Kit (Qiagen),
performing on-column DNase digestion with the RNAse-free
DNase set (Qiagen), and each sample was eluted in 50 pl of RNase-
free water. The concentration of RNA was measured using a
ND-2000
Technologies, United States). Total RNA samples were processed

NanoDrop spectrophotometer ~ (NanoDrop
by Novogene (Novogene [United Kingdom] Company Ltd.) as

indicated below.

Library preparation

To obtain cDNA strand-specific libraries the NEBNext®
Ultra™ Directional RNA Library Prep Kit (New England BioLabs,
Inc.) was used. Briefly, after passing an initial quality control,
rRNA was removed from total RNA samples with the Illumina
Ribo-Zero Plus rRNA Reduction Kit (Illumina, Inc.), and
remaining RNA was randomly fragmented. First strand DNA was
synthetized using random hexamer primers and in the next step,
second-strand DNA was synthesized. Double-stranded cDNA was
purified using Agencourt AMPure XP Beads, and then end-repair,
polyadenylation and adaptor-ligation processes were performed
sequentially. Next, the ligation reaction was size-selected and
purified using AMPure XP Beads, and the products obtained were
used for PCR library enrichment. The PCR library was purified
using Agencourt AMPure XP Beads. Libraries were quantified by
qPCR and insert size was determined using LabChip GX Nucleic
Acid Analyzer (Perkin-Elmer Inc.).

Sequencing and global transcriptomic
data analysis

The cDNA from two biological replicates of each condition
(see above) was used for sequencing using the Illumina
NovaSeq6000 (150 bp paired-end read) sequencing platform
(Novogene [UK] Company Ltd.). Sequence reads were
pre-processed to remove low-quality bases. Next, reads were
mapped against M. xanthus DK1622 and/or S. meliloti Rm1021
genome sequences using Bowtie2 with the mismatch
parameter set to two and other parameters set to default, using
the pair-end strategy. For visualization of mapping status of
reads files were provided in BAM format. Artemis v.18.0.0
(Carver et al., 2012) was used for the visualization of the
sequence reads against the reference genomes. FPKM
(fragments per kilobase of transcript per million fragments
mapped) normalization was used for comparison of samples.
The average FPKM values of the two replicates were used to
calculate the log2 fold change.

On average, 16.16 million read pairs and a coverage of 266X
were obtained. After removing the ribosomal sequences, the
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genome coverage varied from 5.52 to 14.18x (median of 10.49x),
enough to provide an adequate coverage of the mRNA fraction.

The DESeq2 R/EdgeR R package was used to identify
differentially expressed transcripts (Robinson et al., 2010; Love
etal., 2014).

Results and discussion

Global data of the early transcriptomic
response of M. xanthus on predatory
co-cultures

When the predator contacts with the prey it must quickly
and precisely adapt to the new nutrient source that entails a
living microorganism. The response must be specific and will
reveal the mechanism used for predation. Here, the early
response of M. xanthus to the prey S. meliloti has been analyzed
by collecting co-cultures samples at 2 and 6h. We have
previously reported that at later times most prey cells are lysed
(Pérez et al., 2014). At 2h the predator has already established
the first contact with the prey and is actively attacking.
Comparison with a longer time (6h) will allow us to know
which genes are important in the first attack and which are
continuously needed during predation.

To examine transcriptional changes, RNA-seq technology was
used. In this study, five cDNA libraries were constructed: Mx_t0:
M. xanthus alone at time 0h; Mx_t2: M. xanthus alone collected
after 2h in solid CTT medium; Mx_t6: M. xanthus alone grown
for 6h in solid CTT medium; Mx_Smt2: cells collected after 2h of
interaction M. xanthus-S. meliloti; and Mx_Smt6: where cells were
harvested after 6h of interaction M. xanthus-S. meliloti. For
simplicity, we will term t2 and t6 the results obtained at 2 and 6h
of the co-cultures of M. xanthus and S. meliloti (Mx_Smt2 and
Mx_Smt6, respectively) compared to their respective controls
(predator cells in pure culture at 2 or 6h: Mx_t2 and Mx_t6,
respectively).

The total raw reads generated from each sample, the clean
reads obtained after removal from the raw reads those containing
adapters and/or low quality, the errors Q20 and Q30, and GC
content of the clean reads are summarized in Supplementary
Table S1A.

Comparison between the two replicates of each condition
showed a Pearson correlation coefficient (R?) close to 1 (all >0.947;
Supplementary Figure S2A). The median of both values was used
for further analyses. To establish relationships between gene
expression profiles of all the samples, we performed a principal
component analysis (PCA) analysis. As expected, genes of the
same condition cluster together and genes of different nutritional
stage and times cluster separately (Supplementary Figure S2B).
The mRNA mean reads were normalized to FPKM values
(Supplementary Table S1B). Comparisons of FPKM values
between samples exhibited similar mRNA expression levels and
the violin diagram of FPKM visually showed the gene expression
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levels (Supplementary Figures S2C,D). All these data show that
the transcriptome is of good quality.

In our comparison analysis we will use the old nomenclature
(MXAN_), since it is most frequently used in the literature.
However, in all the tables the corresponding new localizers
MXANL_RS are also indicated.

Functional enrichment and differentially
expressed genes (DEGs) in co-culture

The transcripts of co-cultures at 2 and 6h versus their
respective controls were filtered by their fold changes (|[Log2 Fold
Change| > 0) and padj<0.05 to construct the volcano plots to infer
the overall distribution (Figures 1A,B). In total, we detected that
277 at 2h and 672 at 6h transcripts were upregulated (including
sRNAs, i.e., non-coding RNA of 50-500 nt length), while 194 at
2h 664 at 6h
(Supplementary Tables S1C,D).

and were downregulated

To elucidate the biological processes associated to DEGs
during predation, enrichment analyses were carried out using the
associated pathways in the KEGG database (Kyoto Encyclopedia
of Genes and Genomes; Kanehisa et al., 2021). The analysis of
upregulated genes showed that at 2h (Mx_Smt2 vs. Mx_t2) the
profiles of significantly enriched functions and pathways change
6h (Mx_Smt6 Mx_ t6;
Supplementary Figure S3A; Supplementary Tables S1E,F). At 2h,

drastically compared to vs.
the predominant pathways are involved in fatty acid (FA)
metabolism, secondary metabolite biosynthesis, oxidative
phosphorylation, and two-component systems
(Supplementary Figure S3A). However, at 6h, cells prioritize
translation, since many induced genes code for structural
constituent of ribosomes, peptide biosynthesis, tRNA, and protein
metabolism (Supplementary Figure S3A).

Significantly pathways detected among downregulated genes at 2 and
6hare those involved in two-component systems and bacterial chemotaxis
(Supplementary Figure S3B; Supplementary Tables SI1G, H).

All these DEGs at 2 and 6 h were further manually analyzed
and compared to the literature (Supplementary Tables S2A,B).
We have excluded novel genes and sRNAs in these studies to
compare our data with the actual knowledge about the lifecycle of
M. xanthus. We have also considered in our analyses genes that are
predictably encoded in the same cluster or in the same operon
according to the locations of reads in the reference genome,
transcription start sites, and transcription termination sites of

operons by using Rockhopper system (Tjaden, 2020).

For a better picture of the global changes that take place
during co-culture and to decipher the predatosome, we have
considered all the up and downregulated genes with |Log2
Fold Change|>0 and padj<0.05. The reason is that we are
comparing predation versus growth on rich media and,
therefore, any change in gene expression, no matter how
small, must be considered, because the differences must
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FIGURE 1

Differential expression response of M. xanthus during predation.
Screening of differentially upregulated (A) and downregulated
(B) genes by volcano at t2 and t6 in predatory conditions.
Volcano plots show the estimated fold changes (x-axis) versus
the minus log10 of the adjusted p-values (y-axis) from DEseq
analysis. Significant genes with absolute values of [Log2 Fold
Change|>0 and padj<0.05 are shown in red (upregulated) or in
blue (downregulated). Black vertical dotted line indicates zero-
fold change. Green dots indicate non-regulated genes.

be attributed to the presence of living prey as nutrients. It has
been also taken under consideration in our analysis those
genes that are in operons or clusters, or those which functions
or implications in different metabolic pathways have been
previously described. For improved confidence, a threshold of
Log2 Fold Change|>1 is indicated in the all the figures.
However, it should be considered that some defensive or

antagonistic responses of S. meliloti against M. xanthus would
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impact gene expression of the predator during the interaction.
This interactive response is under research in our laboratory.

Hydrolytic enzymes and extracellular proteins

Forty-four genes coding for hydrolytic enzymes were
upregulated with Log2 Fold Change from 0.78 to 3.4 (Figure 2A):
20 peptidases, 5 alpha-beta fold hydrolases, 5 nucleases, 3 lipases,
3 lactamases, 3 amidases, 1 phosphoesterase, 1 sulfatase, 1
thioesterase, 1 polysaccharide lyase, and 1 poly-hydroxyalkanoate
depolimerase. Most of these enzymes have never been studied,
although some of them have been associated to predation. Thus,
the peptidase MepA has been suggested to be used as a secondary
factor during predation, to break down proteins released by
already lysed cells (Berleman et al., 2014); 3 other peptidases have
been detected in an extracellular fraction of M. xanthus that
showed bacteriolytic activity (Arend et al., 2021); and 5 other
hydrolytic enzymes have been experimentally located in outer
membrane vesicles (OMV): MXAN_0220, MXAN_2661 (Kahnt
etal, 2010), MXAN_0976 (Zwarycz et al., 2020), MXAN_0366,
and MepA (Berleman et al., 2014).

