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Abstract

While bacteria typically lack membrane bound organelles, the mechanisms of subcellular 

organization have been unclear. Bacteria have recently been found to harbor membraneless 

organelles containing enzymes of many biochemical pathways. These organelles, called 

biomolecular condensates, have been found to commonly form through the process of liquid-liquid 

phase separation and are typically enriched in nucleic acid binding proteins. Interestingly, 

eukaryote and bacterial transcription and RNA decay machinery have been found to form 

biomolecular condensates. Additionally, DEAD Box ATPases from eukaryotes and bacteria have 

also been found to modulate biomolecular condensates. The shared ability of RNA metabolic 

enzymes to assemble into biomolecular condensates across domains suggests that this mode of 

subcellular organization aids in the control of RNA metabolism.

Keywords

BR-bodies; RNAP condensate; mRNA Decay; mRNA turnover; mRNA transcription; DEAD Box 
RNA Helicases; biomolecular condensates

Introduction

While eukaryotic cells are known to organize their biochemical pathways via membrane 

bound organelles, recent investigations of membraneless organelles has revealed their 

critical and widespread roles. This has been fueled by the finding that these membraneless 

organelles can often be formed by liquid-liquid phase separation (LLPS) which allows for 

internal biochemical activity [1–3]. The membraneless organelles formed by this process are 

often referred to as biomolecular condensates (hereafter referred to as condensates) and 

include the nucleolus, Cajal bodies, Processing bodies (P-bodies) and stress granules to 

name a few [2]. Similar condensates have now been identified in bacterial cells [Figure 1a] 

[4–7], and due to the general lack of membrane bound organelles, have been proposed to 
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play critical roles in organizing the bacterial cytoplasm. Interestingly, transcriptional 

machinery and RNA decay machinery have been found to form condensates across both 

eukaryotes and bacteria. This review will focus on recent advances in bacterial RNA 

metabolism in condensates which will then be compared with functionally related eukaryotic 

condensates.

The initial discovery that eukaryotic P-granules behave like liquids [8] has sparked similar 

findings in many eukaryotic membraneless organelles [9]. A combination of in vivo and in 
vitro studies have revealed that proteins and RNA undergo LLPS by forming transient and 

multivalent weak intermolecular interactions driven by an energetically favorable process 

resulting in a condensed phase (macromolecular rich) and a dilute phase (macromolecular 

sparse) [Figure 1b]. The largest class of condensates, Ribonucleoprotein (RNP) condensates, 

are gaining immense interest because of their critical role in organizing RNA transcription, 

splicing, RNA modification, localization, translation, and decay [10–14]. Condensates aid 

RNA metabolism through selective permeability of client molecules, enhancement of 

substrate concentration, and the modulation of chemical reactions [15]. Multivalent RNA 

binding proteins (RBPs) with intrinsically disordered regions (IDRs) are the key scaffolding 

proteins involved in condensate formation [2]. IDRs act as “spacers” to provide flexibility, 

and multivalent weak interactions act as “stickers” to promote dynamic associations between 

proteins. These interactions can occur between folded domains and IDRs with emerging 

rules of specificity dictated by the amino acid content [16–18]. These scaffolds can also 

recruit client proteins [Figure 1b] into the condensate through protein-protein interactions 

which can bring new biochemical functions [2]. Additionally, RNA has been found to form 

condensates in the absence of proteins through intermolecular base-pairing, which could 

recruit specific RBPs [Figure 1d] [19,20]. Overall, the ability to assemble a membraneless 

organelle through phase-separation may provide a critical role in organizing the biochemical 

processes within the bacterial cytoplasm.

RNAP condensates as organizers of rRNA transcription

Eukaryotic RNA polymerases (RNAPs) I and II and bacterial RNAP form condensates 

[6,21,22]. As RNAP I is known to localize in the nucleolus, one of the best characterized 

eukaryotic condensates that organizes rRNA transcription and ribosome assembly, bacterial 

RNAP clusters have similar properties [6,23,24] [Figure 2a]. Bacterial RNAP foci are 

observed in both Escherichia coli and Bacillus subtilis grown in rich media [25–27]. 

