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Abstract
Background  The bacterium Myxococcus xanthus provides an important multicellular model for understanding stress 
responses. The regulatory proteins CsgA, FruA, and MrpC are essential to survive prolonged starvation by forming 
fruiting bodies, which are mounds containing hardy round spores formed from vegetative rods, but the genome-
wide pathways affected by these proteins remain poorly understood. Only a fruA mutant transcriptome and MrpC 
ChIP-seq have been reported. We describe RNA-seq transcriptome analysis of csgA, fruA, and mrpC mutants relative to 
a wild-type laboratory strain midway during the starvation-induced developmental process, when mounds, but not 
spores, have formed.

Results  We show that CsgA, FruA, and MrpC broadly impact developmental gene expression, with over 60% of 
the genes differentially expressed in one or more mutants. Building upon previous investigations, we found that 
strongly regulated genes in the mrpC mutant correlate with MrpC DNA-binding sites located ~ 80 bp upstream of 
transcriptional start sites. We also confirmed that FruA directly or indirectly regulates many genes negatively, as well 
as many others positively. CsgA regulates indirectly and its strongest effects are positive. MrpC strongly stimulates fruA 
transcription and FruA accumulation, impacting many genes, but our results reveal that MrpC is also a strong negative 
or positive regulator of hundreds of genes independently of FruA. Indeed, we observed nearly every possible pattern 
of coregulation, unique regulation, and counterregulation by comparing the wild-type and mutant transcriptomes, 
indicating diverse roles of CsgA, FruA, and MrpC in the developmental gene regulatory network. The genes most 
strongly regulated were coregulated in two or three of the mutants. Each set of genes exhibiting differential 
expression in one or more mutants was analyzed for enrichment of gene ontology (GO) terms or KEGG pathways, 
and predicted protein-protein interactions. These analyses highlighted enrichment of pathways involved in cellular 
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Background
Myxobacteria are a diverse group of gram-negative bac-
teria found ubiquitously in soil. They exhibit social char-
acteristics and prey en masse on other soil microbes and 
organic detritus, digesting them by secreting a cocktail 
of lytic enzymes [1]. They produce an array of bioac-
tive secondary metabolites, including antimicrobials 
such as myxovirescin [2] and epothilones [3], the lat-
ter being a class of microtubule-targeting agents used 
in the treatment of breast cancer. Analysis of myxobac-
terial genomes reveals an abundance of genes predicted 
to code for proteins involved in signaling and transcrip-
tional responses [4, 5]. In terms of gene regulation in this 
fascinating group of bacteria, much of our understanding 
is through studies of the developmental process of the 
model myxobacterium Myxococcus xanthus [6].

When nutrient sources are scarce, starving M. xanthus 
rod-shaped cells undergo development by producing 
signals, regulating over a thousand genes, coordinating 
their movements to build multicellular mounds, and dif-
ferentiating into round spores to form fruiting bodies [1, 
7, 8]. The spores are physically resilient and resistant to 
harsh environmental conditions, yet can germinate into 
new, motile rods when nutrients return. Interestingly, the 
majority of the starving rods undergo lysis, presumably to 
supply nutrients to the remaining cells [9, 10]. Other cells 
stay outside of fruiting bodies in a quiescent state seem-
ingly similar to antibiotic persister cells [11, 12]. These 
“peripheral rods” may be part of a bet-hedging strategy, 
allowing growth if nutrients become available shortly, 
whereas spores can provide longer-term survival. For 
over half a century, scientists have sought to understand 
the signaling and gene regulatory network underpinning 
the control of cellular physiology, movement, and fate 
during M. xanthus fruiting body formation.

Early investigations identified mutants defective in 
producing extracellular signals important for develop-
ment [13]. Ensuing work revealed three types of signal 
molecules and their roles. The A-signal is a mixture of 
peptides and amino acids produced by extracellular pro-
tease activity of M. xanthus rods shortly after the onset 
of starvation to measure whether the cell density is suffi-
cient to proceed with the developmental process [14–16]. 
The E-signal is a combination of a branched-chain fatty 
acid and an ether lipid necessary for mound formation 

and sporulation, respectively [17–20]. The C-signal is a 
fragment of the CsgA protein [21, 22] and/or diacylglyc-
erols produced by cardiolipin phospholipase activity of 
intact CsgA [23]. The C-signal acts later than the A-signal 
[24–26]. C-signaling is needed for both proper mound 
formation and sporulation [27–29]. Indeed, C-signaling 
appears to ensure that mounds form first, then spores, 
perhaps by gauging end-to-end contacts between rods as 
they align during mound building [30–33]. The alignment 
of rods enhances C-signaling [31] and this positive feed-
back loop is proposed to trigger sporulation [27]. Here, 
we examine the impact of a loss-of-function mutation in 
csgA on the M. xanthus transcriptome at 24 h poststar-
vation (PS), when mounds normally would have formed, 
but prior to sporulation [34].

Intracellular signals are also crucial for M. xanthus 
development. The concentrations of the second mes-
sengers guanosine penta- and tetra-phosphate [(p)
ppGpp] [35, 36] and cyclic diguanylate (c-di-GMP) [37] 
increase in starving cells. Amino acid limitation leads to 
uncharged tRNAs bound to ribosomes, stimulating RelA 
to produce (p)ppGpp during the stringent response [38]. 
Ectopic production of (p)ppGpp is sufficient to turn on 
some genes required for fruiting body formation [39]. 
(p)ppGpp produced during the stringent response is 
necessary for the production of the extracellular A- and 
C-signals [40–42]. DmxB is a development-specific 
diguanylate cyclase that increases the c-di-GMP concen-
tration, inducing genes for exopolysaccharide synthesis 
[37].

A signal-responsive gene regulatory network gov-
erns the expression of over a thousand genes during the 
developmental process of M. xanthus [6, 43, 44]. The 
gene regulatory network has interconnected cascades of 
signal-responsive transcription factors that impact the 
expression of target genes, whose products affect cellular 
metabolism, motility, and differentiation. Early in devel-
opment, a cascade of enhancer-binding proteins (EBPs) 
expected to be phosphorylated by protein kinases in 
response to unknown starvation-dependent signals, reg-
ulates many target genes [45], including genes involved 
in (p)ppGpp accumulation [46, 47] and A- and C-signal 
production [48–54] (Fig.  1). The EBP cascade connects 
via MrpB ~ P to a second transcription factor cascade 
involving MrpC followed by FruA [50, 55, 56], which 

signaling, protein synthesis, energetics, and envelope function. In particular, we describe how CsgA, FruA, and MrpC 
control production of ribosomes, lipid signals, and peptidoglycan intermediates during development.

Conclusions  By comparing wild-type and mutant transcriptomes midway in development, this study documents 
individual and coordinate regulation of crucial pathways by CsgA, FruA, and MrpC, providing a valuable resource for 
future investigations.
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regulates additional target genes [6]. For example, MrpC 
was recently shown to directly repress dmxB and directly 
activate pmxA (a phosphodiesterase that degrades c-di-
GMP) to decrease the c-di-GMP level during develop-
ment [57].

Additional direct targets of the cascade involving 
MrpC followed by FruA include the fmg, dev, and fadIJ 
operons (Fig. 1). MrpC is a Crp/Fnr family DNA-binding 
protein whose expression is induced by the MrpAB two-
component signal transduction system [55, 58], which in 
turn is induced by Nla28 ~ P [50], a part of the EBP cas-
cade. MrpB ~ P is an EBP, but its cognate protein kinase 
is unknown. MrpA appears to act as a phosphatase of 
MrpB ~ P [58]. MrpC is a master transcriptional regulator 
of mound formation and sporulation [58–60], and serves 
as a checkpoint for developmental progression – addition 
of nutrients before or during the appearance of mounds 
causes rapid proteolysis of MrpC and blocks commit-
ment to sporulation [34, 61] (Fig.  1). MrpC directly 
activates transcription of fruA [56]. FruA is similar to 
response regulators of two-component signal transduc-
tion systems [62], but FruA appears to be atypical since 
a cognate protein kinase has not been found, its receiver 
domain lacks residues normally important for phos-
phorylation, and addition of small-molecule phosphodo-
nors does not change FruA DNA-binding activity [63]. 
C-signaling appears to activate FruA posttranslationally 
[64, 65] (Fig. 1, activated FruA is designated FruA*), but 
the mechanism of activation is unknown. FruA binds 

cooperatively with MrpC to the promoter regions of 
four fmg genes or operons, the dev operon, and the fadIJ 
operon [63, 66–70] (Fig. 1). Mutations that interfere with 
binding of FruA or MrpC in vitro decrease promoter 
activity in vivo, indicating that FruA or FruA*, together 
with MrpC, directly activate transcription of fmg and dev 
genes [71–76]. This regulatory paradigm was reinforced 
by ChIP-seq analysis of MrpC-binding sites at 18  h PS 
and the finding that 13 out of 15 DNA fragments with an 
MrpC-binding site were cooperatively bound by MrpC 
and FruA in vitro [77].

Recently, new paradigms involving regulation by MrpC 
and FruA emerged from a study of the exoA-I, exoL-P, 
and nfsA-H operons involved in spore coat biogenesis 
[70]. Transcript levels from these operons were greater in 
a fruA mutant than in a wild-type (WT) laboratory strain 
early in development, suggesting negative regulation by 
FruA. Later in development, FruA or FruA* appeared to 
positively regulate exoA-I and nfsA-H, but not exoL-P. 
A mutation in mrpC affected the transcript levels from 
each operon differently over developmental time. Fur-
thermore, each promoter region was unique in terms of 
MrpC and FruA binding in vitro, and in terms of bind-
ing to a fusion protein containing the Nla6 DNA-binding 
domain, which presumably reflects Nla6 ~ P of the EBP 
cascade.

Beyond the complexity of the gene regulatory net-
work revealed by gene-specific studies, DNA micro-
array experiments and more recently RNA-seq based 

Fig. 1  Signal-responsive gene regulatory network leading to mound formation during M. xanthus development. A simplified model shows starvation 
initiating the enhancer-binding protein (EBP) cascade of transcription factors (blue boxes, and blue arrows show their effects). Each EBP is likely phos-
phorylated (~ P) by a protein kinase in response to a signal molecule. The EBP cascade controls production of the intracellular signal (p)ppGpp and the 
extracellular A- and C-signals, which positively feed back on Nla28 ~ P and ActB ~ P, respectively (black arrows). Nla28 ~ P activates transcription of the 
gene for MrpB ~ P, which in turn activates transcription of the gene for MrpC (orange boxes show Mrp proteins and orange arrows show their effects). 
MrpC positively feeds back on C-signal production and activates transcription of the gene for FruA. C-signaling and MXAN4899 ~ P appear to activate 
FruA posttranslationally, designated FruA* (green boxes show FruA/FruA* and green arrows show their effects). FruA* is depicted to positively regulate the 
fmg, dev, and fadIJ operons in combination with MrpC. FruA/FruA* and MrpC lead to mound formation by 24 h poststarvation. Alignment of cells during 
mound building feeds back positively on C-signaling. Addition of nutrients before or during mound formation causes rapid proteolysis of MrpC and halts 
development. See the text and [6] for references
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transcriptomics have begun to show the remarkable 
rewiring at the heart of M. xanthus fruiting body forma-
tion. The first RNA-seq analysis followed development 
on nutrient-limited agar over a 96-h timecourse and 
identified 1415 genes expressed sequentially in 10 groups 
[43]. The authors highlighted changes in expression of 
genes for motility, glycogen and lipid body utilization as 
energy sources, gluconeogenesis and turnover of polysac-
charides and proteins to provide precursors for macro-
molecular synthesis, secondary metabolite production, 
signal transduction, transcription, and translation.