On the other hand, other 7 genes code for proteins with no
hydrolytic activity, but located or enriched in OMVs, such as the
outer membrane protein Oar (Martinez-Canamero et al., 1993),
which is a TonB-dependent transporter involved in secretion of
proteins (Gomez-Santos et al., 2019). Since Oar is the major
protein of the outer membrane of M. xanthus (Martinez-
Canamero et al,, 1993), it is plausible to speculate that it may play
an essential role in secretion of factors required for predation of
bacteria, similarly as it has been reported for the predation of
fungi by myxobacteria (Li et al., 2019).

Moreover, 5 genes encode proteins holding peptidoglycan-
binding LysM domains (Figure 2B). These domains have been
found in a wide variety of extracellular proteins and receptors
which are responsible for detection of and binding to
peptidoglycans, and even they are able to sense and discern
2019). For
instance, LysM forms part of the legume sensory system NFP

between different microorganisms (Wong et al,

(Nod Factor Perception) involved in specifically detect its
symbiont bacteria S. meliloti (Bensmihen et al., 2011). Similarly, it
is expected that these M. xanthus proteins may be involved in
recognizing specifically the peptidoglycan of the prey and it is not
that they able to discern between
different microorganisms.

ruled out are

These results show the extraordinary capacity of M. xanthus
to recognize, bind and lyse the prey, and open the possibility to
discover new products.

S-motility and Tad-like apparatus

Several genes coding for proteins related to M. xanthus
S-motility are slightly upregulated at 6h (Log2 Fold Change from
0.33 to 1.31), including the sigF sigma factor, which is involved in
the regulation of genes for S-motility (Ueki et al., 2005; Youderian
and Hartzell, 2006). Several genes found in this study are in the
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FIGURE 2

Heatmap with upregulated genes during predation at t2 and/or
t6. (A) Hydrolytic enzymes. (B) LysM proteins. (C) S-motility.

(D) Secondary metabolites. Red edges indicate genes with Log2
Fold Change>1.

same operon (MXAN_0360-0363; Fremgen et al., 2013) or in the
same cluster (pilA, pilO, pilS, pilQ; Wall and Kaiser, 1999). On the
other hand, 4 genes coding for the Tad-like apparatus (Kil proteins)
are upregulated either at 2 or 6h (Log2 Fold Change from 0.4 to
0.93): MXAN_3106 (kilC) and MXAN_4658-4660 (kilL, kilH and
kilM), which have been recently described to be involved in
contact-dependent prey killing (Seef et al., 2021; Figure 2C). These
results are in good agreement with experimental data that have
demonstrated that S-motility (Pérez et al., 2014) and the Tad-like
system (Seef et al., 2021) are both important for predation.

Secondary metabolites

M. xanthus produces a great variety of biologically actives
metabolites. However, only a few of them have been implicated in
predation. Moreover, many genes potentially coding for enzymes
involved in secondary metabolites biosynthesis are cryptic in
laboratory conditions. In this analysis, it has been found that
during the intertaction with the prey one cluster of genes
consisting of 3 non-ribosomal peptide synthetases and 1 hybrid
non-ribosomal peptide synthetase/type I polyketide synthase
(MXAN_RS21375-MXAN_RS21390) is upregulated (Log2 Fold
Change from 1.1 to 2.6) and, consequently, it must be involved in
the biosynthesis of an unidentified bio-product. A second cluster
(MXAN_3618-3620) is implicated in the biosynthesis of the
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siderophore myxochelin (Korp et al, 2016, 2018; Figure 2D;
Supplementary Table S2A). In addition, 5 type I polyketide
synthases located in the myxalamide cluster are also upregulated
at 6h (MXAN_4526-MXAN_4530), suggesting that this antibiotic
is also required for killing the prey, although further research is
required. Similarly, DK-xanthene also seems to play a role in
predation because 10 genes of the operon are also slightly
upregulated (Figure 2D; Supplementary Table S2A). These results
agree with the finding that DK-xanthene is overproduced during
predation (Ellis et al., 2019). Finally, it is interesting to mention
that genes encoding enzymes involved in the biosynthesis of the
antibiotics myxovirescin and myxoprincomide are not upregulated
in the interaction M. xanthus-S. meliloti, although these two
antibiotics have been reported to be involved in predation of
M. xanthus on E. coli (Xiao et al., 2011) and B. subtilis (Miiller
et al., 2016). Therefore, it remains to be elucidated whether these
antibiotics are overproduced only on specific prey, or whether
their overproduction is regulated by a post-transcriptional
mechanism. An interesting result is the upregulation (Log2 Fold
Change from 0.6 to 2.7) of genes involved in geosmin biosynthesis
(MXAN_6242-6257), including genes coding for a terpene
synthase and two transcriptional regulators of the Crp/Fnr family,
suggesting that this secondary metabolite somehow participates
in predation (Figure 2D).

Another remarkable result is the upregulation (Log2 Fold
Change from 0.6 to 2.6) of a cluster (hslA, hsIB, hslC, hsID, hslO,
hsIP, hslQ), involved in the synthesis of homospermidine lipids
(Hoffmann et al., 2018; Figure 2D). Homospermidine lipids are
modified polyamines formed during M. xanthus development,
which are bioactive against a panel of microorganisms (Hoffmann
et al, 2018). Our data indicate that they also participate in
predation. Hoffmann et al. (2018) proposed that these secondary
metabolites are originated from arginine, via the putrescine
pathway. The fact that the complete cluster (MXAN_5105-5110)
involved in arginine biosynthesis is also upregulated in predatory
conditions reinforces this suggestion (Supplementary Table S2A).

These data open the door to identify new secondary
metabolites that may have biotechnological applications.
Moreover, they will help to find new roles for secondary
metabolites that have already been identified.

Lipid metabolism

Many genes involved in FA metabolism are also upregulated
during co-culture. It is notable to mention straight-chain FA
biosynthesis, since many genes involved in their synthesis are
upregulated (Figure 3; Supplementary Table S2A). However,
MXAN_0853, whose inactivation blocks completely the
production in M. xanthus of straight-chain FA (Bode et al., 2006a),
is downregulated at 2h (Supplementary Table S2B). It could
be argued that gene MXAN_0215, which exhibits high similarity
to MXAN_0853 and is upregulated, would carry out the same
function (Figure 3), but it has been reported that its disruption has
no effect in lipid composition (Curtis, 2001; Bode et al., 2006a).

Consequently, MXAN_0215 might have complementary
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functions with respect to starting unit specificity and might
be involved in the formation of iso-FA during predation.

Some other upregulated genes are implicated in the formation
of isovaleryl-CoA (IV-CoA), which is the primer for branched-
chain iso-odd FA biosynthesis. These FA are responsible for
maintaining membrane fluidity, and are involved in signaling
during development and in biosynthesis of some secondary
metabolites (Bode et al., 2006b; Li et al., 2013). M. xanthus can
synthesize IV-CoA via leucine degradation, but also from
3-hydroxy-methyl-glutaryl-CoA (HMG_CoA) via an alternative
system (aib operon) from the mevalonate pathway (Figure 3; Bode
et al., 2009; Li et al., 2013; Okoth et al., 2020). As observed in
Figure 3, some genes of the Bkd/Esg complex (branched-chain

10.3389/fmicb.2022.1004476

a-keto acid dehydrogenase complex/E signal) involved in IV-CoA
via leucine degradation are downregulated, but genes from the
mevalonate pathway, including the aibC gene, which converts
HMG-CoA into IV-CoA, are upregulated. This alternative
pathway is essential for fruiting body formation, presumably to
supply IV-CoA when leucine is limited (Bode et al., 2006b). Until
now, there are no evidences that this alternative pathway functions
during growth. However, our results indicate that this route is
operative also in predatory conditions (Figure 3). On the other
hand, Pasternak et al. (2013), comparing the genomes of predatory
and non-predatory bacteria, found that they differ in isoprenoid
biosynthesis. While all predators used the mevalonate pathway,
the non-mevalonate pathway is used by non-predatory bacteria.
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FIGURE 3

Differential expression during predation at t2 and t6 of genes involved in lipid biosynthesis and degradation, and their possible implication in lipid
external use, and secondary metabolites biosynthesis. Red text indicates genes upregulated during predation. Blue text indicates downregulated

genes. In bold, |Log2 Fold Changel>1.
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Our results reinforce the idea that this mevalonate route might
be important for bacterial predation. Furthermore, the mevalonate
pathway is also involved in geosmin biosynthesis in M. xanthus
(Bode et al., 2009; Korp et al., 2016), indicating again a role of this
volatile isoprenoid in predation.

Many genes coding for FA-elongation enzymes, related to
saturated FA biosynthesis (Curtis and Shimkets, 2008), are also
upregulated in the presence of the prey, reinforcing the idea that
lipid synthesis is activated during predation, most likely to build
blocks for predator membranes. During growth M. xanthus
incorporates predominantly unsaturated FA at sn-1 of the
phospholipids (Curtis et al., 2006). The source of these unsaturated
FA in M. xanthus is unknown, although desaturases must
be involved. However, during predation, many genes that code for
desaturases are significantly downregulated (Figure 3;
Supplementary Table S2B), suggesting that M. xanthus is changing
the composition of the membranes in the cell envelope in the
presence of the prey, incorporating more saturated FAs. It is
tempting to speculate that these changes may be necessary in the
predator to defend from its own arsenal used during predation.