Importantly, E. coli RNAP foci occur in logarithmic growth when cells are doubling most 

rapidly, and can be reversibly dissociated when hexanediol is added to cells, suggesting that 

they are in a liquid-like state [6]. Additionally, the RNAP associated anti-termination factor 

NusA has been found to form similar clusters while the purified protein can phase-separate 

in vitro [6]. Single-molecule particle tracking experiments found both RNAP and NusA 

molecules are dynamic, with a significantly higher fraction of slower moving molecules in 

nutrient rich conditions which likely correspond to those RNAP molecules in foci [6]. 

Therefore, we will refer to these RNAP foci as RNAP condensates. It has been well 

established that most RNAP in fast-growing E. coli are known to be engaged in rRNA 

transcription [28], and 6 of the 7 rRNA loci have been found to colocalize, similar to the 

colocalization of the rRNA loci in the eukaryotic nucleolus (Figure 2a) [29]. Indeed, super-
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resolution imaging found that pre-rRNA is colocalized with RNAP clusters, suggesting that 

these clusters correspond to active RNAP molecules [23]. Interestingly, rRNA synthesis is 

not an essential requirement for RNAP condensates, as treatment of cells with serine 

hydroxamate, which induces a starvation response that rapidly halts new rRNA synthesis, 

does not lead to the complete dissociation of RNAP condensates [23]. In contrast, treatment 

of E. coli cells with rifampicin, which globally blocks RNAP activity, led to a stronger 

reduction in RNAP foci. This result suggests that RNAP foci correlate with active mRNA 

transcription [23]. Removal of 6 of the 7 rRNA genes from the E. coli chromosome did not 

lead to a complete reduction in RNAP condensates [23], nor did treatment with a DNA 

gyrase inhibitor or deletion of nucleoid associated protein genes fis or lrp [23], suggesting 

the nucleoid structure alone is not responsible for RNAP condensate formation. While 

reduction in rRNA transcription and rRNA gene copy number lead to a reduction in RNAP 

condensate size and number [23,24,30], further studies will be needed to identify the precise 

macromolecular rules governing the formation of RNAP condensates. In addition, RNAP I 

in eukaryotes is responsible for rRNA transcription and resides predominantly in the 

nucleolus where rRNA genes, processing factors, and modifying enzymes colocalize to 

allow for cotranscriptional rRNA processing [31]. However, it is currently unknown whether 

processing factors and modifying enzymes also colocalize with bacterial RNAP condensates 

to promote cotranscriptional rRNA processing and assembly of ribosomes. In addition, 

eukaryotic RNAP II has been found to assemble into super enhancer clusters which 

stimulate mRNA synthesis and affect coordination with splicing condensates[10,32]. It is 

currently unknown whether bacterial RNAP condensates impact mRNA transcription.

RNA decay machinery condensates stimulate bacterial mRNA decay

Eukaryotic mRNA decay machinery has been identified to localized into cytoplasmic 

condensates called processing bodies (P-bodies) and stress granules (Figure 2b) [33]. While 

the major cytoplasmic nuclease Xrn1 is present in both P-bodies and stress granules, 

bacteria most commonly use different mRNA decay nucleases, the most common of which 

is RNase E [34,35]. P-bodies and stress granules are conserved from yeast to humans and 

assemble condensates composed of many mRNA decay-related nucleases, RNA chaperones, 

and translational repressors [36]. RNA degradosomes, the active multi-protein complexes 

facilitating mRNA decay in bacteria [37], have been found to form bacterial 

ribonucleoprotein bodies (BR-bodies) that can be observed as cytoplasmic foci in many 

bacterial species containing RNase E based RNA degradosomes (C. crescentus, S. meliloti, 
A. tumefacienes, E. coli, and Cyanobacteria) [4,38], RNase J based degradosomes (H. 
pylori) [39], and RNase Y based degradosomes (B. subtilis) [40]. Beyond a scaffold 

nuclease, RNA chaperones and additional RNases are common components of BR-bodies 

[4]. RNase E in C. crescentus and E. coli and RNase Y in B. subtilis have all been found to 

undergo foci fusion events, suggesting liquid-like behavior [4,38,40,41]. In addition, the 

