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ABSTRACT Microorganisms often inhabit environments that are suboptimal for growth
and reproduction. To survive when challenged by such conditions, individuals engage in
dormancy, where they enter a metabolically inactive state. For this persistence strategy
to confer an evolutionary advantage, microorganisms must be able to resuscitate and
reproduce when conditions improve. Among bacteria in the phylum Actinomycetota,
dormancy can be terminated by resuscitation-promoting factor (Rpf), an exoenzyme
that hydrolyzes glycosidic bonds in the peptidoglycan of cell walls. We characterized
Rpf from Micrococcus KBS0714, a bacterium isolated from agricultural soil. The protein
exhibited high substrate affinity in vitro, even though resuscitation was maximized
in live-cell assays at micromolar concentrations. Site-directed mutations at conserved
catalytic sites significantly reduced or eliminated resuscitation, as did the deletion
of repeating motifs in a lectin-encoding linker region. We then tested the effects of
recombinant Rpf from Micrococcus KBS0714 on a diverse set of dormant soil bacteria.
Patterns of resuscitation mapped onto strain phylogeny, which reflected core features
of the cell envelope. Additionally, the direction and magnitude of the Rpf effect were
associated with functional traits, in particular, aspects of the moisture niche and biofilm
production, which are critical for understanding dormancy and the persistence of
microbial populations in soils. These findings expand our understanding of how Rpf
may affect seed bank dynamics with implications for the diversity and functioning of
microorganisms in terrestrial ecosystems.

IMPORTANCE Dormancy is a process whereby individuals enter a reversible state of
reduced metabolic activity. In fluctuating environments, dormancy protects individu-
als from unfavorable conditions, enhancing fitness and buffering populations against
extinction. However, waking up from dormancy is a critical yet risky decision. Some
bacteria resuscitate stochastically, while others rely on environmental cues or signals
from neighboring cells to transition back to active growth. Resuscitation-promoting
factor (Rpf) is an exoenzyme that cleaves bonds in the peptidoglycan of bacterial cell
walls, facilitating dormancy termination and enabling regrowth. Although this family
of proteins has been well characterized in model organisms and clinically relevant
strains, our study characterizes Rpf from a soil bacterium and examines its effects on
resuscitation across a diverse collection of bacteria, linking it to functional traits that may
influence dormancy dynamics in both natural and managed ecosystems.

KEYWORDS seed bank, persistence, signaling, traits, biodiversity

S oils are among the most diverse microbial habitats on Earth (1, 2). A single gram of
soil can harbor thousands of co-occurring taxa (3), and there is a substantial turnover
in composition across spatial scales (4). One life-history strategy that contributes to
soil biodiversity is dormancy, a process that allows individuals to enter a reversible
state of reduced metabolic activity (5). Only ~1% of the soil microbial biomass pool is
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metabolically active (6). The remaining viable biomass is a ‘seed bank! This reservoir
of dormant individuals plays a crucial role in the evolution and persistence of
populations, the maintenance of biodiversity, and the overall functioning of ecosystems
(7,8,9).

Dormancy has independently evolved multiple times, giving rise to a variety of
mechanisms by which microorganisms enter and exit metabolic states (10). Dormancy
is often initiated in response to changing environmental conditions. For instance, some
filamentous cyanobacteria form resting structures, called akinetes, in response to light
or phosphorus limitation (11). Fungal spore production is initiated in part by hormonal
signaling between arbuscular mycorrhizae and the plant host (12). Additionally, some
bacteria enter dormancy by forming metabolically inactive persister cells, which can be
generated stochastically or in response to adverse environmental conditions (13).

Resuscitation is also crucial for the success of dormancy as a survival strategy. Since
awakening at an inopportune time can be maladaptive, microorganisms often rely on
cues to time their resuscitation. This decision-making process is typically regulated
by the detection of nutrients through membrane-bound receptors (14) or, in some
cases, by more sophisticated mechanisms, such as tracking electrochemical potentials,
a form of microbial memory that can be used to gauge environmental quality (15).
Another example comes from the Actinomycetota, a phylum of bacteria that emerge
from dormancy using an extracellular enzyme known as resuscitation-promoting factor
(Rpf). The 'scout hypothesis’ proposes that these bacteria may stochastically awaken and
secrete Rpf into the environment, thereby triggering the resuscitation of neighboring
cells (16).

Rpfs were first identified in populations of Micrococcus luteus. When late station-
ary-phase cultures were exposed to filter-sterilized supernatants from actively growing
cells, dormant bacteria rapidly resumed their metabolic activity (17). Subsequently, the
growth-stimulating compound was identified as a small (~16 kDa) protein with muralytic
activity (18). Rpf cleaves B-(1,4) glycosidic bonds in peptidoglycan, a major constituent
of the cell wall in nearly all bacteria (19, 20). In addition to facilitating the remodeling
and turnover of dormant cell walls necessary for outgrowth, the muropeptides released
during Rpf-mediated hydrolysis may act as specialized signaling molecules that awaken
closely related bacteria (21).

Rpf is broadly distributed among diverse lineages of the Actinomycetota (22, 23). It is
clinically relevant because Rpf can terminate latency in Mycobacterium strains, including
those responsible for tuberculosis (24). Rpf is also found among environmental isolates
(25) and may be particularly important in soils. Metagenomic analyses indicated that
up to 20% of soil genomes may contain Rpf homologs (5). Meanwhile, experimental
evidence suggests that Rpf has direct and indirect effects on seed bank dynamics. The
addition of Rpf to soil influenced bacterial and fungal structure, which was associated
with altered respiration and plant performance (26). Beyond these observations, little is
known about how Rpf from soils affects diverse strains of bacteria.

In this study, we conducted experiments with recombinant Rpf generated from an
actinomycetal strain, Micrococcus KBS0714, that was isolated from agricultural soil (27,
28). Using purified protein, we measured enzyme kinetics to assess the catalytic potential
and substrate affinity of the novel Rpf. After evaluating its concentration dependence
and potential for inhibition, we examined the Rpf’s effect on the resuscitation dynamics
in a previously characterized collection of soil bacteria (27, 29), aiming to determine the
spectrum of activity across phylogenetic groups and its relationship to functional traits
involved in soil dormancy.

RESULTS
Rpf is a high-affinity enzyme

We quantified the enzyme kinetics of purified recombinant Rpf from Micrococcus
KBS0714 (Fig. S1) using fluorescein-labeled peptidoglycan (Fig. 1). When hydrolyzed,
the fluorescent substrate products can be used as a measure of muramidase activity. We
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FIG 1 Enzyme kinetics of Rpf. We constructed a Michaelis-Menten curve (see equation 1) to characterize the catalytic
properties of purified Rpf from the soil bacterium Micrococcus KBS0714. We estimated V ,,,y, the maximum catalytic rate under

substrate-saturating conditions, and K,,,, the half-saturation constant that reflects the enzyme’s substrate affinity.

characterized Rpf activity using the Michaelis—Menten function (see equation 1). Using

maximum likelihood methods, we estimated that V,,,, was 59 units of fluorescein min™?,

and that K,, was 1.8 mg of peptidoglycan mL min™". The relatively low K,, is consistent
with reports of Rpf having high affinity and the capacity to catalyze reactions at low
substrate concentrations (18).