A second RNA-seq study examined development on 
plastic coverslips in flow cells over a 72-h timecourse 
and used rRNA depletion [44]. These authors identi-
fied 1522 genes expressed in eight groups, including 
512 genes found in the first study plus 1010 genes not 
observed previously. Together, the two studies identified 
2425 developmental genes. Both studies identified signal 
transduction, and energy production and conversion, as 
major functional categories of regulated genes. Genes for 
cell wall/membrane/envelope biogenesis also emerged as 
a major category under developmental control in the sec-
ond study. There were also new insights into regulation 
of the initiation of development and central metabolism.

A third RNA-seq study used submerged culture condi-
tions in which cells form a biofilm on a plastic surface, 
as in the second study, but with incubation in static petri 
dishes rather than flow cells [78]. The timecourse was 
shorter, 24 h, and compared a WT laboratory strain with 
a fruA mutant. The analysis showed that > 4000 genes 
were up- or down-regulated in the WT strain and ~ 1350 
genes differed in expression comparing the fruA and the 
WT strain at 24  h. In general, the results agreed with 
the two prior studies, showing upregulation of genes for 
signal transduction and secondary metabolite produc-
tion during development of the WT strain, and down-
regulation of genes for translation and many metabolic 
processes. Interestingly, FruA positively regulated some 
genes for signal transduction and polyketide synthases 
involved in secondary metabolite production, but FruA 
negatively regulated other genes for signal transduction 
and some genes for fatty acid synthesis.

There remains much to discover about the breadth 
of developmental regulation by FruA, as well as by its 
transcriptional activator MrpC and its posttranslational 
activator CsgA. To begin filling this knowledge gap, we 
performed RNA-seq analysis of csgA, fruA, and mrpC 
mutants relative to a WT laboratory strain at 24  h PS, 
when mounds but not spores have formed under our 
submerged culture conditions [34]. We found that CsgA, 
FruA, and MrpC regulate thousands of genes, often in 
unison (coregulation) or individually (unique regulation), 
and much less often in opposition (counterregulation). 
Pathways involved in cellular signaling, protein synthesis, 

energetics, and envelope function are enriched among 
the genes regulated by CsgA, FruA, and MrpC. We focus 
on their regulation of three pathways – control of ribo-
some biogenesis by the stringent response to starvation, 
branched-chain amino acid (BCAA) metabolism impor-
tant for developmental lipid signals, and peptidoglycan 
(PG) biosynthesis owing to the cell wall remodeling nec-
essary during spore formation and germination.

Methods
Bacterial strains, growth, and development
The M. xanthus strains used in this study were the labo-
ratory WT strain DK1622 [79], the csgA mutant DK5208 
(csgA::Tn5-132 Ω205) [80], the fruA mutant DK5285 
(fruA::Tn5 lac Ω4491) [25], and the mrpC mutant 
SW2808 (ΔmrpC) [58]. Three biological replicates were 
performed for each strain. M. xanthus were grown in 
CTTYE liquid medium (1% Casitone, 0.2% yeast extract, 
10 mM Tris-HCl [pH 8.0], 1 mM KH2PO4-K2HPO4, 8 
mM MgSO4 [final pH 7.6]) with shaking at 32  °C. CTT 
agar (1.5%) lacking yeast extract was used for growth on 
solid medium, supplemented with 40 µg/ml of kanamycin 
sulfate or 12.5 µg/ml of oxytetracycline as needed. Star-
vation-induced development was performed under sub-
merged culture conditions [81] as described previously 
[34]. Briefly, M. xanthus from log-phase CTTYE cultures 
were collected by centrifugation and resuspended in 
MC7 (10 mM morpholinepropanesulfonic acid [MOPS, 
pH 7.0], 1 mM CaCl2) at a concentration of 1,000 Klett 
units. An aliquot (1.5 mL) of cell suspension plus 10.5 mL 
of MC7 was added to an 8.5-cm-diameter plastic petri 
dish and incubated at 32 °C. Cells adhere to the bottom 
of the dish, forming a biofilm. After 24 h, the MC7 over-
lay was removed by aspiration and replaced with a solu-
tion to inhibit RNase activity (0.5 mL 5% phenol [pH 7] 
in ethanol plus 4.5 mL of MC7 buffer). The biofilm was 
scraped from the bottom of the dish using a sterile cell 
scraper, aspirated into a 15-mL centrifuge tube, flash fro-
zen in liquid nitrogen, and stored at -80 °C.

RNA extraction and library preparation
Frozen samples were thawed on ice and centrifuged 
at 8000 × g for 10  min. The supernatant was discarded 
and RNA was isolated from the cell pellet using the hot-
phenol extraction method and digested with DNase I 
(Roche) as described previously [60]. RNA quality was 
determined using an Agilent Bioanalyzer system and 
RNA samples with an RNA Integrity Number (RIN) > 8 
were subject to rRNA depletion as described previously 
[44]. Briefly, 2–3  µg of RNA was mixed in hybridiza-
tion buffer (0.1 M Tris-HCl [pH 7.0], 0.2 M NaCl) with 
76 DNA oligonucleotides (0.17 µM/oligo) that anneal to 
M. xanthus 16 S and 23 S rRNAs, the mixture was incu-
bated in a thermocycler at 95 °C for 2 min, then ramped 
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down to 45  °C at a rate of 0.1  °C/s, followed by addi-
tional incubation at 45 °C for 5 min. The annealed sam-
ples were treated with Hybridase™ Thermostable RNase 
H (Epicentre) in order to hydrolyze RNA-DNA hybrids 
and digested with DNase I (Roche) to remove remaining 
oligos. Agencourt RNAClean XP beads (Beckman Coul-
ter) were used for cleanup of the rRNA-depleted RNA 
samples. qPCR verification was performed to confirm 
successful (i.e., ~ 90%) rRNA depletion. The KAPA RNA 
HyperPrep kit (KAPA Biosystems) was used as described 
in the product manual to generate adapter-ligated librar-
ies for multiplex sequencing. The Qubit 1X dsDNA HS 
(High-Sensitivity) Assay Kit (ThermoFisher Scientific) 
was used to measure library concentration. Libraries (20 
ng each) were pooled and sequenced in one lane of an 
Illumina HISEQ 4000 Rapid Run flow cell in the 50  bp, 
single-end read format. The library from one biological 
replicate of the fruA mutant yielded only ~ 0.05–0.1% as 
much sequence as each of the other libraries, so those 
sequences were not included in our analyses.

RNA-seq transcriptome and differential gene expression 
analyses
The SPARTA (Simple Program for Automated reference-
based bacterial RNA-seq Transcriptome Analysis) work-
flow [82] was used to analyze raw data from the HISEQ 
read output. SPARTA is turnkey software for analysis 
of RNA-seq data sets that conducts read trimming and 
adapter removal with Trimmomatic, performs quality 
analysis of the data sets with FastQC, maps the reads to 
the reference with Bowtie, and counts transcript or gene 
feature abundance with HTSeq.  In brief, raw data files 
were subjected to trimming of low-quality bases and 
removal of adapter sequences using Trimmomatic 0.30 
[83] with a 4  bp sliding window, cutting when the read 
quality dropped below 15 or read length was less than 
36  bp. Trimmed reads were aligned to the M. xanthus 
DK1622 genome (GenBank: CP000113.1) using Bowtie 
[84]. Aligned reads were then counted per gene feature 
in the M. xanthus DK1622 genome using the HTSeq 
software suite [85]. Data were normalized by estimating 
effective library sizes using robust regression within the 
DESeq package [86]. Statistical analysis and differential 
gene expression was performed in RStudio [87] by fitting 
a negative binomial model to each set of conditions and 
testing for differences utilizing the DESeq package. Dif-
ferentially expressed genes were identified as genes with 
differential gene expression ≥ 2-fold, and a False Discov-
ery Rate (FDR)-adjusted p-value ≤ 0.05. Venn diagrams 
were generated using the eulerr web tool ​(​​​h​t​t​p​s​:​/​/​e​u​l​e​r​r​.​
c​o​/​​​​​)​.​​

Bioinformatic analyses
Heatmaps were prepared with the pheatmap package in R 
[88]. Horizontal bar and lollipop graphs were prepared in 
R with the ggplot2 package [89]. The horizontal stacked 
bar graph was prepared in Microsoft Excel. Compara-
tive analysis of MrpC ChIP-seq [77] and Cappable-Seq 
[57] findings were performed with custom R scripts, with 
combined histogram and density plots prepared using the 
ggplot2 and ggExtra libraries in R. Briefly, for each gene 
with an identified ChIP-seq MrpC peak, the peak posi-
tion was compared to Cappable-Seq transcriptional start 
sites (TSSs), keeping all TSSs within 200 bp of the ChIP-
Seq peak. Each gene was assigned to a TSS based on the 
highest count abundance. Scatterplots were prepared 
using the matplotlib library in Python [90]. STRING clus-
ter analysis and visualization used Cytoscape 3.10.1 [91] 
with the stringApp package. GO term overrepresentation 
analysis was performed with the ShinyGO 0.77 webserver 
[92] and the Database for Annotation, Visualization and 
Integrated Discovery (DAVID) [93, 94]. We used all 4610 
genes that were differentially expressed in one or more 
mutants as the background for both methods. The out-
put lists for ShinyGO and DAVID were compared and 
GO terms from DAVID which were > 95% in agreement 
with those from ShinyGo were used. Pathway enrichment 
analysis was performed using the clusterProfiler [95] and 
pathview [96] packages in R. Correlation analyses were 
prepared using the ggpubr library in R [97].

Results
RNA profiles show tight intra-strain clustering and distinct 
inter-strain differences
To identify overall differences in transcript levels between 
the strains tested and check the quality of biological rep-
licate transcript counts, the pcaExplorer library in R was 
used to perform supervised principal component analysis 
[98]. Nearly all the variance across the strains could be 
explained by the first three principal components, with 
the vast majority by PC1 (81%) followed distantly by PC2 
and PC3 (9.5% and 8%, respectively) (Additional file 1). 
Dimensional regression and cross-sample comparison of 
the replicates showed low differences within strain repli-
cates and higher differences between strains. When plot-
ted against the first and second principal components, 
replicates clustered within strains (with the fruA mutant 
having the weakest intrastrain clustering) and distinctly 
between strains. The main variance was that of the wild-
type (WT) strain and the csgA mutant on one hand 
versus the mrpC and fruA mutants on the other. We con-
clude that the transcript datasets are in high agreement 
within strain replicates and show distinct transcriptional 
profiles between the strains.

https://eulerr.co/
https://eulerr.co/
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Expression of known and predicted regulatory targets in 
the csgA, fruA, and mrpC mutants is mostly as expected
The formation of M. xanthus fruiting bodies depends 
on the products of genes regulated by CsgA, FruA, and 
MrpC, with a loss of their function leading to deficient 
fruiting body formation under starvation conditions [13, 
58, 62, 65]. To determine whether our RNA-seq data 
agree with previous work, we cataloged developmen-
tally regulated genes whose expression was known to be 
altered in the mutants (Table  1). For example, expres-
sion from the promoter of the dev operon was known 
to be reduced in all three mutants (designated c- f- m-) 
relative to the WT strain (see Table 1 for the first gene of 
the operon, devI, and for references), in agreement with 
our data (see Additional file 2 for other genes in the dev 
operon). Expression of the fmgA, fmgD, and fmgE genes, 
and the fmgBC and fadIJ operons, was likewise reported 
previously to exhibit the c- f- m- pattern, and our data 
largely agree (Table 1 and Additional file 2).