IDR of C. crescentus RNase E was found to be necessary and sufficient for foci formation in 

cells, and was able to phase-separate into droplets in vitro, suggesting that this protein 

feature controls condensation of BR-bodies [4]. Deletion of the C-terminal IDR from E. coli 
or C. crescentus RNase E slows the rate of mRNA decay in the cell [13,41].
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Most bacteria initiate bacterial mRNA decay via endonucleolytic cleavage, followed by 3–5’ 

exonucleolytic degradation of mRNA decay intermediates, such that in wild-type cells 

virtually no mRNA decay intermediates are detected [42]. Interestingly, RNase E mutants 

that disrupt association with exonuclease or that lack C-terminal IDRs show increased 

accumulation of mRNA decay intermediates, suggesting that BR-bodies help ensure mRNA 

decay fragments are degraded within BR-bodies [Figure 3] [13].

One fundamental feature of condensates is selective permeability. BR-bodies enrich long 

poorly translated mRNAs and small regulatory RNAs (sRNAs) and exclude structured RNAs 

including rRNAs and tRNAs [13]. Another intriguing observation is the physical exclusion 

of translating ribosomes from BR-bodies in bacteria and from P-bodies and stress granules 

in eukaryotes (Figure 2b) [13,36]. This phenomenon has the effect of compartmentalizing 

mRNA decay processes from translation processes. Enrichment of sRNAs hints at the 

probable existence of another level of posttranscriptional gene regulation in BR-bodies. 

Silencing RNAs are also found in eukaryotic RNP granules (P-bodies & stress granules) but 

their function is poorly understood [36,43]. The bacterial RNA chaperone protein, Hfq, 

mediates the interaction between sRNAs and mRNAs to regulate the stability and translation 

of mRNAs [44,45]. sRNA induced mRNA decay is significantly reduced in strains lacking 

the RNase E C-terminal IDR, and sRNA-mRNA colocalization was significantly increased 

[46], suggesting that BR-bodies may stimulate the decay of silenced mRNAs. Interestingly, 

Hfq has been found to form cytoplasmic foci upon nitrogen starvation [47], however, it’s not 

yet known whether these foci localize with BR-bodies.

While no complete inventory of BR-body associated proteins yet exists, P-bodies and stress 

granules are known to contain >100 proteins [36, 48, 49]. In P-bodies, a subset of proteins is 

present at high concentrations forming a “core”, while most P-body proteins were present at 

lower stoichiometries [50]. While it is hypothesized that the RNA degradosome forms the 

BR-body core, a systematic investigation of BR-body associated proteins will answer this. 

One additional question that needs to be investigated is if all the BR-bodies in a cell have a 

homogenous mixture of client proteins, or if BR-bodies contain a heterogenous client 

composition based on mRNA-specific requirements of RNA processing/decay factors.

Additionally, while RNA appears to be a critical component for assembly of RNase E based 

foci in C. crescentus, A. tumefaciens, S. meliloti, and E. coli, it is not required for the RNase 

Y foci in B. subtilis, suggesting different assembly requirements of BR-bodies across 

species. The presence of D-foci in mitochondria and RNA stress granules in chloroplasts 

suggests that similar mechanisms of organization are used in these endosymbiotic organelles 

[51, 52].

DEAD box ATPases as modulators of bacterial condensates?

DEAD box ATPases belong to helicase super family 2 and are composed of a conserved 

helicase core made up of two (Rec A-like domains. The name “DEAD-box” derives from 

the presence of conserved Asp-Glu-Ala-Asp amino acid motif in domain 1 of helicase core 

[53]. DEAD box ATPases alter RNA structure and remodel RNPs through ATP dependent 

RNA binding and ATP hydrolysis [54]. Recent investigations in eukaryotic cells have 
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attributed a novel dual role to the DEAD box ATPases in regulating the formation and 

turnover of condensates depending on the context [Figure 4] [55,56]. DEAD box proteins 

with IDRs can undergo LLPS and promote the formation of RNP condensates either on their 

own or with the aid of other protein partners [57]. Additionally, they can promote changes in 

the condensate RNP composition through ATP binding or hydrolysis, thereby regulating 

condensate formation [55,56,58]. Most bacteria have DEAD box ATPases that are involved 

in various steps of RNA metabolism, and several of them have long IDRs or low complexity 

domains that have the propensity to form condensates [55,59]. For example, E. coli has five 