The Rpf effect on growth is concentration-dependent

To characterize any stimulatory or inhibitory effects of Rpf, we measured the biomass
of Micrococcus KBS0714 following the incubation of dormant cells in fresh medium
with different concentrations of recombinant protein (0-6 pM). We fit the resulting
data with the Monod growth model, which mathematically is identical to that of the
Michaelis-Menten equation (see equation 1). Growth monotonically increased with Rpf
concentration (Fig. 2). The half-saturation constant (K) was 2.1 uM Rpf, and the estimated
maximum biomass (ODggg) was 2.3 (Fig. 2). Based on this relationship, there was no
evidence for growth inhibition of Micrococcus KBS0714 at the elevated Rpf concentra-
tions tested in our study. See Fig. S2 for discussion on negative controls.
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FIG 2 Concentration dependence of Rpf on bacterial growth. To assess the stimulatory and inhibitory
effects of Rpf on bacterial resuscitation, dormant Micrococcus KBS0714 cells were exposed to varying
concentrations of the recombinant protein, and the resulting biomass data were fit to the Monod growth

equation.

Rpf mutations disrupted resuscitation

When dormant cells were exposed to recombinant protein from the native rpf sequence,
we observed a two to fourfold increase in biomass (Fig. 3; P,q; < 0.0005). This effect
was diminished by site-directed mutagenesis of the conserved catalytic site (E54) within
the rpf gene (see Fig. S3). When glutamic acid (E), a charged amino acid, was mutated
to alanine (A), a hydrophobic amino acid, there was no effect of recombinant Rpf on
biomass (Fig. 3A; P,g; < 0.0001). However, resuscitation was only reduced by 40% when
glutamic acid was mutated to lysine (K), a charged amino acid (Fig. 3B; P,q; < 0.0001).
Similarly, when the glutamic acid residue was mutated to a polar uncharged amino
acid, glutamine (Q), resuscitation was reduced by 25% (P,q; = 0.0005), with biomass still
threefold greater than the —Rpf control (P,q; < 0.0001; Fig. 3C).

We identified structural variation in the amino acid sequence of rpf in Micrococcus
KBS0714 (Fig. S3). Compared to Micrococcus luteus (Fleming), which has been used as a
model for studying Rpf (18), there are a number of repeating motifs in a lectin-encoding
linker region between the lysozyme-like and LysM domains. In Micrococcus KBS0714, this
linker region contains 21 tandemly arrayed repeats, whereas the Fleming strain contains
only three repeats (Fig. S3). To assess whether this structural variation affected resuscita-
tion, we deleted the variable linker region along with the LysM domain of Rpf. The
activity of the truncated Rpf was reduced by more than 50% (P,q; = 0.0003) and elimina-
ted resuscitation based on the fact that biomass was indistinguishable from the —Rpf
control (P,q; = 0.234; Fig. 3D).
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FIG 3 Rpf mutations disrupted resuscitation. Effects of site-directed and truncation mutations on growth of Micrococcus KBS0714. Gray symbols represent raw

data. Black symbols represent the mean + standard error of the mean (n = 4). In panels A-C, we used site-directed mutagenesis to change a conserved catalytic

site (E54) from a glutamic acid residue (E) to an alanine (A), lysine (K), or glutamine (Q) residue. In panel D, we show results from a truncation mutation that

deleted repeating motifs in a lectin-encoding linker region along with the adjacent LysM domain. P-values are associated with one-way ANOVA, followed by a

Tukey'’s post-hoc comparison.

Rpf altered population dynamics

We quantified the effect of recombinant Rpf on the dynamics of a dormant population
of Micrococcus KBS0714. After maintaining cells in late stationary phase for 90 days,
we transferred cells to fresh medium. The addition of Rpf to these cultures reduced
lag time by 37% from 476 £27.1 to 298 £3.4 h (t;; = 6.52, P = 0.007, Fig. 4). As
a consequence, experimentally resuscitated populations entered exponential growth
phase ~7.5 days earlier than control populations. In contrast, Rpf had no effect on the
maximum growth rate (i,,,) (—Rpf = 0.058 + 0.0213 day'; +Rpf = 0.028 + 0.0003 day ™',
P =0.25) or the biomass yield (—Rpf = 4.1 £ 0.27; +Rpf = 3.6 £ 0.17, t5, = 1.68, P = 0.15)
of Micrococcus KBS0714. However, Rpf minimized variability among replicate populations
in oy Fs 3y = 0.0002[, P < 0.0001] and lag time [F(3 3y = 0.016, P = 0.007] amounting to
a 5-fold and 30-fold reduction, respectively, in the coefficient of variation (CV) of these
growth curve parameters (see Fig. S4).
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FIG 4 Population dynamics of dormant bacteria exposed to Rpf. Following 90 days of starvation, we transferred dormant Micrococcus KBS0714 into fresh
medium with or without recombinant Rpf. The addition of Rpf reduced lag time by ~7.5 days (37%). It also reduced among-population variability in u,,, and lag

time, indicating that Rpf may synchronize resuscitation-related processes.

Diverse bacteria affected by Rpf

We used a well-characterized collection of soil bacteria (27) to assess how dormant cells
with different evolutionary histories respond to Rpf. We transferred dormant cells into
fresh medium with and without recombinant Rpf from Micrococcus KBSO714. During
the resuscitation process, we quantified growth curve parameters (see equation 2) and
calculated the standardized Rpf effect size for each of the 12 strains of soil bacteria.
There was a significant interaction between strain and Rpf treatment on growth yield
[F1,11) = 3.35, P = 0009] and f,x [F(1,11) = 4.07, P = 0.0001] as determined using
two-way analysis of variance (ANOVA) (Fig. S5). Some of this variation could be explained
by the evolutionary relationship of strains used in our study (Table S2). For example, we
detected phylogenetic signal for the Rpf effect size on u.,, (Pagel’s 1: 1.0, P = 0.013;
Blomberg’s K: 0.99, P = 0.018), suggesting that aspects of resuscitation were consistent
with a model of Brownian motion based on a maximum likelihood tree constructed from
16S rRNA gene sequences (Fig. 5).

In addition, variation in resuscitation among bacterial strains was associated with
key features of the cell envelope. Specifically, gram-positive strains responded differently
to Rpf than gram-negative strains (Fig. 5). Using a generalized linear mixed model, we
detected a significant interaction between these cell types (random effect) and the Rpf
treatment (fixed effect) on growth yield [F(; ;) = 9.47, P=0.003] and i, [F1,52) = 7.30,
P = 0.008]. Rpf had a 3.2- and 6.2-fold greater effect size on ., and growth yield,
respectively, for Gram-negative bacteria compared to Gram-positive bacteria. In contrast,
the Rpf effect size for lag time was similar for bacteria with contrasting cell types (Fig. 5).