Although ester bonds are the most common linkages in
phosphatidylethanolamine in Bacteria, phospholipids containing
ether-linked chains (ether lipids) are prevalent in myxobacteria
(Curtis and Shimkets, 2008). Moreover, only the branched-chain
FA iso-derivatives are found in ether-linked lipids (Ring et al.,
2009). These ether lipids, including plasmalogens, are responsible
for membrane fluidity and confer stability to the cell against
environmental stresses (Curtis and Shimkets, 2008; Gallego-
Garcia et al., 2019). Some genes coding for enzymes required for
ether lipid synthesis in M. xanthus, such as MXAN_1675 and
MXAN_1676, are upregulated during predation. However, since
these genes also seem to be involved also in the biosynthesis of
homospermidine lipids, which have antibacterial properties
(Hoffmann et al.,, 2018), their role in predation remains to
be uncovered.

Genes encoding enzymes involved in B-oxidation pathways
are also upregulated, except for the enzymes that catalyze the first
step and the fatty acyl-CoA ligases (FACL). FACLs activate FA
before they can be assimilated into various metabolic pathways by
converting FA to FA-acyl-CoA. These bioactive FA metabolites, in
addition to serving as substrates for f-oxidation and phospholipid
biosynthesis, are involved in protein transport, enzyme activation,
protein acylation, cell signaling, and transcriptional control
(Weimar et al., 2002; DiRusso and Black, 2004). In M. xanthus
there are at least 6 FACL paralogues. Only one of them,
MXAN_0216, is upregulated, while four of them are
downregulated and the one remaining does not change its
expression levels (Supplementary Figure S4A). FACLs appear to
be metabolic signals for FA degradation by bacteria in general
(Weimar et al., 2002), and the fact that MXAN_0216 expression
is only detected during predation suggests that this FACL might
have a functional role in the transmembrane movement and
activation of exogenous specific FA before consuming them as
carbon or energy sources. According to the idea that M. xanthus
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uses prey lipids as nutrients is the upregulation of genes involved
in lipid degradation, such as those coding for lipases or esterases
(Figure 3). However, the classical long-chain FA transporters
(FadL-like) are downregulated (MXAN_7040 and MXAN_6116)
and, consequently, there must function in another unknown
uptake process.

These data indicate that certain pathways involved in lipid
metabolism are upregulated during co-culture. It is expected that
anabolic pathways will provide the predator with energy. In
contrast, anabolic pathways seem to be used to change the lipid
composition of the cell envelope and to synthesize new secondary
metabolites that will contribute to kill the prey.

Iron uptake

Genes involved in synthesis and secretion of the high-
affinity iron-chelating siderophores, myxochelin A and
myxochelin B (Silakowski et al., 2000; Li et al., 2008), a TonB-
(FepA-like; MXAN_6911) that
recognizes and imports ferric siderophores, and a Fe-ABC

dependent transporter
periplasmic iron compound binding protein transporter
(MXAN_0684-0687) are all upregulated by M. xanthus when
prey on S. meliloti. Moreover, the siderophore reductase
(MXAN_3639) that reduces Fe** to Fe?* in the cytoplasm is also
upregulated (Figure 4; Supplementary Table S2A). These data
indicate that M. xanthus needs a high iron concentration and,
consequently, upregulates the iron uptake machinery probably
to compete for the metal in the presence of prey. The need for
iron of M. xanthus during co-culture is reinforced by the
upregulation of genes coding for heme-carrier proteins
implicated in acquisition of iron from other organisms’ iron-
binding proteins (MXAN_1314-1321). The TonB complexes,
that energize the outer membrane receptors, are most likely
MXAN_0819-0821 or MXAN_0273-0276 since some of these
genes are uniquely expressed in predatory conditions. Other
iron-related genes coding for proteins that have been previously
detected in a proteome in iron-poor conditions or that bind to
the predicted global regulatory repressor Fur (MXAN_3702) by
pull-down technique (Altmeyer, 2010), are also upregulated
(Supplementary Table S2A). In addition, our search for Fur
boxes in M. xanthus genome using the Virtual Footprint
database (Miinch et al., 2005) against the Fur matrix of
Escherichia coli, Helicobacter pylori, Klebsiella pneumoniae,
Vibrio cholera and Pseudomonas aeruginosa, plus a manual
search, has detected eighteen upregulated genes with putative
Fur promoters (Figure 4; Supplementary Table S2A). Maybe this
iron necessity is to supply this metal as a cofactor of enzymes
required for proper predation. In fact, at least 14 genes that code
for iron-sulfur proteins are upregulated during the predatory
process. Alternatively, iron might be used by M. xanthus as a
weapon for killing during predation, as it has been reported
with copper (Contreras-Moreno et al., 2020). Although iron has
been related with phase variation in M. xanthus (Dziewanowska
et al., 2014), we have not observed any changes during the
interaction of the myxobacterium on S. meliloti.
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FIGURE 4

Iron uptake mechanisms are induced in co-culture. (A) Genes
predicted to be involved in iron uptake and that are upregulated
in co-culture at t2 and/or t6. The numbers of the genes depicted
in the figure are the corresponding MXAN_ identifiers.

(B) Graphical representation of the cluster of genes involved in
myxochelin biosynthesis. The seven upregulated transcripts are
indicated by their corresponding gene name. (C) Fur box (FB)
predicted by using the Virtual Footprint database. Red balls: Fe®*;
blue balls: Fe?*. OM, outer membrane; IM, inner membrane. For
more details please see the text and Supplementary Table S2A.

Ribosomal biogenesis and translation

According to the enrichment analysis, at 6h many genes
coding for proteins involved in translation are upregulated during
co-culture, including genes that code for ribosomal proteins (17
genes for 30S proteins and 27 genes for 50S proteins;
Supplementary Figure S4B), elongation factors (8), tRNA ligases
(15), and termination factors (2) (Supplementary Table S2A). This
result indicates that cells at 6h are starting to actively synthetize
proteins. At this time, predator cells have more nutrients available,
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and it is expected that they increase their growth rate. In addition,
they must continue synthesizing proteins and secondary
metabolites to lyse the prey.

Transcriptional regulators

It has been observed that only 24 genes coding for
transcriptional factors are upregulated during co-culture
(Supplementary Figure S5A; Supplementary Table S2A). These
regulatory elements are expected to modulate the expression of
genes that facilitate killing and lysing of the prey. In contrast, the
number of genes coding for regulatory proteins that are
downregulated rises to 97 (Supplementary Figure S5A;
Supplementary Table S2B). Interestingly, many of these regulators
have been previously implicated in the developmental cycle
(Supplementary Figure S5A; Supplementary Table S2B). The
relevance of these changes in regulation will be discussed below.

Other upregulated genes

In addition to the genes and functions reported above, it is
noteworthy to mention other genes that seem to be relevant during
the predatory process. For instance, 15 genes encode proteins that
form part of ABC transporters (eight of them involved in iron
uptake). Furthermore, 3 genes belong to the Major Facilitators
Superfamily (MFS), probably involved in the export of hydrolytic
enzymes or secondary metabolites. Finally, two clusters related to
cytochrome ¢ oxidase cbb3-type biogenesis, members of the
heme-Cu oxidase superfamily (MXAN_5538-5541 and
MXAN_5553-5557), are upregulated with the highest Log2 Fold
Change obtained in this transcriptome (Supplementary Table S2A).
Since those terminal oxidases are specifically required at low
oxygen tensions (Pitcher and Watmough, 2004), it is tempting to
speculate that the contact with the prey creates a microaerophilic
atmosphere that would require of proteins that work more
efficiently in these conditions.

Searching for the core M. xanthus
predatosome

The interaction M. xanthus-prey seems to differ from one prey
to another, although the prey range cannot be directly correlated
with the prey phylogeny (Livingstone et al., 2017; Arend et al,,
2021). For instance, the strategies used by M. xanthus for
predation on several strains of S. meliloti are different depending
on the galactoglucan production (Pérez et al., 2014). However,
there are also some common features, like the recently described
Tad-like machinery that seems to be essential for predation on
different preys (Seef et al., 2021).

M. xanthus predatosomes available so far have been obtained
not only using different prey, but also under different laboratory
conditions, so it is difficult to draw conclusions about common
transcriptional changes that may occur when the predator
confronts the prey. Some transcriptomic changes might be due to
diversity of conditions, such as nutrients in the culture media
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used, and not only to the presence of different prey. Moreover, in
our study, all predator cells are preying synchronously, while in the
other reported transcriptomes predator cells are in different
growth stages. Despite these difficulties, it is worth to explore the
transcriptional adaptations of M. xanthus on different
microorganisms, aiming to find common genes that can conform
the core predatosome.

We first compared the transcriptome obtained on S. meliloti
predation with those obtained on E. coli (Livingstone et al., 2018)
and S. coelicolor (Lee et al., 2020). The transcriptomes obtained
with live and dead E. coli cells were carried out in liquid medium
instead of on solid medium. When live E. coli cells were used as
prey in starvation conditions by using media with only buffer, only
three genes, corresponding to the kpdAB system, which is involved
in adaptation to osmotic shock, were upregulated, suggesting an
indirect sensing of the prey. This system is not upregulated in the
transcriptome on S. meliloti. Comparison with the predatosome
against dead E. coli revealed 36 common genes, including 1 coding
for a protein with a PilZ domain (MXAN_4328), 2 proteins with
LysM domain, 2 hydrolytic enzymes, and 1 Crp/Fnr family
transcriptional regulator in the geosmin cluster mentioned above
(Supplementary Table S3A).