DEAD box proteins, RhlB, RhlE, DeaD, SrmB and DbpA, whose functions are involved in 

various processes including ribosome biogenesis, RNA turnover, and translation initiation 

[60]. Three of them (DeaD, SrmB and RhlE) have long IDRs and readily form condensates 

in vitro at their physiological concentrations or when overexpressed in vivo [55]. While 

RhlB lacks a long IDR and does not phase separate in vitro, it does associate with RNase E 

and is recruited into BR-bodies, though the role of ATPase activity in the regulation of BR-

bodies has not been investigated [4,38]. Yeast Dhh1 DEAD Box ATPase activity has been 

shown to allow rapid compartment turnover and release of RNA [58] and, it is possible that 

RhlB ATPase activity may provide a similar function in BR-bodies. DEAD Box ATPase 

activity may also be able to prevent BR-bodies from solidifying, as has been observed for 

eukaryotic RNP granules, which may allow them to transition into mRNA storage granules. 

Another important goal for future research will be to identify whether bacterial DEAD box 

proteins containing IDRs form independent condensates in vivo. If bacteria can 

simultaneously generate multiple RNP condensates, this would allow cells to recruit unique 

client proteins/RNA molecules to each condensate and organize different RNA processes.

Conclusions

Although condensate research is only in the early stages in bacteria, there is growing 

evidence for the idea that condensates play a role in compartmentalizing diverse 

macromolecules and biochemical processes [61–63]. Organizing biochemical processes in 

condensates can have multiple advantages, which can be dynamically regulated by their 

formation and deformation. Condensation can accelerate reactions by concentrating 

enzymes and substrate. Condensates may also act to suppress reactions by sequestering 

molecules from their site of action. Additionally, condensation can allow for selective 

permeability of substrates and enzymes preventing off-pathway reactions and/or premature 

build-up of pathway intermediates. Many RNA processes are highly coordinated in vivo and 

it is likely that condensates of different types facilitate the coordination. Now that bacterial 

RNAP has been found to form a condensate in rapidly growing E. coli cells, it’s possible 

that these condensates will be coordinated with BR-bodies, as the core BR-body protein 

RNase E is required for 5S rRNA maturation [64]. Indeed, in C. crescentus, RNase E foci 

are found to commonly overlap with rRNA genes [65], suggesting RNase E and RNAP 

condensates coordinate rRNA transcription and processing.. The biochemical functionality 

of RNAP condensates and coordination with BR-bodies will be an area of immense interest. 

BR-bodies are comparatively better characterized in terms of their biochemical functions in 

mRNA decay, being found to accelerate RNA cleavage and prevent the buildup of mRNA 

decay intermediates, but there are many aspects of their functionality that need to be better 
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understood. How do different RNA-decay enzymes in BR-bodies coordinate decay? Are 

BR-bodies homogeneous, or heterogeneous within a single cell? How do BR-bodies 

coordinate with Hfq to mediate sRNA silencing?

As this field grows, one of the key questions to be addressed is how many types of bacterial 

condensates may exist? It is well known that RBPs often play a central role in condensate 

formation, yet the true number of bacterial RBPs is unknown, and many well-characterized 

eukaryotic RNA binding domains are largely absent in bacterial proteins [66]. New unbiased 

approaches, such as grad-seq and UV-crosslinking phenol-chloroform based mass-spec 

approaches have identified previously unknown RNA binding proteins with unconventional 

RNA binding domains (RBDs) [67,68]. Many metabolic enzymes were found to have 

moonlighting activity as RBPs in E. coli and their RNA binding is strongly conserved with 

homologues in yeast Saccharomyces cerevisiae [69]. Interestingly, under stress conditions 

these metabolic enzymes in eukaryotes form condensates together with RNA substrates 

[70,71]. A comprehensive analysis of bacterial RBPs using global experimental approaches 

followed by testing in vitro and in vivo condensate forming ability will likely yield new RNP 

condensates with interesting functions in RNA metabolism.
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Highlights

• Biomolecular condensates act as membraneless organelles that assemble via 

liquid-liquid phase-separation.

• Bacterial transcription and mRNA decay machinery were found to form 

biomolecular condensates.

• Bacterial RNP condensates facilitate spatial coordination of multi-step RNA 

processing pathways.