Our RNA-seq data also agreed in most other cases 
with the patterns of gene regulation in all three mutants 
reported previously. For example, exoA and exoL were 
downregulated in the csgA mutant and upregulated in the 
fruA and mrpC mutants (c- f + m+) based on RT-qPCR 
analysis [70]. Our RNA-seq data agreed with the exoA 
and exoL results (Table 1) and showed similar results for 
the other genes in the exoA-I and exoL-P operons (Addi-
tional file 2). The nfsA gene exhibited a different pat-
tern of regulation (c- f + m-) than exoA and exoL using 
RT-qPCR [70], and our RNA-seq data agreed (Table  1). 
Interestingly, our data revealed differential regulation 
of genes in the nfsA-H operon (Additional file 2). While 

nfsA-C transcript levels showed the c- f + m- pattern, 
those of nfsD-E were similar in the mrpC mutant and the 
WT strain (c- f+), and those of nfsF-H were upregulated 
in the mrpC mutant (c- f + m+). Suboperonic promoters 
upstream of nfsD and nfsF [57] may account for differ-
ential regulation of these genes in the mrpC mutant (see 
Discussion). Expression of mrpA and sdeK was reported 
to be < 2-fold regulated in csgA and fruA mutants, and 
reduced in an mrpC mutant (m-), and our RNA-seq data 
agreed (Table 1) and showed similar results for mrpB of 
the mrpAB operon (Additional file 2). The expression of 
11 other genes has been measured in two of the three 
mutants. Our RNA-seq data agreed with prior work 
except in two instances (Additional file 2).

We conclude that expression of known regulatory tar-
gets was altered in the mutants in our RNA-seq dataset 
as expected from previous work, with only a few excep-
tions. The high degree of agreement indicates our data 
can be mined for new insights with confidence. One new 
insight is that genes in the nfsA-H operon are differen-
tially regulated in the mrpC mutant.

Differential gene expression in the mrpC mutant correlates 
with position of MrpC DNA-binding sites upstream of 
transcriptional start sites
To explore whether our RNA-seq data could serve to 
augment previous findings, we hypothesized that genes 
differentially expressed in the mrpC mutant (relative 
to the WT strain) would correlate with the position of 
MrpC DNA-binding sites identified by ChIP-seq [77] 
relative to developmental TSSs identified by Cappable-
seq [57]. In general, transcriptional activators typically 

Table 1  Comparison of RNA-seq results with regulation reported previously
Gene Log2 fold difference in 

mutant relative to WT
Regulation based on RNA-seqa Regulation reported previously Match? References

csgA fruA mrpC
devI -1.8 -7.0 -7.6 c- f- m- c- f- m- Yes [65, 66, 73, 78]
fmgA 0b -5.9 -6.1 f- m- c- f- m- Partial [25, 63, 65, 74, 76, 78]
fmgB -4.0 -4.2 -5.8 c- f- m- c- f- m- Yes [25, 65, 68, 75, 78]
fmgD -3.7 -7.3 -7.7 c- f- m- c- f- m- Yes [25, 59, 62, 65, 67, 72, 78]
fmgE -2.9 -7.9 -7.4 c- f- m- c- f- m- Yes [25, 65, 69, 71, 78]
fadI -3.5 -2.5 -4.2 c- f- m- c- f- m- Yes [70, 78, 99]
exoA -2.7 3.8 5.7 c- f + m+ c- f + m+ Yes [70, 78, 100–102]
exoL -1.3 6.6 5.6 c- f + m+ c- f + m+ Yes [70, 78]
nfsA -3.2 1.0 -1.2 c- f + m- c- f + m- Yes [70, 78, 103]
mrpA 0 0 -2.0 m- m- Yes [58, 59, 78]
sdeK 0 0 -2.8 m- m- Yes [25, 59, 62, 78]
spiA 0 1.6 0b f+ f + m- Partial [25, 59, 62, 78]
aA lack of c, f, or m means that < 2-fold regulation was observed by RNA-seq or reported previously
bResult differs from regulation reported previously. For fmgA, the average transcript level was reduced in the csgA mutant to 74% of that in the WT strain in our RNA-
seq data, which is similar to the ~ 2-fold reduction in expression from a transcriptional lacZ fusion (Tn5 lac Ω4400) observed previously [25]. However, our RNA-seq 
data for fmgA did not satisfy the cutoffs we chose [log2 fold difference of ≥ 1 or ≤ -1; FDR-adjusted p-value ≤ 0.05] to be considered significantly downregulated in the 
csgA mutant relative to the WT strain. For spiA, the transcript level was elevated 2.1-fold on average in the mrpC mutant relative to the WT strain based on our RNA-
seq data (although the difference did not reach log2 fold ≥ 1 with FDR ≤ 0.05, our statistical threshold). In contrast, LacZ expression from a spiA-lacZ transcriptional 
fusion was about 4-fold less in the mrpC mutant than in WT at 24 h PS [59]. The different spiA results may be due to differences in the experimental methods
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bind slightly upstream of or partially overlapping with 
the promoter region bound by RNA polymerase (-50 
to + 1) and repressors bind within the promoter region 
[104–106], but we nevertheless included MrpC-binding 
sites between − 200 to + 200 bp relative to a TSS in our 
analysis. As multiple potential TSSs were assigned to 
many of the genes [57], we simplified our analysis by tak-
ing the TSS with the highest number of reads for a given 
gene, and determining the nearest MrpC-binding site 
peak coordinate [77] relative to that TSS. We observed an 
abundance of genes with an MrpC-binding site upstream 
of a TSS, with an above-average concentration spanning 
from − 115 to + 5 bp and a maximum at -80 bp (Fig. 2a). 
We then segregated the strongly expressed genes (log10 
TSS max count ≥ 1.45, which is ~ 28 reads) that were 
downregulated in the mrpC mutant from those upregu-
lated in the mutant (Additional file 3), and plotted their 

differential expression against the position of the MrpC-
binding site peak relative to the TSS (Fig. 2b and c). We 
found 42 genes strongly downregulated in the mrpC 
mutant (i.e., log2 fold difference < -3) that had an MrpC-
binding site peak located between − 120 and − 40 (Fig. 2b 
and Additional file 3), consistent with strong transcrip-
tional activation by MrpC bound upstream of RNA poly-
merase. In comparison, a plot of genes upregulated in 
the mrpC mutant shows a broader distribution of MrpC-
binding site locations (Fig.  2c and Additional file 3). 
Interestingly, nine of the strongly upregulated genes had 
an MrpC-binding site located between − 105 and − 60, 
perhaps due to MrpC acting as a repressor by binding to 
a site that prevents a transcriptional activator from bind-
ing or functioning in a subsequent step of activation (see 
Discussion). These results illustrate the value of com-
bining our RNA-seq data with previous data to discern 

Fig. 2  Comparative analysis of M. xanthus MrpC ChIP-seq data collected at 18 h poststarvation [77], 18-h Cappable-seq data [57], and our 24-h RNA-seq 
data. (A) Combined histogram and density plot for ChIP-seq peak distances from the most abundant transcriptional start site (TSS) of the nearest M. 
xanthus gene. Distance segments corresponding to density levels > 15% of the maximum density are colored in red in the histogram. Strongly expressed 
genes (log10 TSS max count ≥ 1.45; Additional file 3) [57] downregulated (B) or upregulated (C) in the mrpC mutant relative to the wild-type strain based 
on our RNA-seq data, plotted against the ChIP-seq peak [77] distances from TSS shown in panel A. Points with log2 fold differences < -3 or > 3 (horizontal 
dashed lines in panels B and C, respectively) and within the density peak range (vertical dashed lines) are colored red. The point corresponding to dmxB 
is indicated in panel C
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general features of transcriptional activation and repres-
sion by MrpC.

Large numbers of genes are up- or down-regulated in the 
mutants
To determine the extent of positive versus negative 
effects on developmental gene expression in the csgA, 
fruA, and mrpC mutants, we compared the log2 fold dif-
ference between each mutant and the WT strain, sorting 

by increasing difference in expression (Fig. 3a, left). The 
numbers of differentially expressed genes were similar for 
the csgA and mrpC mutants, with 1339 and 1410 genes 
upregulated, and 1455 and 1450 downregulated, respec-
tively (Additional file 4). They were lower for the fruA 
mutant, with 1140 genes upregulated and 1010 downreg-
ulated, consistent with FruA/FruA* acting downstream 
of MrpC and CsgA in a regulatory pathway (Fig. 1), but 

Fig. 3  Patterns of differential gene expression in mutants relative to wild type. (A) Stacked bar graph of the numbers of genes binned by log2 fold dif-
ference. Numbers of genes and color coding are in the table. (B) Venn diagrams of genes downregulated or upregulated in one or more mutants. The 
number of genes in each segment is given with the percentage relative to the number of genes in all segments. (C) Bar graphs of the numbers of genes 
with the indicated pattern of regulation in two (left) or all three (right) mutants. Abbreviations are c, f, and m for csgA, fruA, and mrpC mutants, and + or - for 
up- or down-regulated in mutants relative to wild type
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MrpC and CsgA acting in one or more other pathways 
as well.

Most of the upregulated genes were increased in 
expression near the lower end of our cutoff, between 2- 
to 4-fold (i.e., log2 fold difference 1 to 2) (Fig. 3a, right). 
This was particularly noteworthy for the csgA mutant, 
with 89.8% of the upregulated genes being in this group-
ing. Only 8 genes, or 0.6% of the upregulated genes in 
the csgA dataset, increased in expression > 8-fold. This is 
much less than the 25.8% and 28.9% of upregulated genes 
with > 8-fold increase for the fruA and mrpC mutants, 
respectively. Furthermore, 20.3% of the downregulated 
genes in the csgA dataset decreased in expression more 
than 8-fold, highlighting a much greater role of CsgA 
as a strong positive regulator of gene expression than 
as a strong negative regulator. Conversely, FruA has a 
greater role as a strong negative regulator since nearly 
twice as many genes increased expression > 8-fold in the 
fruA mutant compared with the number that decreased 
expression more than 8-fold. It is important to note that, 
as expected [56], fruA was downregulated strongly in 
the mrpC mutant (64-fold, Additional file 2), and FruA 
is undetectable by immunoblot in the mrpC mutant at 
18–30  h PS [65], which presumably accounts for some 
of the effects on gene expression observed in the mrpC 
mutant. Yet, the numbers of genes strongly upregulated 
(408 genes) or downregulated (322 genes) in the mrpC 
mutant (using > 8-fold difference as a cutoff) are larger 
than the numbers in the fruA mutant (294 upregulated, 
166 downregulated), indicating that MrpC is a strong 
negative and positive regulator of many genes indepen-
dently of its effect on the FruA level.