Lastly, by leveraging functional trait data from the culture collection (27), we
determined whether variation in resuscitation could be explained by physiological
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FIG 5 Effects of Rpf on the resuscitation of diverse soil bacteria from dormancy. We mapped the Rpf effect sizes onto a maximum likelihood tree constructed

from the 16S rRNA gene sequences for 12 strains of soil bacteria from a culture collection (27). For each strain of dormant bacteria, we characterized resuscitation

based on growth curve parameters (i.e., (. Yield, and lag time) in the presence (+Rpf) and absence (—Rpf) of recombinant protein. With that information, we

calculated the Rpf effect size for each growth curve parameter and mapped it onto the tree.

characteristics that were measured on individual strains (Table S3). In particular,
resuscitation was related to features of the moisture niche, which was characterized
based on the respiratory activity of each strain along a gradient of soil water potential
(MPa) (27). We found that the Rpf effect size for both u.,,, and growth yield increased
linearly with the minimum water potential (Wy,;,), a quantity that defines the soil
moisture content, where respiration (R) is equal to 5% of maximum respiration (Ray)-
We also found that the Rpf effect size for both ., and lag time decreased linearly
with the niche breadth (b) and optimum water potential (W) of the bacterial moisture
niche (Fig. 6). The Rpf effect size for lag time was not directly related to features of the
moisture niche, but was positively correlated with biofilm production [F(; ¢y = 6.08, P =

0.036, ¥* = 0.40], which can confer tolerance to desiccation stress (30).

DISCUSSION

Dormancy is a widespread survival strategy among microorganisms, enabling them to
persist in harsh and fluctuating environments (5). It has independently evolved across
the tree of life, reflecting variation in the mechanisms that govern entry into and exit
from dormancy (10). Among bacteria in the phylum Actinomycetota, dormancy can be
terminated by resuscitation-promoting factors, exoenzymes that hydrolyze glycosidic
bonds in the peptidoglycan of the bacterial cell wall. Although much of what is known
about Rpf stems from studies on Micrococcus luteus and Mycobacterium tuberculosis, Rpf
is present in many other Actinomycetota species and potentially in other phyla (22).
In this study, we characterized Rpf from Micrococcus KBS0714, a bacterial isolate from
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agricultural soil (27, 28). We evaluated the effects of recombinant Rpf from this actinomy-
cetal strain on a diverse set of dormant soil bacteria (Fig. 5) previously characterized by
their functional genomics and traits (27, 29). Patterns of resuscitation were related to
the phylogeny of these bacteria and could be explained in part by conserved features
of the cell envelope. Additionally, responses to Rpf were associated with the microbial
moisture niche, which is critical for understanding persistence and resuscitation during
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FIG 6 Relationship between Rpf effect size and functional traits. Resuscitation of dormant bacteria via Rpf was associated
with a strain’s moisture niche. For each strain from a well-characterized collection of soil bacteria (27), we transferred dormant
cells to fresh medium in the presence (+Rpf) and absence (—Rpf) of recombinant protein. We then quantified resuscitation
dynamics using parameters from the growth curve function (see equation 2). With that information, we calculated the Rpf
effect size for each growth curve parameter (i.e., un.y Yield, and lag time) and related it to different features of the moisture

niche, namely, the minimum water potential (Wy,;,), the niche breadth (b), and the niche optimum (W) (27).
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soil dormancy. These findings enhance our understanding of how dormancy affects the
diversity and functioning of terrestrial ecosystems.

Kinetics and catalysis of Rpf

Rpf was initially characterized as a bacterial cytokine due to its small molecular size
and its potent ability to resuscitate dormant cultures of Micrococcus luteus at picomo-
lar concentrations (107> M) (18). In contrast, we observed resuscitation at micromolar
(107° M) concentrations, consistent with responses reported for other environmental
isolates (25). While some of these concentration-dependent effects may reflect the
maximum rate of peptidoglycan hydrolysis (Vin,,), it is also important to consider
substrate affinity when characterizing enzyme kinetics. To this end, we determined that
Rpf from Micrococcus KBS0714 has a low half-saturation constant (K,,,), indicating strong
binding to peptidoglycan, even at low substrate concentrations (Fig. 1), which could
be advantageous in heterogeneous soil environments. A comparative analysis of Rpf
kinetics awaits further studies, as similar experiments have yet to be conducted with
other bacteria.

While most studies emphasize its capacity to stimulate growth, Rpf also has the
potential to be inhibitory. Similar to lysozyme, Rpf cleaves the B-(1,4) linkage between
N-acetylglucosamine and N-acetylmuramic acid in peptidoglycan. This breaking of
glycosidic bonds initiates hydrolysis, facilitating cell wall remodeling necessary for
growth and division. However, Rpf could lead to excessive bond disruption or inter-
ference with regulatory processes involved in biosynthesis that compromise cell wall
integrity. Consistent with this, viable cell densities decreased by 25% when Rhodococcus
was exposed to 1,000 picomolar Rpf compared to 1 picomolar Rpf (31). We observed
no evidence of such inhibition in our live cell assays (Fig. 2). Instead, the growth of
Micrococcus KBS0714 monotonically increased with Rpf concentration up to 6 uM (Fig.
2). Inhibition may emerge at higher Rpf levels, but whether such concentrations are
ecologically relevant in soil environments remains unclear.

Genetic conservation of Rpf function

Resuscitation was strongly affected by site-directed mutations in conserved regions of
the Rpf gene. The catalytic domain of Rpf found toward the N-terminal contains residues
that are essential for muralytic activity (Fig. S3). Mutations in the glutamic acid residue
(E54) significantly reduced or eliminated the ability of recombinant Rpf to resuscitate
dormant Micrococcus KBS0714 (Fig. 3). These findings are consistent with genetic studies
across diverse bacterial strains, demonstrating that the conserved glutamate residue
(E54) in Rpf is essential for peptidoglycan hydrolysis (24, 20, 32).

Resuscitation was also affected by mutations in other regions of the protein
sequence, specifically the repeating motifs in a lectin-encoding linker region and the
LysM domain. These repeats likely arose from tandem duplication due to replication
slippage, which could have consequences for Rpf function. Lectins are involved in
carbohydrate binding and can modify cell-substrate interactions. Deletion of these lectin
repeats, along with the LysM domain, eliminated the resuscitation of dormant Micrococ-
cus KBS0714, highlighting the functional significance of these repeating motifs. The
additional lectins in Rpf may enhance peptidoglycan binding capacity and contribute
to its high substrate affinity (Fig. 1). Thus, our findings lend support to the view that
there are conserved catalytic sites that are essential for resuscitation (e.g., E54). They also
suggest that structural variation (e.g., lectin repeats), in addition to the LysM domain,
may be important for carbohydrate binding, which together may influence resuscitation
in physically complex environments like soil.

Population dynamics of resuscitated bacteria

One of the hallmarks of Rpf is that it reduces the lag time of dormant populations
after waking up from dormancy (33). The duration of lag time reflects the activity
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of cells and is influenced by the time required to carry out biosynthetic processes,
such as the production of RNA and proteins that are necessary for growth and repro-
duction. Consistent with other reports, our experiments revealed that Rpf can signif-
icantly reduce lag time. For example, Rpf from a Tomitella (Mycobacteriales) isolate
reduced lag time by nearly 60% from 12 to 5 days (25). Following 90 days of starva-
tion, we documented that a one-time addition of recombinant Rpf allowed dormant
Micrococcus KBS0714 to resuscitate 1 week earlier than control populations (Fig. 4). In
an ecological context, accelerated growth responses could have major consequences
for populations living in diverse communities, like soil, where there are rapid fluctua-
tions in environmental conditions that affect microbial metabolism (34). If Rpf enables
dormant Micrococcus KBS0714 to resuscitate days ahead of other dormant bacteria,
it could promote persistence, even in the presence of less responsive but potentially
faster-growing competitors. This type of lottery effect may be further enhanced by
reducing the stochastic nature of resuscitation (16, 35). For instance, we observed that
the among-population variation in both ., and lag time across replicate populations
was significantly reduced (Fig. 4), indicating that Rpf may synchronize resuscitation-rela-
ted processes and minimize random events that might otherwise disrupt regrowth of the
population.