The predatosome with S. coelicolor (Lee et al., 2020) was
performed on solid medium, where cultures of S. coelicolor and
M. xanthus were spotted next to each other. Therefore, the
predator must first glide for several hours to reach the prey colony.
For this reason, the authors harvested the first sample at 72h.
Consequently, in their samples there are a mixture of cells actively
advancing to the prey but not yet in contact, cells preying, and
should
be mentioned that most nutrients included in the rich medium

cells consuming the subproducts. Moreover, it
would be consumed by the time the predator collide with the prey.
As mentioned in Material and Methods, in the transcriptome
obtained in this report, cells of the predator were directly spotted
on the prey. Consequently, predator enters in contact with the prey
immediately and cells at different time points are at the same stage
of predation. For comparison with the S. coelicolor predatosome,
we have used only time 72 h, which we view as the most similar to
our time points.

A total of 76 genes have been found to be upregulated in
both predatosomes, which include genes for hydrolytic enzymes
and other involved in lipid metabolism, iron uptake, and
motility (Figure 5; Supplementary Table S3B). However, the
expression profiles of genes encoding proteins involved in the
synthesis of secondary metabolites are different, such as the
above mentioned upregulated clusters in M. xanthus-S. meliloti
interaction involved in NRPS/PKS (type I), which are not
upregulated in the interaction with S. coelicolor (see Section
“Secondary metabolites”).

Regarding downregulated genes in both transcriptomes, only
11 were common, including a gene coding for the histidine kinase
MXAN_6994, which is involved in development (Shi et al., 2008)
and katE gene, which codes for a catalase (Thomas et al., 2008;
Supplementary Table S3B).
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These observations suggest that the predatosomes against
S. coelicolor and S. meliloti conserve some common features, such
as the modification in lipid metabolism, iron uptake, and motility,
but the profiles for genes encoding enzymes involved in secondary
metabolites or hydrolytic enzymes differ. Moreover, downregulated
genes are also dissimilar. It should be reminded that these
differences may be due not only to characteristics of the prey, but
also to differences in the state of predation at which predatory cells
were harvested and to the culture conditions.

To expand our understanding of the core predatosome of
M. xanthus we have compared our data with other genes that
have been reported in the literature to participate in the
predatory activity of M. xanthus. For instance, Miiller et al.
(2016) carried out experiments with a collection of transposon
insertion mutants and reported a number of genes required to
either enhance or diminish the capacity of M. xanthus to
consume Bacillus subtilis. Only four of the upregulated genes in
the interaction M. xanthus-S. meliloti are also implicated in
B. subtilis predation. Two of them code for the two-component
system hsfA-hsfB, which is involved in motility, fruiting body
formation, and production of secondary metabolites (Volz et al.,
2012). Another common gene is in the cluster of the Tad-like
apparatus described by Seef et al. (2021), and the fourth gene
encodes a hypothetical protein (Supplementary Table S3C).
Moreover, some hydrolytic enzymes that are upregulated in our
predatosome have been previously found in OMYV, in hydrolytic
extracts, or have been directly implicated in predation, such as
MepA (see Section “Hydrolytic enzymes and extracellular
proteins”) and GroEL2, which is implicated in cell predation
and macromolecular feeding (Li et al., 2010; Wang et al., 2014;
Supplementary Table S3C). Although our analysis shed some
light on the elucidation of the core predatosome of M. xanthus,
new transcriptomic studies will be required using different
preys and the same predatory condition to undoubtedly
determine which genes are common against all preys, or at least
against a wide variety of prey, and which genes are specific.
These studies will also help to understand the interactions
between bacterial communities in the soil.

Completing the M. xanthus lifecycle from
a transcriptomic point of view

As mentioned in the Introduction, M. xanthus exhibits a
complex lifecycle comprising two stages, growth (facultative
predation) and development, which are depending on the nutrient
availability. To obtain a global perspective of the transcriptome
dynamic along the entire lifecycle of M. xanthus we compare the
transcriptome obtained during predation (nutrients are available
and cells grow) in this study with those obtained during
development (starvation conditions). So far, three M. xanthus
developmental transcriptomes have been reported (Mufoz-
Dorado et al., 2019; McLoon et al., 2021; Sharma et al., 2021), plus
one about a comparison between peripheral rods versus stationary
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and vegetative cells (Whitfield et al., 2020). Although there are
many similarities between all the developmental transcriptomes,
there are also many differences. Taking into consideration that
culture conditions used in the different studies were not the same,
we decided to use the developmental transcriptome obtained by
Munoz-Dorado et al. (2019) to compare with the transcriptome
obtained about predation on S. meliloti. One of the reasons is that
both transcriptomes were obtained with cells cultured on solid
medium, and not in submerged cultures or a flow-cell bioreactor.
Moreover, cells were grown in the same conditions before they
were spotted for development or predation, and concentrated at
the same optical density.

During development, M. xanthus changes the expression of
1,415 genes, which are clustered into 10 developmental groups
(DGs) according to their expression profiles (Mufioz-Dorado
et al, 2019). DGs 1-2 comprise genes that were downregulated
upon starvation. In contrast, genes in the rest of the groups were
upregulated at different stages of the developmental program. DGs
3-5 included genes required for aggregation, DGs 6-7 contained
genes that are necessary during the transition from aggregation to
sporulation, while genes in DGs 8-10 were associated to the
sporulation phase. It should be mentioned that DG5 and DG9
contain genes that are expressed at high levels during growth, but
they are later upregulated during aggregation and sporulation,
respectively (Figure 6A).
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To compare the transcriptomes of predation versus
development we decided to use only those genes that are up and
downregulated during predation included in DEGs with |Log2
Fold Change|>1, to avoid noise that may interfere with the
identification of the most relevant genes required in both
processes. Out of the 557 genes with expression levels during
predation over this threshold, 218 are upregulated and 339 are
downregulated (Figure 6B).

A total of 72 out of 218 upregulated genes during predation
are also found in the groups of development (Figures 6A,C;
Supplementary Table S4A). Thirty transcripts hit in DGs1 and 2,
which contain genes that are downregulated during development.
Among these genes, it is noticeable to mention those that encode
hydrolytic enzymes with peptidase and protease activity, which are
expected to be specifically required for predation, but not for
development. In contrast, most of the genes encoding proteins
with glycosyl hydrolase, glycosyl transferase and peptidase activity
that are upregulated during development remain at constant levels
or are downregulated during predation (Supplementary Table S4B).
These proteins most likely participate in the recycling of
polysaccharides and proteins present in vegetative cells that are
not required during development. Therefore, they are hydrolyzed
to yield monomers that can be used to build specific components
of the myxospores, especially of the spore coat. Of special mention
is the case of the protease PopC, which is responsible for the
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cleavage of the p25 precursor, encoded by the gene csgA, to
originate the C-signal p17 (Lobedanz and Segaard-Andersen,
2003; Rolbetzki et al., 2008). As previously described C-signal
production and transmission is essential to build mature fruiting
bodies filled with myxospores (Kroos and Kaiser, 1987).

On the other hand, some genes upregulated during predation
are also upregulated in early times of development. These are the
cases of some characterized genes such ndk (DG1), involved in the
stringent response (Mufoz-Dorado et al., 1990; Bretl and Kirby,
2016), the A-signal regulator rpoD (DG5; Inouye, 1990), and the
B-signal related genes besA (DG2), hsfA and hsfB (DG4; Ueki and
Inouye, 2002, 2003; Cusick et al., 2015). These results indicate that
both A and B signal are also required for predation, and they agree
with the fact that some mutants in early developmental genes are
also affected in predation (Pham et al., 2005). It is interesting to
recall that the A signal consists of a mixture of amino acids
released by proteases that functions as a quorum-sensing
mechanism to determine whether the cell density of the
myxobacterial population is sufficient to successfully culminate
the formation of fruiting bodies filled of myxospores. It is plausible
to speculate that M. xanthus upregulates the expression of the
same genes with hydrolytic activity during both predation and
development to either optimize the scavenging of nutrients upon
starvation or to kill the prey during predation. Moreover, a total
of 26 genes that are upregulated during predation cluster into the
late developmental groups DGs 8-10, associated with sporulation,
such as aceA and aceB (Orlowski et al., 1972; Miiller et al., 2010).
Some of these genes are involved in lipid metabolism and
secondary metabolites biosynthesis, such as homospermidine

10.3389/fmicb.2022.1004476

lipids or geosmin (Figures 6A,C; Supplementary Table S4A). The
role of these genes in both processes remains to be elucidated,
although in the case of the biosynthesis of secondary metabolites,
it is plausible to think that they may be used to kill the prey during
predation or to protect the myxospores inside the fruiting bodies
from other competitors during development, helping to generate
those nutrients that will trigger germination.