We conclude that CsgA, FruA, and MrpC are negative 
and positive regulators of > 1000 genes during develop-
ment (Fig.  3a). CsgA-dependent regulation is indirect 
and its strongest effects are positive, with the bulk of its 
negative effects being comparatively weaker. Regulation 
by transcription factors FruA and MrpC may be direct or 
indirect. FruA strongly affects hundreds of genes, espe-
cially as a negative regulator. MrpC not only affects genes 
by strongly stimulating fruA transcription, but it also 
strongly regulates hundreds of other genes negatively or 
positively apart from its effect on the FruA level.

CsgA, FruA, and MrpC are coregulators and 
counterregulators of many developmental genes
To determine the numbers of coregulated, counterregu-
lated, and uniquely regulated genes among the mutants, 
we compiled lists of the differentially expressed genes 
observed in only one mutant, two mutants, or all three 
mutants, categorized according to their regulatory pat-
tern (Additional files 4 and 5). We found that 382 genes 
were downregulated and 157 were upregulated in all 
three mutants (Fig. 3b), indicating a larger role of CsgA, 

FruA, and MrpC as positive coregulators of gene expres-
sion than as negative coregulators. Positive coregulation 
was known for a few genes from previous work (Table 1) 
and our RNA-seq data showed that downstream genes 
in the same operons were regulated similarly (Additional 
file 2), as described above (i.e., genes exhibiting the c- 
f- m- pattern of regulation in the mutants). In contrast, 
negative coregulation by CsgA, FruA, and MrpC (i.e., a 
c+ f + m+ pattern) is a novel finding of this study.

Among the genes coregulated in two of the three 
mutants, the greatest number were in the fruA and mrpC 
mutants, with 421 upregulated and 94 downregulated 
(Fig. 3b). The strong dependence of FruA on MrpC [56, 
65] (Additional file 2) and cooperative binding of FruA 
and MrpC to DNA [63, 66–69, 77] likely contribute to 
this high frequency of coregulation. Surprisingly large 
numbers of genes were coregulated by CsgA and either 
FruA or MrpC, underscoring regulation not anticipated 
from the pathway depicted in Fig.  1. For the csgA and 
fruA mutants, 275 genes were downregulated and 114 
were upregulated (Fig. 3b). Since FruA depends strongly 
on MrpC [56, 65] (Additional file 2), identifying genes 
impacted in the csgA and fruA mutants, but not the mrpC 
mutant, was particularly surprising (see Discussion). For 
the csgA and mrpC mutants, 216 genes were downregu-
lated and 161 were upregulated (Fig. 3b). Perhaps regula-
tion of these genes reflects partial dependence of CsgA 
on MrpC (Fig.  1). The CsgA protein level [58] and the 
csgA (MXAN_1294) transcript level (Additional file 5) 
are reduced in the mrpC mutant. How an elevated level 
of CsgA in the WT strain would positively regulate gene 
expression apart from FruA (i.e., < 2-fold regulation in 
the fruA mutant) is unknown.

While the general observation was that CsgA, FruA, 
and MrpC tend to co-positively or co-negatively regu-
late target genes as described above, another surpris-
ing observation was that sizable numbers of genes 
were counterregulated across two (Fig. 3c, left) or three 
(Fig.  3c, right) of the mutants. Genes counterregulated 
in csgA, fruA, and/or mrpC mutants have been described 
in several previous studies (Table  1 and Additional file 
2), but the extent of counterregulation genome-wide 
was unknown. Strikingly, 249 (40%) of the genes regu-
lated by CsgA and MrpC (henceforth called the CsgA/
MrpC dataset) were counterregulated (Fig.  3c, left), 
including two previously reported c-di-GMP-associated 
genes, MXAN_4232 and MXAN_2902 (Additional file 
2). In contrast, only 49 (11%) and 101 (16%) of the genes 
in the CsgA/FruA and FruA/MrpC datasets, respec-
tively, were counterregulated (Fig. 3c, left). Hence, CsgA 
and MrpC exert opposing regulatory effects on many 
more genes than does FruA in combination with CsgA 
or MrpC. Interestingly, FruA regulation rarely opposed 
that of both CsgA and MrpC in the CsgA/FruA/MrpC 
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dataset, where 218 (28.8%) of the genes were counter-
regulated (Fig. 3c, right), but only 33 (4.4%) were upregu-
lated in the fruA mutant and downregulated in the csgA 
and mrpC mutants (i.e., c- f + m-, like nfsA-C and pkn1 
in Table 1 and Additional file 2), and no genes exhibited 
the c+ f- m+ pattern (Fig. 3c, right). The tendency of FruA 
to coregulate rather than counterregulate with CsgA and 
MrpC is consistent with FruA/FruA* acting downstream 
of MrpC and CsgA in the regulatory pathway depicted in 
Fig. 1.

We were also surprised to find large numbers of 
uniquely-regulated genes in each mutant, including both 
up- and down-regulated genes (Fig. 3b). The numbers of 
uniquely-regulated genes in the csgA and mrpC mutants 
(973 and 861, respectively) were much larger than in the 
fruA mutant (339), consistent with FruA/FruA* acting 
downstream of CsgA and MrpC to regulate many genes 
as depicted in Fig. 1. However, finding any uniquely-reg-
ulated genes in the fruA mutant is surprising given the 
strong dependence of FruA on MrpC [56, 65] (Additional 
file 2) (see Discussion).

We conclude that CsgA, FruA, and MrpC are primar-
ily positive coregulators, consistent with the pathway 
depicted in Fig.  1. The most common pair of coregula-
tors is FruA and MrpC, presumably due to dependence 
of FruA on MrpC and/or the two transcription factors 
binding cooperatively to DNA. Typically, the pair act 
negatively when CsgA does not appear to be involved 
(i.e., < 2-fold expression difference in the csgA mutant). 
Conversely, pairwise coregulation by CsgA and FruA was 
primarily positive, perhaps related to CsgA-mediated 
C-signaling leading to FruA* formation and transcrip-
tional activation of late developmental genes.

Genes most impacted are coregulated in two or three of 
the mutants
The previous section focused on the numbers of genes 
exhibiting particular patterns of regulation in the 
mutants, without regard to the strength of regulation. 
In this section, we focus on the strength of regulation or 
more precisely the impact (strength and statistical power) 
of the regulation. To determine the genes most impacted 
in the csgA, fruA, and/or mrpC mutants based on their 
strength of differential expression (log2 fold difference) 
and statistical power (-log10 FDR-adjusted p-value), we 
prepared a volcano plot for each mutant and colored 
the dots (representing the genes) according to whether 
the gene was differentially expressed in one (green), two 
(red), or all three (blue) mutants (Fig. 4a). We observed 
two general trends. First, the bulk of the most impacted 
downregulated genes were differentially expressed in all 
three mutants, whereas the upregulated ones were differ-
entially expressed in two or three of the mutants. Second, 
for both up- and down-regulated genes, as the strength 

of differential expression increased and the -log10 FDR-
adjusted p-value increased, the genes tended to be differ-
entially expressed in two or three of the mutants. Both 
trends indicate that the genes most impacted are regu-
lated in two or three of the mutants.

We also prepared lists of the ten most impacted up- or 
down-regulated genes for each mutant (Additional file 6). 
Among the downregulated lists, the genes were distinct 
for the csgA mutant, with the exception of katE, which 
was also in the mrpC mutant list. In contrast, six of ten 
genes were the same for the fruA and mrpC mutants. 
One of six genes (MXAN_7102) was not downregulated 
in the csgA mutant (i.e., exhibited the f- m- pattern), but 
all the other most impacted downregulated genes exhib-
ited the c- f- m- pattern, highlighting the strong positive 
coregulation by CsgA, FruA and MrpC (Additional file 6, 
bold). Among the upregulated lists, only MXAN_2809 
was on more than one list. This gene exhibited the most 
prevalent upregulated pattern (f + m+) for the fruA (9/10) 
and mrpC (5/10) mutant lists, followed by c+ f + m+ (1/10 
and 4/10 for fruA and mrpC, respectively). We conclude 
that FruA and MrpC are strong negative coregulators, 
often independently of CsgA, which we examine further 
below. For the csgA mutant, the upregulated patterns var-
ied. Finally, we note that many genes (25/60) on the lists 
are likely in operons with other genes on the lists.

We examined the differential expression strength for 
genes affected in two of the three mutants and found 
that it varied depending on the pairing. For example, of 
the 421 genes upregulated in both the fruA and mrpC 
mutants, the strength of upregulation varied over a broad 
range (Fig. 4b, top panel, upper right quadrant) and was 
highly correlated via Spearman analysis (rs = 0.82, Addi-
tional file 7, top right graph). In agreement with our 
conclusion above that FruA and MrpC are strong nega-
tive coregulators, often independently of CsgA, we note 
that 91 genes were strongly upregulated (log2 fold differ-
ence > 5) in both the fruA and mrpC mutants (Fig. 4b, top 
panel, upper right quadrant). Comparatively, the number 
of genes downregulated in the fruA and mrpC mutants 
was much smaller at 94 (Fig.  4b, top panel, lower left 
quadrant). The strength of downregulation varied over a 
broad range (as for upregulation), but only 11 genes were 
strongly downregulated (log2 fold difference < -5) in both 
mutants. The strength of downregulation was highly cor-
related in the two mutants (rs = 0.67, Additional file 7, 
top left graph), albeit slightly lower than for upregulation. 
The highly correlated strength of regulation may reflect 
the strong dependence of FruA on MrpC [56, 65] (Addi-
tional file 2) and/or cooperative binding of FruA and 
MrpC to DNA at regulatory sites [63, 66–69, 77]. Nota-
bly, we observed no strongly counterregulated genes (log2 
fold difference > 5 in one mutant and < -5 in the other) 
(Fig. 4b, top panel, upper left and lower right quadrants).
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For genes affected in the csgA and fruA mutants, down-
regulation tended to be stronger than upregulation 
(Fig.  4b, middle panel, lower left and upper right quad-
rants, respectively). Both included many genes more 
strongly affected in the csgA mutant than in the fruA 
mutant (i.e., many dots closer to the x-axis than to the 
diagonal). The correlations were moderate to nonexis-
tent (rs = 0.49 to 0.11 for down- and up-regulated genes, 
respectively).

For genes affected in the csgA and mrpC mutants, 
there was also skewing toward stronger downregulation 
than upregulation (Fig. 4b, bottom panel, lower left and 
upper right quadrants, respectively). Both showed many 
genes more strongly affected in one of the mutants (i.e., 
many dots off the diagonal), so the correlations were low 
to nonexistent (rs = 0.33 to -0.07 for down- and up-regu-
lated genes, respectively).

Fig. 4  Scatter plots of differential gene expression in mutants relative to wild type. (A) Volcano plots for the mutants. The top ten strongest differentially 
expressed and statistically significant genes are illustrated with larger points. Colors indicate differential expression in one (green), two (red), or all three 
(blue) mutants. (B) Differential expression of genes in the following pairs of mutants: fruA and mrpC (red), csgA and fruA (green), or csgA and mrpC (blue). 
(C) Differential expression of genes in all three mutants. Axes show strength of differential expression in fruA and mrpC mutants, and color shows strength 
of differential expression in the csgA mutant
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We also examined the differential expression strength 
for genes affected in all three mutants and observed some 
similar trends as mentioned above. Like the 421 genes 
upregulated in the fruA and mrpC mutants, for the 157 
genes upregulated in all three mutants, the strength of 
upregulation in the fruA and mrpC mutants varied over 
a broad range (Fig.  4c, upper right quadrant) and was 
highly correlated (rs = 0.76, Additional file 7, bottom right 
graph). As the strength of upregulation increased in the 
fruA and mrpC mutants, that in the csgA mutant tended 
to decrease (Fig.  4c, upper right quadrant). For the 382 
genes downregulated in all three mutants, the strength 
of downregulation in the fruA and mrpC mutants also 
varied over a broad range (Fig. 4c, lower left quadrant). 
However, many genes were more strongly affected in one 
of the mutants (i.e., many dots off the diagonal), so the 
correlation was low (rs = 0.38, Additional file 7, bottom 
left graph). In this case, as the strength of downregula-
tion increased in the fruA and mrpC mutants, that in the 
csgA mutant also tended to increase (Fig.  4c, lower left 
quadrant).