Rpfin a community context

At any given time, most microorganisms in soil are slow-growing or metabolically
inactive (5, 6). The reactivation of dormant cells may be facilitated by Rpf. While Rpf
is predominantly produced by bacteria within the phylum Actinomycetota, its target
substrate, peptidoglycan, is a structural component of the cell wall that is found in nearly
all bacteria. Additionally, the glycosidic bond cleaved by Rpf is chemically invariant,
suggesting that a wide variety of dormant bacteria within the soil seed bank may be
susceptible to resuscitation by this exoenzyme. Our results indicate that diverse taxa
respond to Rpf but not uniformly. Parameters, such as yield and .., showed greater
sensitivity to Rpf exposure, whereas lag time was less affected (Fig. 5; Fig. S5).

Variation in resuscitation could be attributed in part to the evolutionary history of the
strains used in our study. For example, there was a strong phylogenetic signal associated
with the response of ... to Rpf. One likely factor contributing to this phylogenetic
signal is the structural differences in the cell envelope, particularly the distribution and
amount of peptidoglycan found among strains (Fig. 5; Fig. S5). In Gram-positive bacteria,
approximately 90% of the cell wall consists of peptidoglycan, forming a thick layer that
is directly exposed to the external environment (36). In contrast, Gram-negative bacteria
have a thinner peptidoglycan layer, accounting for only 10% of the cell wall, which
is protected between the inner and outer membranes (36). Because of these differen-
ces, we expected that Rpf would have a stronger effect on Gram-positive bacteria. In
contrast, our results indicate that Rpf from Micrococcus KBS0714 had a stronger positive
effect on yield and u,,, in Gram-negative bacteria. Such findings suggest that other
mechanisms besides direct contact between enzyme and substrate (peptidoglycan) may
be important for the resuscitation of dormant bacteria by Rpf. For example, Rpf acts
synergistically with Rpf-interacting protein A (RipA), an endopeptidase that cleaves stem
peptides involved in peptidoglycan cross-linking. RipA localizes at the septa of growing
cells, facilitating cell wall digestion and releasing small muropeptides, which may serve
as signaling molecules, thereby imparting specificity to the resuscitation process (37,
38). Although more work is needed to characterize the spectrum and mechanisms of
enzymatic activity among diverse microbial taxa, the cell envelope is a coarse-grained
trait that may be useful for making predictions about Rpf-mediated resuscitation in
complex communities.

The response of diverse bacterial strains to Rpf may be influenced by other functional
traits. In soils, microbial activity is often governed by moisture availability. When water
content is low—due to precipitation, soil texture, or evapotranspiration—microbial
activity typically drops, causing cells to enter a dormant state. When water content
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suddenly increases, for example, following a rain event, microorganisms often exhibit
pulses of metabolic activity as they exit dormancy (34). Understanding how microor-
ganisms respond to environmental fluctuations and how this regulates transitions into
and out of dormancy has important implications for the diversity and function of soil
microbiomes.

We found that the response of dormant cells to Rpf was related to a bacterial strain’s
moisture niche (27). Specifically, dry-adapted strains with a narrow niche breadth were
less responsive to Rpf, while wet-adapted strains with a broader moisture niche breadth
were more responsive to Rpf (Fig. 6). Another potential adaptation to low moisture
conditions is biofilm production (30). Our results revealed a positive correlation between
the Rpf effect on lag time and biofilm production, suggesting that a smaller investment
into biofilms may allow strains to resuscitate more readily. This could indicate a trade-off
or reflect differences in enzyme activity and diffusion within the exopolymeric matrix.

The relationships between resuscitation and functional traits (Fig. 6) warrant further
investigation and validation. One approach would be to examine the distribution and
diversity of rpf genes in soil metagenomes. While early studies attempted to quan-
tify rpf genes in contrasting ecosystems (5), the availability of larger databases and
more advanced computational tools (39) now enables independent testing of the
trait relationships identified in our study without the constraints of cultivation-based
approaches. These data could also support the development of niche models incorpo-
rating environmental variables (40) to assess whether dormancy strategies are more
prevalent in habitats experiencing moisture fluctuations or prolonged drought. Such
insights would advance a predictive, macroecological framework for microbial dormancy
(41).

Although Rpf is a widespread mechanism that regulates bacterial dormancy, other
factors contribute to microbial seed bank dynamics (8). Rpf-mediated resuscitation
operates alongside other dormancy mechanisms, such as endosporulation and persister
cell formation, which may determine how a bacterium interprets and responds to its
environment. As a result, microbes can exist in shallow or deep states of dormancy (42)
while possessing other traits that influence longevity and responsiveness to internal
and external cues. Collectively, these processes influence species interactions and shape
the microbial seed bank, creating structure and memory that can lead to emergent
phenomena (8). Our findings contribute to understanding dormancy regulation and its
role in microbial diversity across habitats, such as soils, with implications for indirect
effects and feedbacks that influence ecosystem stability and function (26).

MATERIALS AND METHODS
Strains and culturing

We used Micrococcus KBS0714, an actinomycetal strain that was isolated from agricul-
tural soil (27). It shares 99% sequence similarity in the 16S rRNA gene with M. luteus
NCTC 2662, a model organism for studying Rpf (18). The genomic characteristics and
physiology of KBS0714 have been described in detail elsewhere (27, 28). For routine
culturing, we maintained KBS0714 in R2A broth at 25°C on an orbital shaker (150 rpm).
Unless otherwise stated, we induced dormancy by allowing cells to enter stationary
phase, and then keeping them on a shaker table (150 rpm) for 30 days, followed by static
(non-shaken) conditions for an additional 60 days. Prior to using these dormant bacteria
for resuscitation experiments, we washed the cells by pelleting and resuspending them
five times in phosphate-buffered saline (PBS; pH = 7.0) to remove residual medium.

Recombinant protein expression

We amplified and cloned the rpf gene of Micrococcus KBS0714 into an Escherichia coli
expression host to produce recombinant Rpf. As described in greater detail elsewhere
(26), we extracted genomic DNA from KBS0714 using a Microbial DNA Isolation Kit
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(MoBio). We then amplified the open reading frame of the rpf gene using two primers,
Upper - F 5” GCC CAT ATG GCC ACC GTG GAC ACC TG 3’ and Lower - R 5" GGG GAT
CCG GTC AGG CGT CTC AGG 3’, which incorporated the EcoRI restriction sites Ndel
(forward primer) and BamHI (reverse primer) (18, 43). The PCR conditions are as follows:
initial: 95°C for 5 min, 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and final
extension at 72°C for 7 min. The PCR product was confirmed using gel electrophoresis
and Sanger sequencing (26). We performed an Ndel/BamHI restriction digest on the
850 bp rpf gene amplicon and ligated the restriction product into a pET15b expression
vector with an N-terminus polyhistidine-tag (pET15B-His6-rpf). We then transformed the
recombinant expression plasmid into the E. coli Origami BL21 (DE3) expression host (E.
coli pET15b-His6-rpf).