Many upregulated genes during predation at 6h are devoted to
ribosomal biosynthesis and translation (Section “Ribosomal
biogenesis and translation’; Supplementary Figure S4B). It is worth
to mention that most of those genes are downregulated at 6h of
development, but subsequently upregulated to a level like (or even
higher) that observed during growth (Mufnioz-Dorado et al., 2019).
An interesting result is the expression profiles of the two paralogs for
ribosomal protein S4, MXAN_6908 and MXAN_3325. During
development, MXAN_3325 drastically increases its expression,
while MXAN_6908 decreases (Muiioz-Dorado et al, 2019).
However, during predation both paralogous are upregulated. These
observations point to the direction that regulation of the translational
machinery (in general) and the protein S4 (in particular) play
important roles in M. xanthus lifecycle that remain unexplored.

On the other hand, 116 genes that are downregulated during
co-culture are also found in the DGs (Figures 6B,C). Most of these
genes appear in DGs 3-10, indicating that they are upregulated
during aggregation or sporulation. Among these genes, the major
global regulators fruA and mrpCare found (Supplementary Tables S2B,
S4B). Moreover, other genes such as espA and espC, which regulate
the developmental timing, treY, related to sporulation, the gene for
the alternative sigma factor SigC, relA, essential for the stringent
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response, the E-signal related genes esgA and esgB, and others from
the C-signal pathway, such as popC, popD, sdeK, fmgB, nla6, cbgA,
and hsfB, involved in sporulation are also upregulated during
development but downregulated during predation (see references in
Supplementary Tables S2B, S4A). Another noteworthy result is the
downregulation of the Che6 and Che7 chemosensory systems
(Supplementary Figure S5B; Supplementary Tables S2B, S4B). Che6
system seems to be implicated in PilA assembly, while Che7 system
is involved in motility, aggregation and sporulation, and it seems to
affect membrane composition (Zusman et al., 2007; Kirby et al., 2008).
As conclusions, the M. xanthus predatosomes so far available,
although obtained using different laboratory conditions, indicate
that the type of hydrolytic enzymes and secondary metabolites
produced by M. xanthus differ depending on the prey/culture
conditions. In contrast, lipid metabolism, iron uptake and motility
seem to be relevant pathways important for M. xanthus predation
in general. Moreover, while during co-culture the predator
upregulates the expression of genes that help to kill, lyse, and
consume the prey, downregulates many regulatory genes, most of
which have been demonstrated play key roles in development,
indicating that the transcriptional regulation exerted by
M. xanthus on certain genes helps to choose between entering the
developmental cycle or continuing in a vegetative stage. The
results shown here have shed some light on the transcriptional
regulation during the entire M. xanthus lifecycle and confirm that
this multicellular bacterium uses exceptional and complex
mechanisms for the integration of development and predation.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found at: https://www.ncbi.nlm.nih.
gov/, PRINAS60082.

Author contributions

JP: substantial contributions to conception, design, analysis,
interpretation of data, draft the article and revising it critically for

References

Altmeyer, M. O. (2010). Iron Regulation in the Myxobacterium Myxococcus
xanthus DK1622. Master’s thesis, Saarland: University of Saarland.

Arend, K. I, Schmidt, J. ], Bentler, T, Liichtefeld, C., Eggerichs, D,
Hexamer, H. M., et al. (2021). Myxococcus xanthus predation of gram-positive or
gram-negative bacteria is mediated by different bacteriolytic mechanisms. Appl.
Environ. Microbiol. 87, €02382-¢02320. doi: 10.1128/aem.02382-20

Bader, C. D., Panter, E, and Miiller, R. (2020). In depth natural product discovery -
Myxobacterial strains that provided multiple secondary metabolites. Biotechnol.
Adv. 39:107480. doi: 10.1016/j.biotechadv.2019.107480

Bensmihen, S., de Billy, F, and Gough, C. (2011). Contribution of NFP LysM
domains to the recognition of nod factors during the Medicago truncatula/
Sinorhizobium meliloti symbiosis. PLoS One 6:€26114. doi: 10.1371/journal.
pone.0026114

Frontiers in Microbiology

13

10.3389/fmicb.2022.1004476

important intellectual content; funding acquisition. FC-M:
acquisition, analysis and interpretation of data, and editing and
revising the article critically for important intellectual content.
JM-D: substantial contributions to conception, design and
interpretation of the data, and revising the article critically for
important intellectual content; funding acquisition. AM-M:
acquisition and analysis of data, editing and revising the article
critically for important intellectual content; funding acquisition.
All authors contributed to the article and approved the
submitted version.

Funding

This research was funded by the Spanish Government (grant
no. PID2020-112634GB-100) and FEDER funds (grant no.
A-BIO-126-UGR20).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found
online at:
fmicb.2022.1004476/full#supplementary-material

https://www.frontiersin.org/articles/10.3389/

Beringer, J. E. (1974). R factor transfer in Rhizobium leguminosarum. Microbiology
84, 188-198. doi: 10.1099/00221287-84-1-188

Berleman, J. E., Allen, S., Danielewicz, M. A., Remis, J. P,, Gorur, A., Cunha, J.,
etal. (2014). The lethal cargo of Myxococcus xanthus outer membrane vesicles. Front.
Microbiol. 5, 574 doi: 10.3389/fmicb.2014.00474

Bode, H. B, Ring, M. W,, Kaiser, D., David, A. C., Kroppenstedt, R. M., Schwi, R.,
et al. (2006a). Straight-chain fatty acids are dispensable in the myxobacterium
Myxococcus xanthus for vegetative growth and fruiting body formation. J. Bacteriol.
188, 5632-5634. doi: 10.1128/jb.00438-06

Bode, H. B,, Ring, M. W,, Schwir, G., Altmeyer, M. O., Kegler, C., Jose, I. R., et al.
(2009). Identification of additional players in the alternative biosynthesis pathway
to isovaleryl-CoA in the myxobacterium Myxococcus xanthus. Chembiochem 10,
128-140. doi: 10.1002/cbic.200800219

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1004476
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1004476/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1004476/full#supplementary-material
https://doi.org/10.1128/aem.02382-20
https://doi.org/10.1016/j.biotechadv.2019.107480
https://doi.org/10.1371/journal.pone.0026114
https://doi.org/10.1371/journal.pone.0026114
https://doi.org/10.1099/00221287-84-1-188
https://doi.org/10.3389/fmicb.2014.00474
https://doi.org/10.1128/jb.00438-06
https://doi.org/10.1002/cbic.200800219

Pérez et al.

Bode, H. B, Ring, M. W,, Schwir, G., Kroppenstedt, R. M., Kaiser, D., and
MiiLler, R. (2006b). 3-Hydroxy-3-Methylglutaryl-coenzyme a (CoA) synthase is
involved in biosynthesis of Isovaleryl-CoA in the myxobacterium Myxococcus
xanthus during fruiting body formation. J. Bacteriol. 188, 6524-6528. doi: 10.1128/
jb.00825-06

Bretl, D. J., and Kirby, J. R. (2016). Molecular mechanisms of signaling in
Myxococcus xanthus development. J. Mol. Biol. 428, 3805-3830. doi: 10.1016/j.
jmb.2016.07.008

Cao, P, Dey, A., Vassallo, C. N., and Wall, D. (2015). How myxobacteria cooperate.
J. Mol. Biol. 427, 3709-3721. doi: 10.1016/j.jmb.2015.07.022

Carver, T., Harris, S. R., Berriman, M., Parkhill, J., and McQuillan, J. A. (2012).
Artemis: an integrated platform for visualization and analysis of high-throughput
sequence-based experimental data. Bioinformatics 28, 464-469. doi: 10.1093/
bioinformatics/btr703

Chauhan, A., Cherrier, J., and Williams, H. N. (2009). Impact of sideways and
bottom-up control factors on bacterial community succession over a tidal cycle.
Proc. Natl. Acad. Sci. U. S. A. 106, 4301-4306. doi: 10.1073/pnas.0809671106

Chen, H., Athar, R., Zheng, G., and Williams, H. N. (2011). Prey bacteria shape
the community structure of their predators. ISME J. 5, 1314-1322. doi: 10.1038/
ismej.2011.4

Claessen, D., Rozen, D. E., Kuipers, O. P, Sggaard-Andersen, L., and van
Wezel, G. P. (2014). Bacterial solutions to multicellularity: a tale of biofilms,
filaments and fruiting bodies. Nat. Rev. Microbiol. 12, 115-124. doi: 10.1038/
nrmicro3178

Contreras-Moreno, E ], Muifoz-Dorado, J, Garcia-Tomsig, N. I,
Martinez-Navajas, G., Pérez, J., and Moraleda-Muoz, A. (2020). Copper and
melanin play a role in Myxococcus xanthus predation on Sinorhizobium meliloti.
Front. Microbiol. 11, 94. doi: 10.3389/fmicb.2020.00094

Curtis, P. D. (2001). Endogenous Lipid Chemoattractants and Extracellular Matrix
Proteins Involved in Development of Myxococcus xanthus. Master’s thesis, Georgia:
University of Purdue.

Curtis, P. D., Geyer, R., White, D. C., and Shimkets, L. J. (2006). Novel lipids in
Myxococcus xanthus and their role in chemotaxis. Environ. Microbiol. 8, 1935-1949.
doi: 10.1111/j.1462-2920.2006.01073.x

Curtis, P. D., and Shimkets, L. J. (2008). “Metabolic pathways relevant to
predation, signaling, and development’, in Myxobacteria: Multicellularity and
Differentiation, ed. D. W. Whitworth. (Washington DC, ASM Press), 241-258.