Altogether, our analysis of gene regulatory strength 
indicates that FruA and MrpC are strong negative 
coregulators of many genes independently of CsgA. 
In conjunction with CsgA, FruA and MrpC nega-
tively coregulate less genes, but still in a highly corre-
lated fashion. More genes are positively coregulated by 
CsgA, FruA, and MrpC, but interestingly the correlation 
between strength of regulation by FruA and MrpC is low 
(see Discussion).

CsgA, FruA, and MrpC are regulators of genes involved 
in cellular signaling, protein synthesis, energetics, and 
envelope function
To determine if specific functional families of genes are 
preferentially regulated by CsgA, FruA, and MrpC, we 
performed Gene Ontology (GO) term overrepresentation 
analysis on the various lists of up- and down-regulated 
genes (Additional file 4) using two separate platforms. 
ShinyGO queries multiple annotation databases, such as 
Ensembl, to calculate enriched GO terms for a given list 
of genes [92]. An FDR-adjusted p-value is determined for 
each fold-enrichment score, with a cutoff of less than 0.05 
used for our analysis. We queried the gene lists related 
to Fig.  3a (i.e., all genes up- or down-regulated in each 
mutant, designated as csgA all, fruA all, and mrpC all in 
Additional file 4) and the shorter gene lists related to the 
groupings depicted in Fig. 3b and c (designated csgA only, 
fruA only, mrpC only, csgA/fruA, csgA/mrpC, fruA/mrpC, 
and csgA/fruA/mrpC, also in Additional file 4). As an out-
put comparison, we repeated this process using DAVID 
[93, 94]. Like ShinyGO, DAVID utilizes several annota-
tion databases, including Entrez Gene and Uniprot, to 
ascertain statistically enriched GO terms. The breadth of 

databases utilized by DAVID is wider, but the outputs of 
both tools should be largely in agreement given the simi-
lar nature of the approaches. The output GO term lists 
were compared to one another, and GO terms that were 
statistically enriched and in agreement between the two 
analytical methods are reported in Fig. 5 and Additional 
file 8.

When looking at all the genes up- or down-regulated 
in each individual mutant (i.e., the csgA all, fruA all, and 
mrpC all lists in Additional file 4), several observations 
stood out. First, each of the mutants had downregu-
lated genes enriched for ribosomal proteins and rRNA 
(Fig. 5a, left), with the csgA mutant having the most at 45 
genes, nearly the entire GO term list (RichFactor nearly 
1). Hence, CsgA, FruA, and MrpC are positive regula-
tors of many genes necessary for protein synthesis during 
development. Second, each mutant also had downregu-
lated genes enriched for one other GO term. The mrpC 
mutant was enriched for “defense response to virus” 
genes, including two type I CRISPR-Cas systems: the dev 
operon spanning MXAN_7266−7259 and MXAN_7014–
7020. The latter was weakly impacted only by mrpC, with 
average log2 fold difference near − 1 (Additional file 5), 
while the former was affected in each mutant, though 
more strongly so in the mrpC and fruA mutants, with 
average log2 fold differences of about − 5 (Additional 
file 2). It should be noted that the M. xanthus GO term 
list for “defense response to virus” genes is limited and 
does not include every gene within these CRISPR-Cas 
clusters. This accounts for the RichFactor = 1 with only 
11 genes (Fig.  5a, left) (absent from the GO term list 
are MXAN_7266, 7014, 7017, and 7018 in the two type 
I systems, and the entire type III system MXAN_7276–
7283). The fruA and csgA mutants were enriched for 
genes related to energy production and conversion, with 
the former controlling the electron transport chain via 
NADH dehydrogenase subunit expression and the latter 
affecting energy storage via fatty acid biosynthesis. Third, 
only genes upregulated in the csgA mutant yielded GO 
terms that met our criteria, and all three GO terms were 
related to signaling pathways: phosphorelay signal trans-
duction systems, sensor kinases, and protein Ser/Thr 
kinases (Fig.  5a, right). Between ~ 40–50% of all genes 
in these pathways were present within the dataset (i.e., 
RichFactor ~ 0.4–0.5), highlighting CsgA’s role as a nega-
tive regulator of signaling pathways at 24 h PS.

Our analyses of genes uniquely regulated in a single 
mutant (i.e., the csgA only, fruA only, and mrpC only 
lists in Additional file 4) yielded GO terms distinct 
from those described above for the “all” lists. Interest-
ingly, genes uniquely downregulated in the csgA mutant 
were enriched in four GO terms related to cellular shape 
change (cell division, peptidoglycan biosynthesis, cell wall 
organization, and regulation of cell shape), while genes 
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uniquely downregulated in the mrpC mutant included 
most genes involved in histidine biosynthesis (Fig.  5b, 
left). These results suggest that CsgA and MrpC play 
unique roles in positive regulation of genes involved in 
cellular shape change and histidine biosynthesis, respec-
tively, during development. Genes uniquely upregulated 
in the csgA mutant were enriched in the broad cellular 
compartment category of “integral component of mem-
brane” (Fig. 5b, right).

Our analyses of co- and counterregulated gene lists 
yielded mostly the same GO terms as those described 
above for the “all” lists, albeit with slightly to consider-
ably lower gene numbers and RichFactors. For example, 
analysis of coregulated genes with the c- f- m- pattern 
yielded the “ribosome” GO term with 30 genes and Rich-
Factor = 0.63 (Fig. 5c and Additional file 8), slightly lower 
than the 31 downregulated genes and RichFactor = 0.65 
observed for the mrpC mutant and considerably lower 
than for the csgA and fruA mutants (Fig. 5a, left), whose 
“all” lists have an additional 12 “ribosome” genes with the 
coregulated c- f- pattern (Fig. 5c). Likewise, the 7 “defense 
response to virus” genes of the dev operon (devI, aka 

MXAN_7266, is absent from the GO term list, as noted 
above) are coregulated (c- f- m-) (Fig. 5c and Additional 
files 2 and 8), but the mrpC all list has 4 additional genes 
with this GO term (Fig. 5a, left), and the fruA all list has 
1 gene with the NADH dehydrogenase GO term in addi-
tion to the 8 with the coregulated c- f- pattern (Fig.  5a 
and c). Only counterregulated genes with the c+ m- pat-
tern yielded GO terms that met our criteria. Among the 
upregulated genes on the csgA “all” list that yielded GO 
terms related to signaling pathways (Fig. 5a, right), con-
siderably smaller numbers were also downregulated in 
the mrpC mutant and yielded two of the same GO terms 
(Fig. 5c). These 12 signal transduction system genes and 9 
sensor kinase genes are negatively regulated by CsgA, but 
positively regulated by MrpC.

Overall, our GO term overrepresentation analysis sup-
ports broad alteration of cellular signaling, protein syn-
thesis, energetics, and envelope function by CsgA, FruA, 
and/or MrpC at the developmental timepoint prior to 
sporulation.

Fig. 5  Statistically enriched Gene Ontology (GO) groupings identified by both ShinyGO and DAVID analyses. (A) GO groupings enriched in each indi-
vidual mutant regardless of gene presence in other datasets (designated ALL in Additional file 8). (B) GO groupings enriched considering only genes 
uniquely regulated in a single mutant (designated ONLY in Additional file 8). (C) GO groupings enriched considering genes with particular patterns of 
co- or counter-regulation. Gene regulatory patterns are abbreviated as explained in the Fig. 3c legend. In all three panels, the RichFactor is defined as the 
number of differentially expressed genes over the total number of genes in the GO term, the numbers of differentially expressed genes are to the right of 
the dots, and a Benjamini score of < 0.05 was used as a statistical cutoff
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CsgA, FruA, and MrpC counterregulate genes 
corresponding to particular predicted STRING protein-
protein interaction networks
As an alternative approach to glean functional informa-
tion about genes counterregulated in the csgA, fruA, and/
or mrpC mutants, we utilized the Cytoscape software 
platform [91, 107] to map out and visualize putative 
STRING interaction networks. Several of the predicted 
STRING interaction networks are shown in Fig. 6. These 
and other networks are viewable in Cytoscape (Addi-
tional file 9). Several networks corresponding to counter-
regulated genes grouped broadly in sugar metabolism: 
polysaccharide biosynthetic process/glycosyl transferase 
proteins to the c + f- m- or c- f + m + regulatory pattern 
(Fig. 6a), maltose/maltodextrin import proteins to f + m- 
(Fig.  6b), and galactose metabolism proteins to c- f+ 
(Fig. 6d). Additionally, we identified a network involved in 
the non-ribosomal synthesis of siderophores correspond-
ing to the f + m- regulatory pattern (Fig. 6b) and networks 
of Ser/Thr kinases, histidine kinases, and response regu-
lators corresponding primarily to c + m- (Fig.  6c). Much 
additional work will be required to determine the sig-
nificance of the predicted STRING interaction networks 
whose corresponding genes are counterregulated by 
CsgA, FruA, and MrpC, as well as the many other net-
works viewable in Cytoscape (Additional file 9).

Gene set enrichment analysis identifies several enriched 
pathways controlled in combination by CsgA, FruA, and 
MrpC
To determine if certain cellular pathways were affected 
in the csgA, fruA, and/or mrpC mutants, we performed 
KEGG pathway gene set enrichment analysis using the 
gseKEGG function in the clusterProfiler R-package on 
our segmented or combined gene lists. The segmented 

lists of genes were those differentially expressed relative 
to the WT strain in only one mutant or coregulated in 
two mutants or all three. The combined list included all 
genes from the segmented lists. We identified 18 unique 
pathways across five gene lists with a q-value ≤ 0.05 
(Additional file 10). The KEGG pathways mirror the find-
ings of our GO term analysis, with a strong emphasis on 
protein synthesis (ribosome and aminoacyl-tRNA bio-
synthesis), energetics (fatty acid/branched-chain amino 
acid metabolism, TCA cycle, and oxidative phosphory-
lation), and cellular shape (peptidoglycan biosynthesis). 
We investigated three KEGG pathways further: the ribo-
somal pathway (mxa03010) given its strong downregula-
tion across all mutants, BCAA metabolism (mxa00280) 
due to its upstream importance for production of key 
developmental lipids, and PG biosynthesis (mxa00550) 
owing to the cell wall remodeling necessary for cellular 
shape change during development.