To overexpress Rpf, we grew E. coli pET15b-His6-rpf in 1 L of lysogeny broth (LB) and
induced protein expression at an ODgqq of ~0.6 with isopropyl B-D-1-thiogalactopyrano-
side (IPTG) (final concentration 0.1 mM). We then lysed the cells via sonication, which was
followed by centrifugation and filtration (0.45 um). With this preparation, we purified the
recombinant Rpf protein with the N-terminus polyhistidine tag via Ni-NTA Purification
(Invitrogen) using a 10 mL gravity-fed column with a 2 mL resin bed. The protein was run
through the column twice and rinsed with 3x volume of wash Ni-buffer A (300 mM Nacl,
50 mM Tris-HCl, 5 mM imidazole) followed by elution with 125 mM imidazole elution
buffer in 1 mL fractions. Rpf was further purified via buffer exchange using 10 mL Zeba
Spin Desalting Columns (Thermo Fisher) with protein buffer (20 mM Tris-HCl, 100 mM
NaCl) according to manufacturer’s instructions followed by 0.2 um syringe filtration.
Overexpression and protein purity were confirmed by SDS-PAGE and Western blotting
(Fig. S1). Protein concentrations were determined with Bradford assays (Invitrogen).

Enzyme kinetics

We quantified the enzymatic activity of recombinant Rpf with the EnzChek Lysozyme
Assay Kit (Molecular Probes). The assay uses cell walls from Micrococcus lysodeikticus
that are extensively labeled with fluorescein. Enzymatic cleavage of the (-(1,4) glycosi-
dic bond relieves quenching, which yields a fluorescence signal that is proportional
to lysozyme activity. We incubated Rpf (1 mg/mL, 34 uM) over a range of substrate
concentrations (0-30 pg/L) at 22°C for 24 h. As a control, we deactivated the enzyme via
incubation at 90°C for 1 h. Fluorescence was then measured with a BioTek Synergy H1
plate reader using excitation/emission wavelengths of 485/530 nm. We quantified the
enzyme kinetics by fitting the data with a Michaelis-Menten function using maximum
likelihood procedures (44):

_ Vmax'S
V_Km+S M

where V is the rate of peptidoglycan hydrolysis, V.« is the maximum rate of
peptidoglycan hydrolysis, K,, is the half-saturation constant, and S is the substrate
concentration.

Concentration dependence of Rpf

We characterized the growth of Micrococcus KBS0714 in response to a concentration
gradient of recombinant Rpf. After growing Micrococcus KBS0714 to late stationary phase
(30 days), dormant cells were washed 5X in PBS and then transferred into wells of a
Corning Costar flat-bottom 48-well culture plates (Thermo Fisher) with 1 mL R2A broth.
Recombinant protein was added to replicate wells (n = 4) to achieve final concentration
of Rpf ranging from 0 to 6 pM. Following 120 h of incubation, we estimated biomass
as optical density (ODgqg), acknowledging that absorbance values may vary due to
differences in cell size, abundance, and physiology. We fit the resulting data to a Monod
growth equation, which is identical in form to the Michaelis-Menten function used for
characterizing enzyme kinetics for Rpf (see equation 1).

Month XXXX Volume 0 Issue 0

mSystems

10.1128/msystems.01517-24 12

Downloaded from https://journals.asm.org/journal/msystems on 16 April 2025 by 129.79.232.23.


https://doi.org/10.1128/msystems.01517-24

Research Article

Population dynamics

We used a growth curve assay to quantify the resuscitation dynamics of Micrococcus
KBS0714 in response to a one-time addition of recombinant Rpf. After being maintained
in long-term stationary phase for 90 d, we washed dormant bacteria 5% in PBS before
inoculating them into 250 mL side-arm flasks containing 35 mL of lactate minimal
medium with 1% L-lithium lactate (45). In quadruplicate (n = 4), the flasks were amended
with recombinant Rpf (0.5 uM final concentration) or a protein buffer as a control (see
Fig. S2). We measured biomass (ODgqg) over time using a Biophotometer (Eppendorf)
while the flasks were incubated on a shaker (150 rpm) at 25°C. We fit the resulting data to
a modified Gompertz equation (46) using maximum likelihood procedures:

Y= b0+A-eXp{ —exp[%(L—t)+ 1]} 2)

where i« is the maximum growth rate (h™), 4 is lag time (h), A is the carrying
capacity or biomass yield (ODggg), and by is the intercept. We tested for the effect
of the Rpf treatment on the growth parameters using t-tests. We also quantified the
within-treatment CV of the growth curve parameters and used F-tests to assess whether
Rpf treatment altered the equality of variances.

Rpf mutations

We created mutations in the rpf gene of Micrococcus KBS0714 to better understand the
mechanisms of Rpf activity. First, we mutated the conserved glutamate residue (E54)
of Rpf using the QuikChange site-directed mutagenesis kit (Stratagene) following the
manufacturer’s instructions. See Table S1 for conditions and reagents used for mutagen-
esis, including primer sets, master mix recipe, and PCR conditions. We methylated the
parental DNA by incubating with 1 pL of Dpnl enzyme at 37°C for 1 h. With the resulting
mutated DNA, we transformed competent E. coli (Invitrogen) using 5 pL of PCR product
to generate a population of transformants that grew on LB plates containing 100 pg/mL
of ampicillin. We grew these cells for ~16 h in 5 mL of LB with the appropriate antibiotics
on a shaker (150 rpm) at 37°C. We then extracted plasmids from the cells using the
QlAprep Spin Miniprep Kit following the manufacturer’s instructions. We confirmed
the success of the mutagenesis via Sanger sequencing (47). Second, we truncated a
variable linker and LysM domain of the native rpf gene using PCR amplification, cloning,
transformation, and Rpf expression, as described in the previous sections. Specifically,
two primers, rpf1-F 5’ACC GCG ACC GTG CAG CGC TAG GAT CCG 3’ and trncrpf-R 5'CGG
ATC CTA GCG CTG CAC GGT CGC GGT 3’ were designed to PCR amplify the N-terminus
lysozyme-like region omitting the variable linker and LysM domain. The PCR resulted
in a ~375 bp amplicon as determined by gel electrophoresis and Sanger sequencing.
We then overexpressed and purified the recombinant protein for each of the mutant
sequences following the procedures described above. Dormant cells were washed 5x in
PBS prior to being incubated in 13 mm test tubes with 2 mL of R2A broth containing
2.5 uM Rpf on a shaker table (150 rpm) at 25°C for 72-360 h. Growth was estimated
as endpoint biomass (ODggg) on replicate (n = 4) test tubes using a Biophotometer
(Eppendorf). We compared growth of Micrococcus KBS0714 exposed to Rpf (native vs.
mutated) and the negative control using one-way ANOVA and Tukey's HSD.