Cusick, J. K., Hager, E., and Gill, R. E. (2015). Identification of a mutant locus that
bypasses the Bsg a protease requirement for social development in Myxococcus
xanthus. FEMS Microbiol. Lett. 362, 1-8. doi: 10.1093/femsle/fnu028

DiRusso, C. C., and Black, P. N. (2004). Bacterial long chain fatty acid transport:
gateway to a fatty acid-responsive signaling system. J. Biol. Chem. 279, 49563-49566.
doi: 10.1074/jbc.R400026200

Dziewanowska, K., Settles, M., Hunter, S., Linquist, I., Schilkey, E, and
Hartzell, P. L. (2014). Phase variation in Myxococcus xanthus yields cells specialized
for iron sequestration. PLoS One 9:¢95189. doi: 10.1371/journal.pone.0095189

Ellis, B. M., Fischer, C. N., Martin, L. B., Bachmann, B. O., and McLean, J. A.
(2019). Spatiochemically profiling microbial interactions with membrane scaffolded
desorption electrospray ionization-ion mobility-imaging mass spectrometry and
unsupervised segmentation. Anal. Chem. 91, 13703-13711. doi: 10.1021/acs.
analchem.9b02992

Fremgen, S., Williams, A., Furusawa, G., Dziewanowska, K., Settles, M., and
Hartzell, P. (2013). Mas ABK proteins interact with proteins of the type IV pilin
system to affect social motility of Myxococcus xanthus. PLoS One 8:¢54557. doi:
10.1371/journal.pone.0054557

Gallego-Garcia, A., Monera-Girona, A. ], Pajares-Martinez, E.,
Bastida-Martinez, E., Pérez-Castano, R., Iniesta, A. A, et al. (2019). A bacterial light
response reveals an orphan desaturase for human plasmalogen synthesis. Science
366, 128-132. doi: 10.1126/science.aay1436

Goldman, B. S., Nierman, W. C,, Kaiser, D., Slater, S. C., Durkin, A. S., Eisen, ]. A.,
et al. (2006). Evolution of sensory complexity recorded in a myxobacterial genome.
Proc. Natl. Acad. Sci. U. S. A. 103, 15200-15205. doi: 10.1073/pnas.0607335103

Goémez-Santos, N., Glatter, T., Koebnik, R., Swiqtek-Polatyﬂska, M. A., and
Seogaard-Andersen, L. S.. (2019). A TonB-dependent transporter is required for
secretion of protease PopC across the bacterial outer membrane. Nat. Commun. A.
10, 1360. doi: 10.1038/s41467-019-09366-9

Griffin, J. N, Byrnes, J. E., and Cardinale, B. J. (2013). Effects of predator richness
on prey suppression: a meta-analysis. Ecology 94, 2180-2187. doi: 10.1890/13-0179.1

Herrmann, J., Fayad, A. A., and Miiller, R. (2017). Natural products from
myxobacteria: novel metabolites and bioactivities. Nat. Prod. Rep. 34, 135-160. doi:
10.1039/c6np00106h

Hodgkin, J., and Kaiser, D. (1979). Genetics of gliding motility in Myxococcus
xanthus (Myxobacterales): two gene systems control movement. Mol. Gen. Genet.
171, 177-191. doi: 10.1007/b£f00270004

Frontiers in Microbiology

14

10.3389/fmicb.2022.1004476

Hoffmann, M., Auerbach, D., Panter, E, Hoffmann, T., Dorrestein, P. C., and
Miiller, R. (2018). Homospermidine lipids: a compound class specifically formed
during fruiting body formation of Myxococcus xanthus DK1622. ACS Chem. Biol.
13, 273-280. doi: 10.1021/acschembio.7b00816

Inouye, S. (1990). Cloning and DNA sequence of the gene coding for the major
sigma factor from Myxococcus xanthus. J. Bacteriol. 172, 80-85. doi: 10.1128/
jb.172.1.80-85.1990

Johnke, J., Boenigk, J., Harms, H., and Chatzinotas, A. (2017). Killing the killer:
predation between protists and predatory bacteria. FEMS Microbio. Lett. 364,
fnx089. doi: 10.1093/femsle/fnx089

Kahnt, J., Aguiluz, K., Koch, J., Treuner-Lange, A., Konovalova, A., Huntley, S.,
et al. (2010). Profiling the outer membrane proteome during growth and
development of the social bacterium Myxococcus xanthus by selective biotinylation
and analyses of outer membrane vesicles. J. Proteome Res. 9, 5197-5208. doi:
10.1021/pr1004983

Kaiser, D. (1979). Social gliding is correlated with the presence of pili in
Myxococcus xanthus. Proc. Natl. Acad. Sci. U. S. A. 76, 5952-5956. doi: 10.1073/
pnas.76.11.5952

Kandel, P. P, Pasternak, Z., van Rijn, J., Nahum, O., and Jurkevitch, E. (2014).
Abundance, diversity and seasonal dynamics of predatory bacteria in aquaculture
zero discharge systems. FEMS Microbiol. Ecol. 89, 149-161. doi:
10.1111/1574-6941.12342

Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M., and Tanabe, M.
(2021). KEGG: integrating viruses and cellular organisms. Nucleic Acids Res. 49,
D545-D551. doi: 10.1093/nar/gkaa970

Keane, R., and Berleman, J. (2016). The predatory life cycle of Myxococcus
xanthus. Microbiology 162, 1-11. doi: 10.1099/mic.0.000208

Kirby, J. R., Berleman, J. E., Muller, S., Li, D., Scott, J. C., and Wilson, J. M. (2008).
“Chemosensory signal transduction systems in Myxococcus xanthus” in
Myxobacteria: Multicellularity and Differentiation. ed. D. W. Whitworth (Washington
DC: ASM Press), 135-147.

Korp, J., Vela Gurovic, M. S., and Nett, M. (2016). Antibiotics from predatory
bacteria. Beilstein J. Org. Chem. 12, 594-607. doi: 10.3762/bjoc.12.58

Korp, J., Winand, L., Sester, A., and Nett, M. (2018). Engineering pseudochelin
production in Myxococcus xanthus. Appl. Environ. Microbiol. 84, €01789-18. doi:
10.1128/aem.01789-18

Kroos, L., and Kaiser, D. (1987). Expression of many developmentally regulated
genes in Myxococcus depends on a sequence of cell interactions. Genes Dev. 1,
840-854. doi: 10.1101/gad.1.8.840

Lee, N., Kim, W,, Chung, J., Lee, Y., Cho, S., Jang, K. S., et al. (2020). Iron
competition triggers antibiotic biosynthesis in Streptomyces coelicolor during
coculture with Myxococcus xanthus. ISME J. 14, 1111-1124. doi: 10.1038/
541396-020-0594-6

Li, Y., Luxenburger, E., and Miiller, R. (2013). An alternative isovaleryl CoA
biosynthetic pathway involving a previously unknown 3-methylglutaconyl CoA
decarboxylase. Angew. Chem. Int. Ed. 52, 1304-1308. doi: 10.1002/anie.201207984

Li, J., Wang, Y., Zhang, C. Y., Zhang, W. Y,, Jiang, D. M., Wu, Z. H,, et al. (2010).
Myxococcus xanthus viability depends on gro EL supplied by either of two genes, but
the paralogs have different functions during heat shock, predation, and development.
J. Bacteriol. 192, 1875-1881. doi: 10.1128/JB.01458-09

Li, Y., Weissman, K. J., and Miiller, R. (2008). Myxochelin biosynthesis: direct
evidence for two- and four-electron reduction of a carrier protein-bound thioester.
J. Am. Chem. Soc. 130, 7554-7555. doi: 10.1021/ja8025278

Li, Z., Ye, X,, Liu, M., Xia, C., Zhang, L., Luo, X, et al. (2019). A novel outer
membrane p-1,6-glucanase is deployed in the predation of fungi by myxobacteria.
ISME J. 13, 2223-2235. doi: 10.1038/s41396-019-0424-x

Livingstone, P. G., Millard, A. D., Swain, M. T., and Whitworth, D. E. (2018).
Transcriptional changes when Myxococcus xanthus preys on Escherichia coli suggest
myxobacterial predators are constitutively toxic but regulate their feeding. Microb.
Genom. 4, €000152. doi: 10.1099/mgen.0.000152

Livingstone, P. G., Morphew, R. M., and Whitworth, D. E. (2017). Myxobacteria
are able to prey broadly upon clinically-relevant pathogens, exhibiting a prey range
which cannot be explained by phylogeny. Front. Microbiol. 8, 1593. doi: 10.3389/
fmicb.2017.01593

Lobedanz, S., and Segaard-Andersen, L. (2003). Identification of the C-signal, a
contact-dependent morphogen coordinating multiple developmental responses in
Myxococcus xanthus. Genes Dev. 17,2151-2161. doi: 10.1101/gad.274203

Love, M. I, Huber, W,, and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi:
10.1186/513059-014-0550-8

Martinez-Cafiamero, M., Munoz-Dorado, J., Farez-Vidal, E., Inouye, M., and
Inouye, S. (1993). Oar, a 115-kilodalton membrane protein required for development
of Myxococcus xanthus. ]. Bacteriol. 175, 4756-4763. doi: 10.1128/
jb.175.15.4756-4763.1993