• DEAD box ATPases can act as regulators of bacterial biomolecular 

condensates.
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Figure 1. 
Basic properties of liquid-liquid phase separated condensates. (a) Bacterial cell showing 

condensates in the cytoplasm with one ribonucleoprotein (RNP) condensate enlarged. RNP 

condensates are formed by weak multivalent interactions between multivalent/intrinsically 

disordered proteins (IDPs) and RNA. Multivalency refers to the number of specific intra and 

as well inter molecular interactions. Multivalent domains can be present on both folded and 

intrinsically disordered regions (IDRs) of a protein. IDRs lack a defined structure and are 

enriched in disorder promoting amino acids (Arg, Pro, Gly, Glu, Ser, Ala and Lys). (b) 

Condensed phase is rich in macromolecules and the dilute phase sparse in macromolecules, 

nevertheless the system is in thermodynamic equilibrium because of the gain in net free 

energy (ΔG) in the condensed phase. Condensates are selective in recruiting protein and 

RNA molecules that may have promoting or inhibitory effect on the condensates. 

Multivalent/IDR proteins and RNA molecules acts as scaffold molecules in recruiting client 

protein and RNA molecules into the condensate. (c) The formation of liquid condensates is 

reversible. At concentrations above the critical saturation concentration (csat), the proteins or 

RNA molecules condense into droplets, and the smaller droplets can fuse to become bigger 

droplets as this process lowers the surface tension of smaller droplets. Intracellular or 

extracellular stimulation may lead to the dissolution of condensates. Liquid condensates can 

turn into solid condensates by accumulating large number of macromolecules and this 

process is often irreversible. (d) RNA alone has the intrinsic property to undergo phase 

separation and RNA molecules can in turn recruit specific RNA binding proteins (RBPs) 

ultimately forming an RNP granule.
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Figure 2. 
Prokaryotic and eukaryotic RNP granules involved in RNA synthesis and degradation. (a) 

Left: In eukaryotes, clusters of ribosomal RNA (rRNA) genes are transcribed by RNA 

polymerase I (RNAP I) and processed in a liquid condensate called nucleolus situated in the 

nucleus. The processed 18 S and 12 S rRNA are exported into the cytoplasm for the 

subsequent assembly of ribosomes and translation. Right: In E. coli RNA polymerase 

(RNAP) foci are shown to colocalize with rRNA operons (In E. coli 6 out of 7 rRNA 

operons - rrnE, rrnG, rrnD, rrnA, rrnH and rrnB are colocalized). This arrangement of rRNA 

operons and RNAP in bacteria mimics the nucleolus like compartmentalization seen in 

eukaryotes, though the transcription and processing of rRNAs in bacterial condensates need 

to be demonstrated. (b) Processing bodies (P-bodies) in eukaryotes (left) can be compared to 

the bacterial ribonucleoprotein bodies (BR-bodies) in bacteria (right). There are lot of 

similarities between these condensates in terms of the presence or absence of functionally 

equivalent proteins and RNA molecules. While it is agreed that BR-bodies mainly act as 

RNA decay compartments, there is no consensus whether P-bodies act as RNA decay or 

storage compartments.
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Figure 3. 
RNA decay in bacterial ribonucleoprotein bodies (BR-bodies). The existence of various 

functional enzymes hints their probable coordination in BR-bodies. RNase E, the core 

component cleaves long RNAs into short RNAs by its endonucleolytic activity. DEAD box 

ATPase and RNase D (3’−5’ exonuclease) coordinate with RNase E to further degrade RNA. 

This leads to RNA fragmentation and reduced multivalent interactions between proteins and 

RNA molecules resulting in the dissolution of BR-body.
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Figure 4. 
DEAD box proteins regulate the assembly and turnover of condensates. (a) DEAD box 

proteins undergo oligomerization in the presence of RNA and ATP forming RNP 

condensates. These RNP condensates may organize various RNA processing reactions 

depending on the function of a DEAD box ATPase. Upon the stimulation of ATPase activity 

by a regulatory protein, RNA is released leading to the dissolution of condensate [55]. (b) 

DEAD box proteins can act as chaperones by reducing the multivalent interactions between 

RNA molecules in the condensate by means of its ATPase activity. This activity of DEAD 

box proteins potentially reduces RNA/RNP condensation in the cytoplasm of cells [56].
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