Diverse bacterial responses to Rpf

We evaluated the specificity of Rpf by exposing different strains of dormant bacteria
to the recombinant protein that was expressed from the rpf gene in Micrococcus
KBS0714. We used 12 chemoorganoheterotrophs that are part of a genomically and
physiologically well-characterized culture collection (see Tables S2 and S3) (27, 29).
Gram-negative bacteria included Pedobacter KBS0701, Azospirillum KBS0705, Pseudo-
monas KB0710, Janthinobacterium KBS0711, and Variovorax KBS0712. Gram-positive

Month XXXX Volume 0 Issue 0

mSystems

10.1128/msystems.01517-2413

Downloaded from https://journals.asm.org/journal/msystems on 16 April 2025 by 129.79.232.23.


https://doi.org/10.1128/msystems.01517-24

Research Article

bacteria included Arthrobacter KBS0702, Arthrobacter KBS0703, Mycobacterium KBS0706,
Micrococcus KBS0714, Curtobacterium KBS0715, Rhodococcus KBS0724, and Bacillus
(KBS0812). Each strain was grown in batch culture containing R2A broth on a shaker
(150 rpm) at 25°C. After being maintained in long-term stationary phase for 30 days, we
washed the dormant cells 5x in PBS and dispensed them into replicate wells (n = 4) of
Corning Costar flat-bottom 48-well culture plates (Thermo Fisher) with T mL R2A broth
that contained 0.5 pmol/L recombinant protein (+Rpf) or an equal volume of 100 mM
Tris-HCI protein buffer (-Rpf). We then measured growth as optical density (ODggg) using
a BioTek plate reader (Thermo Fisher) at 25°C under constant shaking (150 rpm). With the
resulting data, we estimated growth curve parameters by fitting a modified Gompertz
model (see equation 2). With these parameters, we calculated the Rpf effect size for each

strain using Cohen’s D = Lot ~ Xeontrol _S;Cmmml
and sd is the pooled standard deviation across treatment levels.

We evaluated the effect of Rpf with respect to the evolutionary history of the
bacterial strains. With existing 16S rRNA gene sequences (27, 29), we created a maximum
likelihood tree with RAXML that used a general time reversible model with the Gamma
model of rate heterogeneity. We mapped the Rpf effect size for growth curve parameters
(Umax lag time, and biomass yield) onto the phylogenetic tree using the ape package in R
(48). We then tested for phylogenetic signal of the Rpf effect size using Blomberg's K and
Pagel’s 1 with the phytools package in R (49).

We evaluated the effect of Rpf in relation to functional traits that were previously
measured on the bacterial strains (27). These traits included biofilm production, motility,
and microaerotolerance (Table S3). In addition, we characterized the moisture niche of
each strain by measuring rates of respiration along a gradient of soil water potential
(MPa) (Table S3). Using maximum likelihood methods, we extracted niche parameters
from fitted data, including minimum moisture (Wy,y,), optimal moisture (W), and
moisture breadth (b). We then used simple linear regression to describe relationships
between functional traits and the Rpf effect size.

, Where X is the mean value of a growth parameter,

ACKNOWLEDGMENTS

We acknowledge J. Trinidad and J. Karty for mass spectrometry assistance in the early
stages of the study, along with S. E. Jones for discussions about the recovery of rpf
sequences from soils and other ecosystems.

We acknowledge support from the U.S. National Science Foundation (DEB-1934554
and DBI-2022049 to J.T.L), the US. Army Research Office Grant (W911NF1410411,
W911NF2210014, and W911NF2310054 to J.T.L.), the National Aeronautics and Space
Administration (80NSSC20K0618 to J.T.L.), and the Alexander von Humboldt Foundation
(to J.T.L).

AUTHOR AFFILIATIONS

'Department of Biology, Indiana University, Bloomington, Indiana, USA

’Department of Molecular and Cellular Biochemistry, Indiana University, Bloomington,
Indiana, USA

*Institute of Arctic Biology and Department of Biology and Wildlife, University of Alaska,
Fairbanks, Alaska, USA

PRESENT ADDRESS

Melissa lllingworth, Highland Community College, Highland, Kansas, USA

AUTHOR ORCIDs

Jay T. Lennon @ http://orcid.org/0000-0003-3126-6111
Mario E. Muscarella  http://orcid.org/0000-0001-6183-6037

Month XXXX Volume 0 Issue 0

mSystems

10.1128/msystems.01517-24 14

Downloaded from https://journals.asm.org/journal/msystems on 16 April 2025 by 129.79.232.23.


http://orcid.org/0000-0003-3126-6111
http://orcid.org/0000-0001-6183-6037
https://doi.org/10.1128/msystems.01517-24

Research Article

AUTHOR CONTRIBUTIONS

Jay T. Lennon, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Supervision, Visualization,
Writing - original draft, Writing - review and editing | Brent K. Lehmkuhl, Data curation,
Formal analysis, Investigation, Methodology, Validation, Writing - review and editing |
Lingling Chen, Methodology, Validation | Melissa Illingworth, Methodology, Validation
| Venus Kuo, Data curation, Investigation, Methodology, Writing - review and editing |

mSystems

Mario E. Muscarella, Formal analysis, Visualization, Writing - review and editing

DATA AVAILABILITY

Code and data to reproduce all analyses are available on GitHub (https://github.com/
LennonLab/Rpf) and Zenodo (10.5281/zenodo.15104488).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (mSystems01517-24-S0001.pdf). Supplemental tables and
figures.

REFERENCES

1.

Curtis TP, Sloan WT, Scannell JW. 2002. Estimating prokaryotic diversity
and its limits. Proc Natl Acad Sci USA 99:10494-10499. https://doi.org/10
.1073/pnas.142680199

Anthony MA, Bender SF, van der Heijden MGA. 2023. Enumerating soil
biodiversity. Proc Natl Acad Sci USA 120:e2304663120. https://doi.org/10
.1073/pnas.2304663120

Walters KE, Martiny JBH. 2020. Alpha-, beta-, and gamma-diversity of
bacteria varies across habitats. PLoS One 15:€0233872. https://doi.org/1
0.1371/journal.pone.0233872

Labouyrie M, Ballabio C, Romero F, Panagos P, Jones A, Schmid MW,
Mikryukov V, Dulya O, Tedersoo L, Bahram M, Lugato E, van der Heijden
MGA, Orgiazzi A. 2023. Patterns in soil microbial diversity across Europe.
Nat Commun 14:3311. https://doi.org/10.1038/541467-023-37937-4
Lennon JT, Jones SE. 2011. Microbial seed banks: the ecological and
evolutionary implications of dormancy. Nat Rev Microbiol 9:119-130. htt
ps://doi.org/10.1038/nrmicro2504

Blagodatskaya E, Kuzyakov Y. 2013. Active microorganisms in soil: critical
review of estimation criteria and approaches. Soil Biol Biochem 67:192-
211. https://doi.org/10.1016/j.50ilbio.2013.08.024

Bar M, von Hardenberg J, Meron E, Provenzale A. 2002. Modelling the
survival of bacteria in drylands: the advantage of being dormant. Proc
Biol Sci 269:937-942. https://doi.org/10.1098/rspb.2002.1958

Lennon JT, den Hollander F, Wilke-Berenguer M, Blath J. 2021. Principles
of seed banks and the emergence of complexity from dormancy. Nat
Commun 12:4807. https://doi.org/10.1038/s41467-021-24733-1
Sorensen JW, Shade A. 2020. Dormancy dynamics and dispersal
contribute to soil microbiome resilience. Philos Trans R Soc Lond B Biol
Sci 375:20190255. https://doi.org/10.1098/rstb.2019.0255

Webster KD, Lennon JT. 2025. Dormancy in the origin, evolution and
persistence of life on Earth. Proc Biol Sci 292:20242035. https://doi.org/1
0.1098/rspb.2024.2035