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1004476
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/jb.00825-06
https://doi.org/10.1128/jb.00825-06
https://doi.org/10.1016/j.jmb.2016.07.008
https://doi.org/10.1016/j.jmb.2016.07.008
https://doi.org/10.1016/j.jmb.2015.07.022
https://doi.org/10.1093/bioinformatics/btr703
https://doi.org/10.1093/bioinformatics/btr703
https://doi.org/10.1073/pnas.0809671106
https://doi.org/10.1038/ismej.2011.4
https://doi.org/10.1038/ismej.2011.4
https://doi.org/10.1038/nrmicro3178
https://doi.org/10.1038/nrmicro3178
https://doi.org/10.3389/fmicb.2020.00094
https://doi.org/10.1111/j.1462-2920.2006.01073.x
https://doi.org/10.1093/femsle/fnu028
https://doi.org/10.1074/jbc.R400026200
https://doi.org/10.1371/journal.pone.0095189
https://doi.org/10.1021/acs.analchem.9b02992
https://doi.org/10.1021/acs.analchem.9b02992
https://doi.org/10.1371/journal.pone.0054557
https://doi.org/10.1126/science.aay1436
https://doi.org/10.1073/pnas.0607335103
https://doi.org/10.1038/s41467-019-09366-9
https://doi.org/10.1890/13-0179.1
https://doi.org/10.1039/c6np00106h
https://doi.org/10.1007/bf00270004
https://doi.org/10.1021/acschembio.7b00816
https://doi.org/10.1128/jb.172.1.80-85.1990
https://doi.org/10.1128/jb.172.1.80-85.1990
https://doi.org/10.1093/femsle/fnx089
https://doi.org/10.1021/pr1004983
https://doi.org/10.1073/pnas.76.11.5952
https://doi.org/10.1073/pnas.76.11.5952
https://doi.org/10.1111/1574-6941.12342
https://doi.org/10.1093/nar/gkaa970
https://doi.org/10.1099/mic.0.000208
https://doi.org/10.3762/bjoc.12.58
https://doi.org/10.1128/aem.01789-18
https://doi.org/10.1101/gad.1.8.840
https://doi.org/10.1038/s41396-020-0594-6
https://doi.org/10.1038/s41396-020-0594-6
https://doi.org/10.1002/anie.201207984
https://doi.org/10.1128/JB.01458-09
https://doi.org/10.1021/ja8025278
https://doi.org/10.1038/s41396-019-0424-x
https://doi.org/10.1099/mgen.0.000152
https://doi.org/10.3389/fmicb.2017.01593
https://doi.org/10.3389/fmicb.2017.01593
https://doi.org/10.1101/gad.274203
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1128/jb.175.15.4756-4763.1993
https://doi.org/10.1128/jb.175.15.4756-4763.1993

Pérez et al.

McLoon, A. L. Boeck, M. E., Bruckskotten, M., Keyel, A. C, and
Segaard-Andersen, L. (2021). Transcriptomic analysis of the Myxococcus xanthus
FruA regulon, and comparative developmental transcriptomic analysis of two
fruiting body forming species, Myxococcus xanthus and Myxococcus stipitatus. BMC
Genomics 22:784. doi: 10.1186/s12864-021-08051-w

Meade, S. M., and Signer, E. R.. (1977). Genetic mapping of Rhizobium meliloti.
Proc. Natl. Acad. Sci. U. S. A. 74, 2076-2078. doi: 10.1073/pnas.74.5.2076

Miller, S., Strack, S. N., Ryan, S. E., Shawgo, M., Walling, A., Harris, S., et al.
(2016). Identification of functions affecting predator-prey interactions between
Myxococcus xanthus and Bacillus subtilis. J. Bacteriol. 198, 3335-3344. doi: 10.1128/
JB.00575-16

Miiller, E D., Treuner-Lange, A., Heider, J., Huntley, S. M., and Higgs, P. . (2010).
Global transcriptome analysis of spore formation in Myxococcus xanthus reveals a
locus necessary for cell differentiation. BMC Genomics 11:264. doi:
10.1186/1471-2164-11-264

Miinch, R, Hiller, K., Grote, A., Scheer, M., Klein, J., Schobert, M., et al. (2005).
Virtual footprint and PRODORIC: an integrative framework for regulon prediction
in prokaryotes. Bioinformatics 21, 4187-4189. doi: 10.1093/bioinformatics/bti635

Muioz-Dorado, J., Inouye, S., and Inouye, M. (1990). Nucleoside diphosphate
kinase from Myxococcus xanthus. I1. Biochemical characterization. J. Biol. Chem.
265, 2707-2712. doi: 10.1016/S0021-9258(19)39859-X

Muiioz-Dorado, J., Marcos-Torres, E. J., Garcia-Bravo, E., Moraleda-Munoz, A.,
and Pérez, . (2016). Myxobacteria: moving, killing, feeding, and surviving together.
Front. Microbiol. 7, 781. doi: 10.3389/fmicb.2016.00781

Muioz-Dorado, J., Moraleda-Mufoz, A., Marcos-Torres, E ],
Contreras-Moreno, E J., Martin-Cuadrado, A. B., Schrader, J. M., et al. (2019).
Transcriptome dynamics of the Myxococcus xanthus multicellular developmental
program. elife 8, €50374. doi: 10.7554/elife.50374

Okoth, D. A, Hug, J. ], Garcia, R., Spréer, C., Overmann, J., and Miiller, R. (2020).
2-hydroxysorangiadenosine: structure and biosynthesis of a myxobacterial
sesquiterpene-nucleoside. Molecules 25:2676. doi: 10.3390/molecules25112676

Orlowski, M. P, Martin, P., White, D., and Wong, M. C. (1972). Changes in
activity of glyoxylate cycle enzymes during myxospore development in Myxococcus
xanthus. J. Bacteriol. 111, 784-790. doi: 10.1186/1471-2164-15-1123

Padmanabhan, S., Monera-Girona, A. J., Pérez-Castafio, R., Bastida-Martinez, E.,
Pajares-Martinez, E., Bernal-Bernal, D., et al. (2021). Light-triggered carotenogenesis
in Myxococcus xanthus: new paradigms in photosensory signaling, transduction and
gene regulation. Microorganisms 9:1067. doi: 10.3390/microorganisms9051067

Pasternak, Z., Pietrokovski, S., Rotem, O., Gophna, U., Lurie-Weinberger, M. N,
and Jurkevitch, E. (2013). By their genes ye shall know them: genomic signatures of
predatory bacteria. ISME J. 7, 756-769. doi: 10.1038/ismej.2012.149

Pérez, ., Castanieda-Garcia, A., Jenke-Kodama, H., Miiller, R., and
Muiioz-Dorado, J. (2008). Eukaryotic-like protein kinases in the prokaryotes and
the myxobacterial kinome. Proc. Natl. Acad. Sci. U. S. A. 105, 15950-15955. doi:
10.1073/pnas.0806851105

Pérez, J., Contreras-Moreno, F. J., Marcos-Torres, E. J., Moraleda-Mufoz, A., and
Muioz-Dorado, J. (2020). The antibiotic crisis: how bacterial predators can help.
Comput. Struct. Biotechnol. . 18, 2547-2555. doi: 10.1016/j.csbj.2020.09.010

Pérez, ., Jiménez-Zurdo, J. 1., Martinez-Abarca, E, Milldn, V., Shimkets, L. J., and
Muiioz-Dorado, J. (2014). Rhizobial galactoglucan determines the predatory pattern
of Myxococcus xanthus and protects Sinorhizobium meliloti from predation. Environ.
Microbiol. 16, 2341-2350. doi: 10.1111/1462-2920.12477

Pérez, J., Moraleda-Mufioz, A., Marcos-Torres, F. ]., and Mufioz-Dorado, . (2016).
Bacterial predation: 75 years and counting! Environ. Microbiol. 18, 766-779. doi:
10.1111/1462-2920.13171

Pérez, J., Mufioz-Dorado, J., Brafa, A. E, Shimkets, L. J., Sevillano, L., and
Santamaria, R. I. (2011). Myxococcus xanthus induces actinorhodin overproduction
and aerial mycelium formation by Streptomyces coelicolor. Microb. Biotechnol. 4,
175-183. doi: 10.1111/§.1751-7915.2010.00208.x

Pérez, J., Mufioz-Dorado, J., and Moraleda-Mufioz, A. (2018). The complex global
response to copper in the multicellular bacterium Myxococcus xanthus. Metallomics
10, 876-886. doi: 10.1039/c8mt00121a

Petters, S., Grof3, V., Séllinger, A., Pichler, M., Reinhard, A., Bengtsson, M. M.,
et al. (2021). The soil microbial food web revisited: predatory myxobacteria as
keystone taxa? ISME J. 15, 2665-2675. doi: 10.1038/s41396-021-00958-2

Pham, V. D,, Shebelut, C. W,, Diodati, M. E., Bull, C. T, and Singer, M. (2005).
Mutations affecting predation ability of the soil bacterium Myxococcus xanthus.
Microbiology 151, 1865-1874. doi: 10.1099/mic.0.27824-0

Pitcher, R. S., and Watmough, N. J. (2004). The bacterial cytochrome cbb3
oxidases. Biochim. Biophys. Acta 1655, 388-399. doi: 10.1016/j.bbabio.2003.09.017

Ring, M. W,, Bode, E., Schwir, G., and Bode, H. B. (2009). Functional analysis of
desaturases from the myxobacterium Myxococcus xanthus. FEMS Microbiol. Lett.
296, 124-130. doi: 10.1111/j.1574-6968.2009.01634.x

Frontiers in Microbiology

15

10.3389/fmicb.2022.1004476

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140. doi: 10.1093/bioinformatics/btp616