We identified several points upstream of rRNA and 
ribosomal protein production that are impacted by loss 
of CsgA, FruA, and/or MrpC function. Figure  7a sum-
marizes previous knowledge of the M. xanthus ribosomal 
pathway and indicates whether expression of genes cor-
responding to the proteins shown is up- or down-regu-
lated in mutants, based on our RNA-seq data (Fig. 7b and 
Additional file 5). We observed downregulation of socE 
(MXAN_0731) and upregulation of relA (MXAN_5201), 
nla18 (MXAN_3692), and nla4 (MXAN_2516) in the 
indicated mutants (Fig.  7a). All these effects potentially 
increase (p)ppGpp levels in the mutants, which could 
explain the observed downregulation of most rRNAs and 
genes for ribosomal proteins (Fig. 7). Since downregula-
tion of the ribosomal pathway requires not only elevated 
(p)ppGpp levels, but also elevated levels of uncharged 
tRNA, we examined expression of genes involved in 

Fig. 6  Select STRING interaction networks for counterregulated genes. (A) Genes differentially expressed in all three mutants. Regulatory patterns: c + f- 
m- (gray), c- f + m + (yellow), or c- f- m + (light blue). (B-D) Genes differentially expressed in two mutants. Regulatory patterns: (B) f + m-, (C) c + m- (green) 
or c- m + (magenta), or (D) c- f +. Numbers indicate MXAN_#### gene designations (aka old locus ID). See the Fig. 3C legend for regulatory pattern 
abbreviations
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tRNA charging. Of the 25 M. xanthus aminoacyl-tRNA 
synthetase genes, 17, 10, and 5 were downregulated in 
the csgA, fruA, and mrpC mutants, respectively (Fig. 7b). 
Thus, we propose that in the WT strain, CsgA, FruA, 
and MrpC positively regulate aminoacyl-tRNA synthe-
tase genes and negatively regulate relA, nla18, and nla4, 
respectively, while MrpC positively regulates socE, and 
all these effects decrease (p)ppGpp levels, diminish-
ing the stringent response to starvation and preserving 
ribosomes for translation of developmental mRNAs into 
proteins.

We found that genes coding for many enzymes 
involved in the metabolism of BCAAs are downregu-
lated in the csgA, fruA, and/or mrpC mutants. Figure 8a 
shows the affected part of the BCAA metabolic pathway 
and indicates whether expression of genes correspond-
ing to the enzymes shown is up- or down-regulated in 
mutants, based on our RNA-seq data (Fig. 8b and Addi-
tional file 5). In relation to this pathway (Fig. 8a), a criti-
cal early discovery was that loss of the branched-chain 

keto acid dehydrogenase (BCKAD) subunits (bkd/esg, 
MXAN_4264 and MXAN_4265) blocks development, 
and the defect can be rescued by providing isovaleric 
acid, which the mutant presumably converts to isova-
leryl-CoA, a primer for biosynthesis of long branched-
chain fatty acids such as the abundant iso15:0 species 
[17]. In the WT strain, BCKAD converts the leucine 
derivative 2-ketoisocaproate (not shown) to isovaleryl-
CoA, which fatty acid synthase elongates to iso15:0 
(Fig.  8a, vertical pathway at left). The iso15:0 fatty acid 
is a precursor of TG-1 triglyceride, and either can res-
cue development of a bkd/esg mutant, suggesting they 
are developmental signals [18–20]. A second pathway for 
the formation of isovaleryl-CoA was identified that relies 
on MvaS (MXAN_4267) conversion of acetyl-CoA and 
acetoacetyl-CoA to (S)-3-hydroxy-3-methylglutaryl-CoA 
(Fig. 8a, dashed arrows), followed by subsequent activity 
of LiuC (MXAN_3757), BCKAD, and MXAN_4266 [110, 
111]. Notably, isoleucine can contribute to isovaleryl-
CoA production via the MvaS-dependent pathway since 

Fig. 7  Ribosomal pathway genes differentially expressed in mutants relative to wild type. (A) Control of ribosome biogenesis by the stringent response 
to starvation and summary of mutant effects. Starvation inhibits aminoacyl-tRNA synthetases due to amino acid limitation, leading to uncharged tRNA 
in ribosomes and causing RelA to synthesize (p)ppGpp. SocE inhibits the RelA-dependent stringent response [108], whereas Nla18 [46] and Nla4 [47] 
stimulate (p)ppGpp accumulation. (p)ppGpp and one or more DksA orthologs [109] may inhibit RNA polymerase transcription of genes for rRNAs, di-
minishing ribosome biogenesis. Gene regulatory patterns are indicated in parenthesis using abbreviations explained in the Fig. 3c legend. (B) Heatmaps 
of differential expression of genes for stringent response proteins, aminoacyl-tRNA synthetases, and ribosomal proteins and RNA in csgA, fruA, and mrpC 
mutants relative to wild type based on our RNA-seq data (Additional file 5)
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isoleucine can be converted to (S)-2-methyl-butanoyl-
CoA and lead to acetyl-CoA (Fig.  8a, center vertical 
pathways can form a loop). Strikingly, the genes corre-
sponding to nearly all the enzymes involved in convert-
ing branched-chain keto acids (BCKAs) to iso15:0 are 
downregulated in the csgA, fruA, and/or mrpC mutants, 
with a few exceptions (see Discussion), most notably the 

initial conversion of BCAAs to BCKAs being upregulated 
in the csgA mutant (Fig.  8). Overall, our results imply 
that in the WT strain, CsgA, FruA, and MrpC positively 
regulate genes whose products generate isovaleryl-CoA, 
iso15:0, and TG-1, consistent with observations related 
to the abundance of lipid bodies and lipid signals in the 
WT strain and csgA, fruA, and mrpC mutants during 

Fig. 8 (See legend on next page.)
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development (see Discussion). Separate from synthesis 
of isovaleryl-CoA, iso15:0, and TG-1, genes for energy 
metabolism are positively regulated by CsgA, FruA, 
and MrpC, presumably increasing isobutyryl-CoA from 
valine catabolism, eventually being converted to succinyl-
CoA via multiple enzymatic steps (Fig. 8a, vertical path-
way at right).

Finally, we draw attention to the PG biosynthetic path-
way, in which MrpC negatively regulates genes involved 
in the initial and penultimate steps, but CsgA positively 
regulates genes involved in intermediate steps. Figure 9a 
shows the affected portion of the PG pathway and indi-
cates whether expression of genes corresponding to the 
enzymes shown is up- or down-regulated in mutants, 
based on our RNA-seq data (Fig. 9b and Additional file 
5). Genes coding for enzymes involved in the produc-
tion of the four principal inputs to PG biosynthesis, 
UDP-GlcNAc-enolpyruvate (MXAN_4909, MurA), 
(D-Ala)2 (MXAN_5741 and MXAN_5951, Ddl enzymes), 
m-diaminopimelic acid (m-DAP) (MXAN_5054, DapF; 
MXAN_0971 and MXAN_4877), and undecaprenyl 
phosphate (Und-P) (MXAN_0609), were upregulated 
in the mrpC mutant, as were genes for class A penicil-
lin-binding proteins (MXAN_5181 and MXAN_5911, 
PbpAs), which are glycosyltransferase-transpeptidases 
that synthesize glycan chains using the lipid II precur-
sor and then cross-link the peptide side chains at pen-
ultimate steps of the pathway. Hence, MrpC negatively 
regulates genes important for PG synthesis, an appro-
priate response during starvation-induced develop-
mental growth arrest. Conversely, genes corresponding 
to enzymes involved in intermediate steps of the path-
way were downregulated in the csgA mutant, includ-
ing genes for MurB-G and MraY (MXAN_5602–5604 
and MXAN_5606–5609) that convert UDP-GlcNAc-
enolpyruvate to the lipid II precursor. Previous inves-
tigations provide insight into the negative regulation by 
MrpC that we observe, and suggest explanations for the 
novel positive regulation of PG biosynthesis by CsgA (see 
Discussion).

Discussion
Our results show that loss-of-function mutations in 
csgA, fruA, or mrpC broadly impact the M. xanthus tran-
scriptome at 24  h PS, a developmental timepoint when 
the WT strain would have formed mounds, but prior 
to the transition from rods into spores. We discovered 
that thousands of genes are up- or down-regulated at 
least 2-fold in each mutant relative to the WT strain. In 
agreement with a recent developmental timecourse com-
parison of fruA mutant and WT transcriptomes [78], our 
results indicate that FruA is a strong negative regulator 
of gene expression. Conversely, we found that CsgA is 
primarily a strong positive regulator. We also found that 
MrpC is both a strong negative and positive regulator 
independently of its effect on the FruA level. While only a 
few different regulatory patterns across the three mutants 
had been reported previously (Table 1 and Additional file 
2), we observed nearly every possible pattern of coregu-
lation, unique regulation, and counterregulation (Fig. 3), 
revealing much more complicated roles of CsgA, FruA, 
and MrpC in the developmental gene regulatory net-
work than has been appreciated. In particular, our results 
show gene set enrichment for pathways involved in cellu-
lar signaling, protein synthesis, energetics, and envelope 
function in the csgA, fruA, and/or mrpC mutants. We 
drilled deeper into the effects on three pathways – con-
trol of ribosome biogenesis by the stringent response to 
starvation, BCAA metabolism important for develop-
mental lipid signals, and PG biosynthesis since the cell 
wall undergoes remarkable remodeling during the rod to 
spore conversion. We discuss our observations related to 
these pathways, as well as our other results, below.

New insights from comparing genome-wide datasets
Our results add to a growing number of genome-wide 
studies that provide opportunities for new insights to 
emerge. For example, our RNA-seq data uncovered three 
distinct regulatory patterns of genes in the nfsA-H operon 
(Additional file 2). The patterns differ with respect to the 
effect in the mrpC mutant (i.e., m- for nfsA-C, < 2-fold 
regulation for nfsD-E, and m + for nfsF-G). Only the nfsA 
transcript level had been measured previously in the 

(See figure on previous page.)
Fig. 8  Branched-chain amino acid (BCAA) metabolic genes differentially expressed in mutants relative to wild type. (A) BCAA degradation leading to bio-
synthesis of lipid signals involved in fruiting body formation and summary of mutant effects. BCAAs are converted to branched-chain keto acids (BCKAs), 
which in turn are converted to the indicated acyl-CoA derivatives. Isovaleryl-CoA can feed into fatty acid biosynthesis, including that of the abundant 
iso15:0 species, which is a precursor of TG-1 triglyceride (vertical pathway at left). The iso15:0 fatty acid and TG-1 are lipid signals involved in fruiting 
body formation. (S)-2-methyl-butanoyl-CoA (derived from Ile) can lead to acetyl-CoA and acetoacetyl-CoA, which via MvaS activity yields (S)-3-hydroxy-
3-methylglutaryl-CoA that can lead to isovaleryl-CoA (i.e., the two center vertical pathways form a loop). Isobutyryl-CoA (derived from Val) can lead to 
succinyl-CoA (vertical pathway at right) that feeds into metabolism and energy production and conversion pathways. Asterisks indicate enzymatic steps 
for which corresponding M. xanthus gene homologs were not apparent in the KEGG database. Gene regulatory patterns are indicated in parenthesis 
using abbreviations explained in the Fig. 3c legend. (B) Heatmaps of differential expression of genes for BCAA degradation and fatty acid biosynthesis in 
csgA, fruA, and mrpC mutants relative to wild type. Since many enzymes participate in the synthesis of fatty acids, the corresponding M. xanthus genes 
are not shown separately in the vertical pathway at the left in panel A. Rather, they are summarized as “Fatty acid biosynthesis” and their typical regulatory 
pattern (c- f-) is indicated. The individual genes are listed in functional groups at the right in panel B and the heatmap shows their differential expression 
based on our RNA-seq data (Additional file 5)
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mrpC mutant [70]. We note that Cappable-seq identi-
fied developmental TSSs upstream of nfsA, nfsD, and nfsF 
[57]. ChIP-seq identified an MrpC-binding site centered 
at -29 relative to the TSS upstream of nfsA [77]. Down-
regulation of nfsA-C in the mrpC mutant implies posi-
tive regulation by MrpC, which was proposed to involve 
transcriptional activation by MrpC binding to the site 
centered at -29, cooperatively with phosphorylated Nla6 
binding to a site centered at -42.5, based on in vitro 
DNA-binding results [70]. We propose that suboperonic 

promoters upstream of nfsD and nfsF account for < 2-fold 
regulation of nfsD-E and upregulation of nfsF-G in the 
mrpC mutant, respectively, due to other mechanisms 
controlling transcriptional initiation. Premature termi-
nation and/or differential stability of transcripts from 
the three promoters may also contribute to the distinct 
effects of the mrpC mutation on genes in the nfs operon.