Adams DG, Duggan PS. 1999. Heterocyst and akinete differentiation in
cyanobacteria. New Phytologist 144:3-33. https://doi.org/10.1046/j.1469
-8137.1999.00505.x

Logi C, Sbrana C, Giovannetti M. 1998. Cellular events involved in
survival of individual arbuscular mycorrhizal symbionts growing in the
absence of the host. Appl Environ Microbiol 64:3473-3479. https://doi.or
9/10.1128/AEM.64.9.3473-3479.1998

Hofsteenge N, van Nimwegen E, Silander OK. 2013. Quantitative analysis
of persister fractions suggests different mechanisms of formation
among environmental isolates of E. coli. BMC Microbiol 13:25. https://doi
.org/10.1186/1471-2180-13-25

Month XXXX Volume 0 Issue 0

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Gao Y, Amon JD, Artzi L, Ramirez-Guadiana FH, Brock KP, Cofsky JC,
Marks DS, Kruse AC, Rudner DZ. 2023. Bacterial spore germination
receptors are nutrient-gated ion channels. Science 380:387-391. https://
doi.org/10.1126/science.adg9829

Kikuchi K, Galera-Laporta L, Weatherwax C, Lam JY, Moon EC,
Theodorakis EA, Garcia-Ojalvo J, Stel GM. 2022. Electrochemical
potential enables dormant spores to integrate environmental signals.
Science 378:43-49. https://doi.org/10.1126/science.abl7484

Epstein SS. 2009. Microbial awakenings. Nature 457:1083. https://doi.org
/10.1038/4571083a

Kaprelyants AS, Gottschal JC, Kell DB. 1993. Dormancy in non-
sporulating bacteria. FEMS Microbiol Lett 104:271-286. https://doi.org/1
0.1111/j.1574-6968.1993.tb05871.x

Mukamolova GV, Kaprelyants AS, Young DI, Young M, Kell DB. 1998. A
bacterial cytokine. Proc Natl Acad Sci USA 95:8916-8921. https://doi.org/
10.1073/pnas.95.15.8916

Mukamolova GV, Murzin AG, Salina EG, Demina GR, Kell DB, Kaprelyants
AS, Young M. 2006. Muralytic activity of Micrococcus luteus Rpf and its
relationship to physiological activity in promoting bacterial growth and
resuscitation. Mol Microbiol 59:84-98. https://doi.org/10.1111/j.1365-29
58.2005.04930.x

Telkov MV, Demina GR, Voloshin SA, Salina EG, Dudik TV, Stekhanova TN,
Mukamolova GV, Kazaryan KA, Goncharenko AV, Young M, Kaprelyants
AS. 2006. Proteins of the Rpf (resuscitation promoting factor) family are
peptidoglycan hydrolases. Biochemistry (Mosc) 71:414-422. https://doi.
org/10.1134/50006297906040092

Kana BD, Mizrahi V. 2010. Resuscitation-promoting factors as lytic
enzymes for bacterial growth and signaling. FEMS Immunol Med
Microbiol 58:39-50. https://doi.org/10.1111/j.1574-695X.2009.00606.x
Ravagnani A, Finan CL, Young M. 2005. A novel firmicute protein family
related to the actinobacterial resuscitation-promoting factors by non-
orthologous domain displacement. BMC Genomics 6:39. https://doi.org/
10.1186/1471-2164-6-39

Schroeckh V, Martin K. 2006. Resuscitation-promoting factors:
distribution among actinobacteria, synthesis during life-cycle and
biological activity. Antonie Van Leeuwenhoek 89:359-365. https://doi.or
9/10.1007/5s10482-005-9039-5

Cohen-Gonsaud M, Barthe P, Bagnéris C, Henderson B, Ward J,
Roumestand C, Keep NH. 2005. The structure of a resuscitation-
promoting factor domain from Mycobacterium tuberculosis shows
homology to lysozymes. Nat Struct Mol Biol 12:270-273. https://doi.org/
10.1038/nsmb905

10.1128/msystems.01517-24 15

Downloaded from https://journals.asm.org/journal/msystems on 16 April 2025 by 129.79.232.23.


https://github.com/LennonLab/Rpf
https://doi.org/10.5281/zenodo.15104488
https://doi.org/10.1128/msystems.01517-24
https://doi.org/10.1073/pnas.142680199
https://doi.org/10.1073/pnas.2304663120
https://doi.org/10.1371/journal.pone.0233872
https://doi.org/10.1038/s41467-023-37937-4
https://doi.org/10.1038/nrmicro2504
https://doi.org/10.1016/j.soilbio.2013.08.024
https://doi.org/10.1098/rspb.2002.1958
https://doi.org/10.1038/s41467-021-24733-1
https://doi.org/10.1098/rstb.2019.0255
https://doi.org/10.1098/rspb.2024.2035
https://doi.org/10.1046/j.1469-8137.1999.00505.x
https://doi.org/10.1128/AEM.64.9.3473-3479.1998
https://doi.org/10.1186/1471-2180-13-25
https://doi.org/10.1126/science.adg9829
https://doi.org/10.1126/science.abl7484
https://doi.org/10.1038/4571083a
https://doi.org/10.1111/j.1574-6968.1993.tb05871.x
https://doi.org/10.1073/pnas.95.15.8916
https://doi.org/10.1111/j.1365-2958.2005.04930.x
https://doi.org/10.1134/s0006297906040092
https://doi.org/10.1111/j.1574-695X.2009.00606.x
https://doi.org/10.1186/1471-2164-6-39
https://doi.org/10.1007/s10482-005-9039-5
https://doi.org/10.1038/nsmb905
https://doi.org/10.1128/msystems.01517-24

Research Article

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Month XXXX Volume 0

Puspita ID, Kitagawa W, Kamagata Y, Tanaka M, Nakatsu CH. 2015.
Increase in bacterial colony formation from a permafrost ice wedge
dosed with a Tomitella biformata recombinant resuscitation-promoting
factor protein. Microbes Environ 30:151-156. https://doi.org/10.1264/js
me2.ME14119

Kuo V, Lehmkuhl BK, Lennon JT. 2021. Resuscitation of the microbial
seed bank alters plant-soil interactions. Mol Ecol 30:2905-2914. https://d
0i.0rg/10.1111/mec.15932

Lennon J. T, Aanderud ZT, Lehmkuhl BK, Schoolmaster DR Jr. 2012.
Mapping the niche space of soil microorganisms using taxonomy and
traits. Ecology 93:1867-1879. https://doi.org/10.1890/11-1745.1

Kuo V, Shoemaker WR, Muscarella ME, Lennon JT. 2017. Whole-genome
sequence of the soil bacterium Micrococcus sp. KBS0714. Genome
Announc 5:e00697-17. https://doi.org/10.1128/genomeA.00697-17
Shoemaker WR, Jones SE, Muscarella ME, Behringer MG, Lehmkuhl BK,
Lennon JT. 2021. Microbial population dynamics and evolutionary
outcomes under extreme energy limitation. Proc Natl Acad Sci USA
118:€2101691118. https://doi.org/10.1073/pnas.2101691118

Lennon J. T.,, Lehmkuhl BK. 2016. A trait-based approach to bacterial
biofilms in soil. Environ Microbiol 18:2732-2742. https://doi.org/10.1111
/1462-2920.13331