Rolbetzki, A., Ammon, M., Jakovljevic, V., Konovalova, A. and
Segaard-Andersen, L. (2008). Regulated secretion of a protease activates intercellular
signaling during fruiting body formation in M. xanthus. Dev. Cell 15, 627-634. doi:
10.1016/j.devcel.2008.08.002

Seef, S., Herrou, J., de Boissier, P, My, L., Brasseur, G., Robert, D., et al. (2021). A
tad-like apparatus is required for contact-dependent prey killing in predatory social
bacteria. elife 10, €72409. doi: 10.7554/elife.72409

Sharma, G., Yao, A. I, Smaldone, G. T., Liang, ]., Long, M., Facciotti, M. T, et al.
(2021). Global gene expression analysis of the Myxococcus xanthus developmental
time course. Genomics 113, 120-134. doi: 10.1016/j.ygeno.2020.11.030

Shi, X., Wegener-Feldbriigge, S., Huntley, S., Hamann, N., Hedderich, R., and
Segaard-Andersen, L. (2008). Bioinformatics and experimental analysis of proteins
of two-component systems in Myxococcus xanthus. J. Bacteriol. 190, 613-624. doi:
10.1128/jb.01502-07

Silakowski, B., Kunze, B., Nordsiek, G., Blocker, H., Hofle, G., and Miiller, R. (2000).
The myxochelin iron transport regulon of the myxobacterium Stigmatella aurantiaca
Sgal5. Eur. . Biochem. 267, 6476-6485. doi: 10.1046/j.1432-1327.2000.01740.x

Thiery, S., and Kaimer, C. (2020). The predation strategy of Myxococcus xanthus.
Front. Microbiol. 11, 2. doi: 10.3389/fmicb.2020.00002

Thomas, S. H., Wagner, R. D., Arakaki, A. K., Skolnick, J., Kirby, J. R,
Shimkets, L. ., et al. (2008). The mosaic genome of Anaeromyxobacter dehalogenans
strain 2CP-C suggests an aerobic common ancestor to the delta-proteobacteria.
PLoS One 3:¢2103. doi: 10.1371/journal.pone.0002103

Tjaden, B. (2020). A computational system for identifying operons based on RNA-
seq data. Methods 176, 62-70. doi: 10.1016/j.ymeth.2019.03.026

Ueki, T., and Inouye, S. (2002). Transcriptional activation of a heat-shock gene,
lonD, of Myxococcus xanthus by a two component histidine-aspartate phosphorelay
system. J. Biol. Chem. 277, 6170-6177. doi: 10.1074/jbc.M110155200

Ueki, T., and Inouye, S. (2003). Identification of an activator protein required for
the induction of fruA, a gene essential for fruiting body development in Myxococcus
xanthus. Proc. Natl. Acad. Sci. U. S. A. 100, 8782-8787. doi: 10.1073/pnas.1533026100

Ueki, T., Xu, C. Y., and Inouye, S. (2005). SigF, a new sigma factor required for a
motility system of Myxococcus xanthus. J. Bacteriol. 187, 8537-8541. doi: 10.1128/
JB.187.24.8537-8541.2005

Volz, C., Kegler, C., and Miiller, R. (2012). Enhancer binding proteins act as
hetero-oligomers and link secondary metabolite production to myxococcal
development, motility, and predation. Chem. Biol. 19, 1447-1459. doi: 10.1016/j.
chembiol.2012.09.010

Wall, D., and Kaiser, D. (1999). Type IV pili and cell motility. Mol. Microbiol. 32,
01-10. doi: 10.1046/j.1365-2958.1999.01339.x

Wang, Y., Li, X., Zhang, W., Zhou, X., and Li, Y. Z. (2014). The groEL2 gene, but
not groEL1, is required for biosynthesis of the secondary metabolite myxovirescin
in Myxococcus xanthus DK1622. Microbiology 160, 488-495. doi: 10.1099/
mic.0.065862-0

Weimar, J. D., DiRusso, C. C., Delio, R., and Black, P. N. (2002). Functional role
of fatty acyl-coenzyme A synthetase in the transmembrane movement and
activation of exogenous long-chain fatty acids. Amino acid residues within the ATP/
AMP signature motif of Escherichia coli FadD are required for enzyme activity and
fatty acid transport. J. Biol. Chem. 277, 29369-29376. doi: 10.1074/jbc.M107022200

Whitfield, D. L., Sharma, G., Smaldone, G. T., and Singer, M. (2020). Peripheral
rods: a specialized developmental cell type in Myxococcus xanthus. Genomics 112,
1588-1597. doi: 10.1016/j.ygeno.2019.09.008

Wong, J. E. M. M., Nadzieja, M., Madsen, L. H., Biicherl, C. A., Dam, S,
Sandal, N. N, et al. (2019). A Lotus japonicus cytoplasmic kinase connects Nod
factor perception by the NFR5 LysM receptor to nodulation. Proc. Natl. Acad. Sci.
U. S. A. 116, 14339-14348. doi: 10.1073/pnas.1815425116

Xiao, Y., Wei, X., Ebright, R., and Wall, D. (2011). Antibiotic production by
myxobacteria plays a role in predation. J. Bacteriol. 193, 4626-4633. doi: 10.1128/
jb.05052-11

Youderian, P, and Hartzell, P. L. (2006). Transposon insertions of magellan-4 that
impair social gliding motility in Myxococcus xanthus. Genetics 172, 1397-1410. doi:
10.1534/genetics.105.050542

Zusman, D. R, Scott, A. E., Yang, Z., and Kirby, J. R. (2007). Chemosensory
pathways, motility and development in Myxococcus xanthus. Nat. Rev. Microbiol. 5,
862-872. doi: 10.1038/nrmicro1770

Zwarycz, A. S., Livingstone, P. G., and Whitworth, D. E. (2020). Within-species
variation in OMV cargo proteins: the Myxococcus xanthus OMV pan-proteome.
Mol. Omics. 16, 387-397. doi: 10.1039/d0mo00027b

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1004476
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s12864-021-08051-w
https://doi.org/10.1073/pnas.74.5.2076
https://doi.org/10.1128/JB.00575-16
https://doi.org/10.1128/JB.00575-16
https://doi.org/10.1186/1471-2164-11-264
https://doi.org/10.1093/bioinformatics/bti635
https://doi.org/10.1016/S0021-9258(19)39859-X
https://doi.org/10.3389/fmicb.2016.00781
https://doi.org/10.7554/elife.50374
https://doi.org/10.3390/molecules25112676
https://doi.org/10.1186/1471-2164-15-1123
https://doi.org/10.3390/microorganisms9051067
https://doi.org/10.1038/ismej.2012.149
https://doi.org/10.1073/pnas.0806851105
https://doi.org/10.1016/j.csbj.2020.09.010
https://doi.org/10.1111/1462-2920.12477
https://doi.org/10.1111/1462-2920.13171
https://doi.org/10.1111/j.1751-7915.2010.00208.x
https://doi.org/10.1039/c8mt00121a
https://doi.org/10.1038/s41396-021-00958-2
https://doi.org/10.1099/mic.0.27824-0
https://doi.org/10.1016/j.bbabio.2003.09.017
https://doi.org/10.1111/j.1574-6968.2009.01634.x
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.devcel.2008.08.002
https://doi.org/10.7554/elife.72409
https://doi.org/10.1016/j.ygeno.2020.11.030
https://doi.org/10.1128/jb.01502-07
https://doi.org/10.1046/j.1432-1327.2000.01740.x
https://doi.org/10.3389/fmicb.2020.00002
https://doi.org/10.1371/journal.pone.0002103
https://doi.org/10.1016/j.ymeth.2019.03.026
https://doi.org/10.1074/jbc.M110155200
https://doi.org/10.1073/pnas.1533026100
https://doi.org/10.1128/JB.187.24.8537-8541.2005
https://doi.org/10.1128/JB.187.24.8537-8541.2005
https://doi.org/10.1016/j.chembiol.2012.09.010
https://doi.org/10.1016/j.chembiol.2012.09.010
https://doi.org/10.1046/j.1365-2958.1999.01339.x
https://doi.org/10.1099/mic.0.065862-0
https://doi.org/10.1099/mic.0.065862-0
https://doi.org/10.1074/jbc.M107022200
https://doi.org/10.1016/j.ygeno.2019.09.008
https://doi.org/10.1073/pnas.1815425116
https://doi.org/10.1128/jb.05052-11
https://doi.org/10.1128/jb.05052-11
https://doi.org/10.1534/genetics.105.050542
https://doi.org/10.1038/nrmicro1770
https://doi.org/10.1039/d0mo00027b

	Development versus predation: Transcriptomic changes during the lifecycle of Myxococcus xanthus
	Introduction
	Materials and methods
	Preparation of M. xanthus synchronously predatory cells
	RNA extraction
	Library preparation
	Sequencing and global transcriptomic data analysis

	Results and discussion
	Global data of the early transcriptomic response of M. xanthus on predatory co-cultures
	Functional enrichment and differentially expressed genes (DEGs) in co-culture
	Hydrolytic enzymes and extracellular proteins
	S-motility and Tad-like apparatus
	Secondary metabolites
	Lipid metabolism
	Iron uptake
	Ribosomal biogenesis and translation
	Transcriptional regulators
	Other upregulated genes
	Searching for the core M. xanthus predatosome
	Completing the M. xanthus lifecycle from a transcriptomic point of view

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