Comparison of the genome-wide Cappable-seq [57] 
and MrpC ChIP-seq [77] datasets with our RNA-seq dif-
ferential gene expression for the mrpC mutant relative 

Fig. 9  Peptidoglycan (PG) biosynthesis genes differentially expressed in mutants relative to wild type. (A) Overview of PG biosynthesis and summary 
of mutant effects. Amino acids, sugar nucleotides, and phospholipids are converted into UDP-GlcNAc-enolpyruvate, (D-Ala)2, m-DAP, and Und-P, which 
are the four principle inputs for synthesis of the lipid II precursor, which is used by glycosyltransferase-transpeptidases to synthesize the glycan chains 
and cross-link the peptide side chains of PG. Gene regulatory patterns are indicated in parenthesis using abbreviations explained in the Fig. 3c legend. 
(B) Heatmaps of differential expression of genes for enzymes involved in the initial (synthesis of inputs), intermediate (lipid II synthesis), and completion 
(glycan chain synthesis and peptide side chain cross-linking) stages of PG biosynthesis in csgA, fruA, and mrpC mutants relative to wild type based on our 
RNA-seq data (Additional file 5)
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to the WT strain showed MrpC binding between − 120 
and − 40 relative to TSSs correlates with strong tran-
scriptional activation (Fig. 2b and Additional file 3). This 
position of binding is common for CRP/Fnr superfamily 
members, such as MrpC, and the mechanism of tran-
scriptional activation usually involves direct interaction 
with subunit α or another subunit of RNA polymerase 
to facilitate its recruitment to the promoter [106]. Alter-
natively or in addition, activation can involve other steps 
in the initiation of transcription [104, 105]. Establishing 
whether MrpC follows these paradigms or utilizes novel 
regulatory mechanisms, and determining what factors 
influence MrpC’s regulatory strength at particular pro-
moters, warrant further investigation. Interestingly, our 
dataset comparison also suggested that MrpC binds 
upstream of promoters to strongly repress transcription 
(Fig. 2c and Additional file 3). Analysis of mrpC regula-
tion provides an example of how this might work. MrpC 
negatively autoregulates by outcompeting a transcrip-
tional activator, MrpB (presumably phosphorylated), for 
binding to overlapping sites upstream of the mrpC pro-
moter [55]. Likewise, MrpC binds upstream of the dmxB 
promoter and strongly represses transcription (Fig.  2c 
and Additional file 3), perhaps by outcompeting the bind-
ing of a transcriptional activator that remains to be iden-
tified [57].

Comparison of our RNA-seq data with other transcrip-
tomic studies related to M. xanthus development also 
yields some new insights. The most similar study was the 
recent developmental timecourse comparison of fruA 
mutant and WT transcriptomes [78]. RNA-seq analysis 
showed that > 4000 genes were up- or down-regulated in 
a WT strain during the first 24 h PS, and expression of 
~ 1350 genes differed in a fruA mutant relative to a WT 
strain at 24 h. Using similar (though not identical) meth-
ods of submerged culture development, rRNA depletion, 
and statistical analysis, we found that 2150 genes differed 
in expression between our fruA mutant and WT strain at 
24 h. Since there may be a temporal difference in devel-
opment between the studies, and McLoon et al. [78] 
found that ~ 2950 genes differed in expression at 12 h, we 
performed pairwise comparisons of our 24-h data with 
their 12- and 24-h data. While all three datasets had high 
broad agreement in terms of regulation by FruA for both 
clusters II and IV, which were down- and up-regulated in 
their fruA mutant, respectively (Additional file 11), the 
Spearman correlation for strength of differential expres-
sion was better for the two 24-h datasets (Additional file 
12). Of the genes predicted to be FruA-dependent by 
McLoon et al. [78] and observed in our study, only 43 are 
solely controlled by FruA at 24 h, while 276 are controlled 
by FruA and either CsgA or MrpC, and 268 require all 
three for normal expression (Additional file 11). The dif-
ferences and similarities between the work of McLoon 

et al. [78] and two other developmental timecourse 
transcriptomic studies [43, 44] have been discussed pre-
viously [78]. Common themes included regulation of 
signaling, translation, and metabolism. Our results show 
that much of this regulation involves combinations of 
CsgA, FruA, and/or MrpC.

Diverse regulatory roles of CsgA, FruA, and MrpC
Our results reveal much more complicated roles of CsgA, 
FruA, and MrpC in the developmental gene regulatory 
network than was evident from prior work. Early stud-
ies of fmg and dev genes suggested that CsgA, FruA, and 
MrpC are positive coregulators, and our RNA-seq data 
was in nearly complete agreement (Table  1 and Addi-
tional file 2). The early studies support the model that 
cooperative binding of FruA and MrpC to DNA imme-
diately upstream of the fmg and dev promoters stimulates 
transcription [63, 66–69]. CsgA was proposed to acti-
vate FruA by an unknown mechanism, forming FruA*, 
to enable or enhance transcription [63–65] (Fig. 1). Our 
RNA-seq data identified 382 genes that are downregu-
lated in the csgA, fruA, and mrpC mutants (Fig. 3b, left). 
Some of these genes showing the c- f- m- regulatory pat-
tern likely follow the paradigm of fmg and dev gene regu-
lation involving cooperative binding of FruA/FruA* and 
MrpC, given that cooperative binding appears to occur 
commonly [77]. However, the strong dependence of FruA 
on MrpC [56, 65] (Additional file 2) also predicts coreg-
ulation in the fruA and mrpC mutants. Importantly, the 
strength of regulation in the two mutants is expected to 
be similar, whether caused by cooperative binding or the 
dependence of FruA on MrpC, unless in the latter case a 
small amount FruA/FruA* in the mrpC mutant exerts an 
effect on gene expression.

Our results suggest that a small amount FruA/FruA* 
in the mrpC mutant may indeed exert an effect on gene 
expression. Although the fmg and dev genes exhibited 
similar strength of downregulation in the fruA and mrpC 
mutants (Table 1 and Additional file 2), this was not the 
case for many of the other genes with the c- f- m- regula-
tory pattern (Additional file 7, bottom left graph). Many 
of these genes (i.e., those above the diagonal) were more 
strongly downregulated in the fruA mutant, perhaps due 
to the complete absence of FruA/FruA*, whereas in the 
mrpC mutant a small amount of FruA/FruA* may posi-
tively regulate gene expression in the absence of MrpC. 
This hypothesis can be tested by measuring gene expres-
sion in an mrpC fruA double mutant.

Other genes with the c- f- m- regulatory pattern (i.e., 
those below the diagonal in the bottom left graph of 
Additional file 7) are more strongly downregulated in 
the mrpC mutant than in the fruA mutant (e.g., fadIJ). 
For these genes, the complete absence of MrpC and 
FruA/FruA* (or a small amount of the latter) in the 
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mrpC mutant affects gene expression differently than 
the absence of just FruA (not MrpC) in the fruA mutant. 
Here too, measuring gene expression in an mrpC fruA 
mutant may help elucidate the regulatory mechanism. 
In the case of the fadIJ operon, the fadI transcript level 
was very low in csgA, fruA, and mrpC single mutants at 
24  h PS, and FruA and MrpC bound to the promoter 
region both independently and with weak cooperativity 
[70], so it is likely that independent binding of MrpC in 
the fruA mutant weakly stimulates transcription. Under-
standing the regulatory mechanisms of other genes with 
the c- f- m- pattern will likewise require analysis of FruA 
and MrpC binding to the promoter regions. We note 
that FruA ChIP-seq could be performed and analyzed 
in combination with the existing MrpC ChIP-seq [77], 
Cappable-seq data [57], and our RNA-seq data to predict 
regulatory mechanisms genome-wide not only for genes 
with the c- f- m- pattern, but for genes with other regula-
tory patterns as well (see below).

A novel finding of our study is negative coregulation by 
CsgA, FruA, and MrpC (i.e., the c + f + m + pattern). Inter-
estingly, the 157 genes with this pattern (Fig.  3b, right) 
exhibit much more similar strength of regulation in the 
fruA and mrpC mutants than the 382 genes with the c- 
f- m- pattern (Additional file 7, bottom graphs). We infer 
that FruA/FruA* and MrpC act independently as nega-
tive regulators less frequently than as positive regulators. 
This may reflect strongly cooperative DNA binding of the 
two proteins to repress transcription. In agreement, we 
note that the 421 genes with the f + m + pattern (Fig. 3b, 
right) also exhibit very similar strength of regulation in 
the fruA and mrpC mutants (Additional file 7, top right 
graph). Since these genes were < 2-fold upregulated in 
the csgA mutant, we infer that unactivated FruA (not 
activated FruA*, whose formation requires CsgA) binds 
cooperatively with MrpC to repress these genes.

A surprising finding of our study is hundreds of genes 
differentially expressed only in one of the three mutants 
(Fig. 3b). Previous work had uncovered only the mrpAB 
operon and the sdeK gene as uniquely downregulated 
in the mrpC mutant (Table 1 and Additional file 2). Our 
RNA-seq data adds 375 genes positively regulated and 
483 genes negatively regulated by MrpC independently of 
CsgA and FruA (Fig. 3b). These are likely a combination 
of direct and indirect effects of MrpC acting indepen-
dently as an activator and a repressor of transcription. 
ChIP-seq identified 1608 putative MrpC binding sites at 
18 h PS, but in 13 of 15 cases tested there was evidence 
for cooperative binding with FruA [77]. To estimate how 
frequently MrpC acts independently as a direct regulator, 
we determined the number of genes uniquely regulated 
in the mrpC mutant and with an MrpC-binding site [77] 
between − 200 to + 200 bp relative to a TSS [57]. We found 
only 75 down- and 62 up-regulated genes (Additional file 

13), suggesting that MrpC acts independently as a direct 
regulator infrequently. Among the downregulated genes, 
we found mrpA but not mrpB (Additional files 2 and 13), 
which is cotranscribed with mrpA [58], illustrating that 
our gene number estimates are low since downstream 
genes in operons are not included. Even so, most of the 
independent effects of MrpC appear to be indirect.

Presumably, all the effects of CsgA are indirect, since 
CsgA is not known to bind DNA. Finding 347 down- 
and 626 up-regulated genes unique to the csgA mutant 
(Fig.  3b) shows the profound effects of CsgA on the 
developmental gene regulatory network apart from FruA 
and MrpC. How CsgA exerts these effects emerges as an 
important question from our study.