Gong X, Lu H, Wu J, Zhou Y, Yang L, Wang Y, Shen N, Jiang M. 2022.
Enzymatic properties and biological activity of resuscitation-promoting
factor B of Rhodococcus sp. (GX12401). Front Microbiol 13:965843. https:
//doi.org/10.3389/fmicb.2022.965843

Maione V, Ruggiero A, Russo L, De Simone A, Pedone PV, Malgieri G,
Berisio R, Isernia C. 2015. NMR structure and dynamics of the resuscita-
tion promoting factor RpfC catalytic domain. PLoS One 10:e0142807. htt
ps://doi.org/10.1371/journal.pone.0142807

Mukamolova GV, Turapov OA, Kazarian K, Telkov M, Kaprelyants AS, Kell
DB, Young M. 2002. The rpf gene of Micrococcus luteus encodes an
essential secreted growth factor. Mol Microbiol 46:611-621. https://doi.o
rg/10.1046/j.1365-2958.2002.03183.x

Aanderud ZT, Jones SE, Fierer N, Lennon JT. 2015. Resuscitation of the
rare biosphere contributes to pulses of ecosystem activity. Front
Microbiol 6:24. https://doi.org/10.3389/fmicb.2015.00024

Wright ES, Vetsigian KH. 2019. Stochastic exits from dormancy give rise
to heavy-tailed distributions of descendants in bacterial populations.
Mol Ecol 28:3915-3928. https://doi.org/10.1111/mec.15200

White D. 2012. The physiology and biochemistry of prokaryotes. Oxford
University Press.

Hett EC, Chao MC, Steyn AJ, Fortune SM, Deng LL, Rubin EJ. 2007. A
partner for the resuscitation-promoting factors of Mycobacterium
tuberculosis. Mol Microbiol 66:658-668. https://doi.org/10.1111/j.1365-2
958.2007.05945.x

Issue 0

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

mSystems

Li X, Ren Q, Sun Z, Wu Y, Pan H. 2024. Resuscitation promotion factor: a
pronounced bacterial cytokine in propelling bacterial resuscitation.
Microorganisms 12:1528. https://doi.org/10.3390/microorganisms12081
528

Coelho LP, Alves R, Del Rio AR, Myers PN, Cantalapiedra CP, Giner-Lamia
J, Schmidt TS, Mende DR, Orakov A, Letunic |, Hildebrand F, Van Rossum
T, Forslund SK, Khedkar S, Maistrenko OM, Pan S, Jia L, Ferretti P,
Sunagawa S, Zhao X-M, Nielsen HB, Huerta-Cepas J, Bork P. 2022.
Towards the biogeography of prokaryotic genes. Nature 601:252-256. ht
tps://doi.org/10.1038/541586-021-04233-4

Kivlin SN, Hawkes CV, Papes M, Treseder KK, Averill C. 2021. The future of
microbial ecological niche theory and modeling. New Phytol 231:508-
511. https://doi.org/10.1111/nph.17373

Lennon J. T, Locey KJ. 2017. Macroecology for microbiology. Environ
Microbiol Rep 9:38-40. https://doi.org/10.1111/1758-2229.12512
Nevermann DH, Gros C, Lennon JT. 2025. A game of life with dormancy.
Proc Biol Sci 292:20242543. https://doi.org/10.1098/rspb.2024.2543
Koltunov V, Greenblatt CL, Goncharenko AV, Demina GR, Klein BY, Young
M, Kaprelyants AS. 2010. Structural changes and cellular localization of
resuscitation-promoting factor in environmental isolates of Micrococcus
luteus. Microb Ecol 59:296-310. https://doi.org/10.1007/s00248-009-957
3-1

Bolker B. 2024. bblme: Beta-binomial likelihood and mixed-effects
models in ecology. https://CRAN.R-project.org/package=bblme.
Kaprelyants AS, Kell DB. 1993. Dormancy in stationary-phase cultures of
Micrococcus luteus: flow cytometric analysis of starvation and resuscita-
tion. Appl Environ Microbiol 59:3187-3196. https://doi.org/10.1128/aem.
59.10.3187-3196.1993

Moger-Reischer RZ, Glass JI, Wise KS, Sun L, Bittencourt DMC, Lehmkuhl
BK, Schoolmaster DR Jr, Lynch M, Lennon JT. 2023. Evolution of a
minimal cell. Nature 620:122-127. https://doi.org/10.1038/541586-023-0
6288-x

Fisher CL, Pei GK. 1997. Modification of a PCR-based site-directed
mutagenesis method. BioTechniques 23:570-571. https://doi.org/10.214
4/97234bm01

Paradis E, Blomberg S, Bolker B, Brown J, Claude J, Desper R, FitzJohn G,
Jobb M, Heibl C, Jombart T, Klaus-Schmidt PL, Lemon J, McClatchie S,
O’Meara B, Vienne DD, Rensch B, Schliep K, Strimmer K. 2023. ape:
analyses of phylogenetics and evolution in R language. R package
version 5.7. https://cran.r-project.org/package=ape.

Revell LJ. 2022. phytools: phylogenetic tools for comparative biology
(and Other Things). R package version 1.0-3. https://cran.r-project.org/p
ackage=phytools.

10.1128/msystems.01517-24 16

Downloaded from https://journals.asm.org/journal/msystems on 16 April 2025 by 129.79.232.23.


https://doi.org/10.1264/jsme2.ME14119
https://doi.org/10.1111/mec.15932
https://doi.org/10.1890/11-1745.1
https://doi.org/10.1128/genomeA.00697-17
https://doi.org/10.1073/pnas.2101691118
https://doi.org/10.1111/1462-2920.13331
https://doi.org/10.3389/fmicb.2022.965843
https://doi.org/10.1371/journal.pone.0142807
https://doi.org/10.1046/j.1365-2958.2002.03183.x
https://doi.org/10.3389/fmicb.2015.00024
https://doi.org/10.1111/mec.15200
https://doi.org/10.1111/j.1365-2958.2007.05945.x
https://doi.org/10.3390/microorganisms12081528
https://doi.org/10.1038/s41586-021-04233-4
https://doi.org/10.1111/nph.17373
https://doi.org/10.1111/1758-2229.12512
https://doi.org/10.1098/rspb.2024.2543
https://doi.org/10.1007/s00248-009-9573-1
https://CRAN.R-project.org/package=bblme
https://doi.org/10.1128/aem.59.10.3187-3196.1993
https://doi.org/10.1038/s41586-023-06288-x
https://doi.org/10.2144/97234bm01
https://cran.r-project.org/package=ape
https://cran.r-project.org/package=phytools
https://doi.org/10.1128/msystems.01517-24

	Resuscitation-promoting factor (Rpf) terminates dormancy among diverse soil bacteria
	RESULTS
	Rpf is a high-affinity enzyme
	The Rpf effect on growth is concentration-dependent
	Rpf mutations disrupted resuscitation
	Rpf altered population dynamics
	Diverse bacteria affected by Rpf

	DISCUSSION
	Kinetics and catalysis of Rpf
	Genetic conservation of Rpf function
	Population dynamics of resuscitated bacteria
	Rpf in a community context

	MATERIALS AND METHODS
	Strains and culturing
	Recombinant protein expression
	Enzyme kinetics
	Concentration dependence of Rpf
	Population dynamics
	Rpf mutations
	Diverse bacterial responses to Rpf