It was most surprising to find 158 down- and 181 up-
regulated genes unique to the fruA mutant (Fig.  3b), 
given the strong dependence of FruA on MrpC [56, 65] 
(Additional file 2). However, as mentioned in the pre-
ceding paragraphs, a small amount of FruA/FruA* in 
the mrpC mutant could explain its differences from the 
fruA mutant, which completely lacks FruA/FruA*. In 
the csgA mutant, FruA accumulates normally early in 
development and then persists rather than decreasing as 
in the WT strain [64], but presumably FruA is not con-
verted to FruA*. Previously, expression of only one gene 
had been shown to depend on FruA, but not on CsgA. 
The dofA gene was downregulated in a fruA mutant [78], 
but unchanged in a csgA mutant [112] (Additional file 2) 
and FruA appears to directly activate dofA transcription 
by binding to two sites between − 82 and − 42 relative to 
the TSS [113]. Our RNA-seq data suggests that MrpC is 
not involved in dofA regulation (Additional file 2), so we 
infer that FruA (not FruA*) acts independently to activate 
dofA transcription. To estimate the frequency of this reg-
ulatory mechanism among the 338 other genes uniquely 
regulated in the fruA mutant, FruA ChIP-seq could be 
performed and analyzed in combination with the Cappa-
ble-seq data reported recently [57].

Our RNA-seq data revealed that 617 genes are coun-
terregulated in the csgA, fruA, and mrpC mutants at 24 h 
PS. Our data agree with recent reports of exoA, exoL, 
nfsA, pmxA, pkn1, MXAN_6957, and MXAN_7024 being 
counterregulated, though our data did not agree with 
the previously reported counterregulation of spiA and 
MXAN_2902 (Additional file 2). Importantly, the devel-
opmental timepoint sampled can impact the comparison 
between transcript levels in the WT strain and mutants. 
For example, exoA exhibits the c- f + m + regulatory pat-
tern at 24 h, but shows the c- pattern (i.e., loses counter-
regulation) at 30  h [70]. The developmental conditions 
and the particular strains may also influence the timing 
of developmental regulatory patterns. For example, our 
24-h data better matched 12-h data from other stud-
ies in several instances (Additional file 2). In any case, 
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counterregulation suggests regulatory complexity, and 
consistent with this notion, the regulation of exoA, exoL, 
and nfsA was shown to involve not only CsgA, FruA, and 
MrpC, but transcription factor Nla6-P and CRISPR-Cas 
component DevI as well [70]. Further investigation of 
counterregulated genes promises to be intriguing.

In summary, our work highlights diverse regulatory 
roles of CsgA, FruA, and MrpC late during M. xanthus 
development in submerged culture. All three are exten-
sive negative and positive regulators, and we observed 
nearly every possible pattern of coregulation, unique reg-
ulation, and counterregulation.

CsgA, FruA, and MrpC broadly regulate genes involved 
in cellular signaling, protein synthesis, energetics, and 
envelope function during development
Prior timecourse transcriptomic studies showed that cel-
lular signaling, translation, and metabolism are broadly 
altered during M. xanthus development [43, 44, 78], and 
our results show that much of this regulation involves 
CsgA, FruA, and MrpC. Our GO term overrepresenta-
tion analysis showed that CsgA is a negative regulator of 
many signaling pathways and MrpC positively regulates a 
subset of those pathways (Fig. 5). CsgA, FruA, and MrpC 
are positive regulators of many genes necessary for ribo-
some biogenesis and translation, based on both our GO 
term and KEGG pathway gene set enrichment analyses 
(Fig. 5a and Additional files 8 and 10). Interestingly, this 
positive regulation opposes the initial downregulation 
of genes involved in translation during development [43, 
78], as discussed further below. Our GO term analysis 
identified CsgA and FruA as positive regulators of genes 
involved in energy production and conversion (Fig.  5a), 
and our KEGG pathway analysis revealed a strong 
emphasis on regulation of cellular energetics and metab-
olism (Additional file 10). Developmental timecourse 
studies showed that after an initial phase of downregu-
lation of genes involved in energy production and many 
metabolic pathways, transcriptional rewiring of meta-
bolic pathways occurs, presumably to utilize changing 
carbohydrate, lipid, and amino acid resources as develop-
ment proceeds [43, 44, 78]. Our results show that CsgA, 
FruA, and MrpC participate broadly in the rewiring of 
metabolic and energy production and conversion path-
ways at 24 h PS, when rods have formed mounds. Some 
rods have shortened by 24 h, although round spores have 
not yet formed [19, 114]. Cell shortening requires enve-
lope remodeling. Both our GO term and KEGG path-
way analyses indicated that CsgA in particular regulates 
genes implicated in cell envelope structure and func-
tion (Fig. 5b and Additional files 8 and 10). Consistently, 
transcripts from genes involved in cell wall/membrane/
envelope biogenesis increased by 24 h [44]. Some of these 
genes (e.g., nfsA-C, nfsF-H, and pkn1) were upregulated 

in a fruA mutant relative to a WT strain [78]. Our RNA-
seq data agree with the prior studies and show that CsgA 
and MrpC also regulate envelope function during devel-
opment (Additional file 2).

Control of ribosome biogenesis, lipid signals, and 
peptidoglycan biosynthesis by CsgA, FruA, and MrpC 
during development
Our RNA-seq data suggests that CsgA, FruA, and MrpC 
regulate transcript levels at 24 h PS to decrease (p)ppGpp 
levels (Fig. 7), thus diminishing the stringent response to 
starvation and promoting ribosome biogenesis for devel-
opmental gene expression. A simple prediction of this 
model is that (p)ppGpp levels would be elevated in a csgA 
mutant relative to the WT strain. However, (p)ppGpp 
levels were 2- to 4-fold lower in a csgA mutant than in 
a WT strain at 24 h PS, and enzymatic activity of CsgA 
appeared to induce the stringent response [108], which 
raises (p)ppGpp levels. These findings suggest that the 
role of CsgA in the regulatory network is more complex 
than can be predicted from the effects of a csgA mutation 
on transcript levels. For example, posttranscriptional reg-
ulatory mechanisms may be important. In any case, posi-
tive and negative regulation of the stringent response and 
(p)ppGpp levels must be balanced during development to 
ensure that some cells within mounds form spores.

Our results suggest that CsgA, FruA, and MrpC posi-
tively regulate genes whose products generate isovaleryl-
CoA, iso15:0, and TG-1, which have been implicated in 
the formation of lipid bodies and lipid signals. Coincident 
with cell shortening early in development, membrane 
phospholipids appear to be converted to lipid bodies 
composed primarily of triacylglycerols (many derived 
from iso15:0) and their ether derivatives (with TG-1 
being the most abundant) [115, 116]. The lipid bodies 
appear to be carbon storage organelles for later genera-
tion of energy to complete sporulation. Mutations in csgA 
and fruA severely impair cell shortening and lipid body 
formation, whereas a deletion of mrpC causes milder 
defects [115]. These defects likely result from failure to 
upregulate genes for BCAA metabolism (Fig.  8). In the 
WT strain, TG-1 and related iso15:0-derived ether lipids 
in lipid bodies may be released from lysing cells to func-
tion as developmental signals [18–20]. The levels of these 
lipids are lower in csgA and fruA mutants than in the WT 
strain at 24  h [116, 117] and 72  h PS [18], but the lev-
els in an mrpC have not been reported. Our data suggest 
that ether lipids may be lower in the mrpC mutant than 
in the WT strain, since MrpC, like CsgA and FruA, posi-
tively regulates genes involved in many steps of BCAA 
metabolism (Fig.  8). However, elbD (MXAN_1528) is 
upregulated in the mrpC mutant (Fig.  8). ElbD is pri-
marily responsible for ether lipid biosynthesis, includ-
ing TG-1, at the end of the pathway [118]. Increased 
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elbD expression in the mrpC mutant might restore ether 
lipid levels, at least partially. Another intriguing excep-
tion to the downregulation of genes involved in BCAA 
metabolism in the csgA, fruA, and mrpC mutants is the 
upregulation of MXAN_2987 in the csgA mutant (Fig. 8). 
MXAN_2987 codes for BCAA transaminase, which cata-
lyzes oxidative deamination of BCAAs at the beginning 
of the pathway. We speculate that CsgA negatively reg-
ulates the first step of the pathway to conserve BCAAs 
for protein synthesis and/or for allosteric activation of 
downstream enzymes in the pathway (e.g., as observed 
for leucine activation of glutamine dehydrogenase) [119].

We found that MrpC negatively regulates genes 
involved in the initial and penultimate steps of PG bio-
synthesis, but CsgA positively regulates genes involved 
in intermediate steps (Fig. 9). The negative regulation by 
MrpC is an appropriate response to starvation-induced 
growth arrest, since elongation of the PG sacculus ceases. 
Presumably, the levels of PG components increase in 
the starving WT strain. This may further increase csgA 
expression beyond that caused by starvation, since 
addition of the PG components N-acetylglucosamine 
(GlcNAc), diaminopimelate (DAP), and D-alanine 
(D-Ala) to cells induces csgA expression even in the pres-
ence of nutrients [29]. The starvation-dependent increase 
in csgA expression may be a direct effect of MrpC, since 
an MrpC-binding site centered at -407 relative to the 
TSS was detected by ChIP-seq [77]. Both the CsgA pro-
tein [58] and the csgA (MXAN_1294) transcript levels are 
reduced in the mrpC mutant (Additional file 5). Hence, 
in the starving WT strain, PG components and MrpC 
may elevate the CsgA level, which would positively regu-
late genes involved in intermediate steps of PG synthesis 
based on our RNA-seq data (Fig. 9). This positive regu-
lation by CsgA, together with the negative regulation by 
MrpC of genes involved in the initial and penultimate 
steps of PG biosynthesis, may lead to the accumulation 
of the lipid II precursor as well as the smaller PG com-
ponents. Later in development, as rods become spores, 
PG degradation presumably releases PG intermediates. 
We speculate that PG degradation and earlier regulation 
by MrpC and CsgA of genes involved in PG biosynthe-
sis create a store of PG intermediates in spores that are 
used to rebuild PG during germination. In support of this 
hypothesis, chemically-induced myxospores treated with 
nutrients elongate into rods in the presence of fosfomycin 
[120], an antibiotic that inhibits MurA at the beginning of 
the PG biosynthetic pathway (Fig. 9a) and thus prevents 
synthesis of PG intermediates. Similar experiments with 
starvation-induced fruiting body myxospores have not 
been reported. Our hypothesis predicts that starvation-
induced myxospores treated with nutrients would also 
elongate into rods in the presence of fosfomycin.

Conclusions
This work provides a wealth of information about the 
impact of mutations in csgA, fruA, and mrpC on the M. 
xanthus developmental transcriptome. The develop-
mental process is a delicate balance, as the lytic fate of 
the majority of rods, the torpor of hardy spores in fruit-
ing bodies, and the alternate fate of peripheral rods that 
remain outside fruiting bodies, all require great inputs of 
energy. An intricate network of signals and both positive 
and negative regulators of gene expression are required 
to ensure proper temporal and spatial determination of 
cell fate. Splendid work has been undertaken to study the 
regulation of individual genes as well as temporal pro-
gression of the developmental transcriptome. Our work 
expands on previous findings and will serve as a spring-
board for additional targeted investigations into the con-
siderable gaps in knowledge that remain.
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