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Affic{e history: Rapid growth and survival are two key traits that enable bacterial cells to thrive in their natural habitat.
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ond messenger inside bacterial cells as well as chloroplasts of plants and green algae. (p)ppGpp not only
controls various stages of central dogma processes (replication, transcription, ribosome maturation and
translation) and central metabolism but also regulates various physiological processes such as pathogen-
esis, persistence, motility and competence. Under extreme conditions such as nutrient starvation, (p)
ppGpp-mediated stringent response is crucial for the survival of bacterial cells. This mini-review high-
Crowth control lights some of the very recent progress on the key role of (p)ppGpp in bacterial growth control in light
Resource allocation of cellular resource allocation and cell size regulation. We also briefly discuss some recent functional
Bacteria insights into the role of (p)ppGpp in plants and green algae from the angle of growth and development
Plant and green algaes and further discuss several important open directions for future studies.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).
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persisting under harsh environments. To maximize fitness,
bacterial cells need to balance the two key traits: rapid growth (re-
production) and stress tolerance [1-3]. Given that bacterial cells
frequently undergo various stressful conditions in nature (e.g.,
nutrient deprivation, osmotic shock, high temperature, oxidative
stress and low/high pH conditions) [4,5], the adaptive response
of bacteria to stress is a central topic of microbiology. The guano-
sine tetraphosphate and pentaphosphate [(p)ppGpp] (“magic
spot”), discovered over 50 years ago, is a key second messenger
inside bacterial cells as well as chloroplast of plants and green
algae [6-9]. It was initially found to be dramatically induced inside
Escherichia coli during amino acid starvation [7]. Later, it was found
that (p)ppGpp could be strongly induced by various other types of
stressful conditions. This phenomenon, collectively referred to as
stringent response, lies at the core of bacterial stress response sys-
tem [7,10-13]. Under extreme conditions such as nutrient starva-
tion, (p)ppGpp-mediated stringent response re-shapes the global
gene expression pattern of bacteria and shuts down various
central-dogma processes including replication, transcription, ribo-
some assembly/maturation and translation (initiation/elongation)
as well as transcription-translation coordination [6-8,11,14-17],
further facilitating the survival of bacterial cells. Since (p)ppGpp
has an incredibly diverse set of targets in vivo [12,18], it also par-
ticipates in regulating many important physiological processes of
bacteria such as pathogenesis, antibiotic resistance/tolerance, per-
sistence, motility and competence [8,10,19].

Besides the capability of stress tolerance, rapid growth is
another core trait that determines bacterial fitness. As remarked
by Francois Jacob, “the dream of every cell is to become two
cells”[20]. Rapid growth is a core property of bacterial cells and
many kinds of eukaryotic cells such as yeast and tumor cells
[21,22]. The characterization of microbial growth constitutes an
important chapter of the classical textbook of microbiology. The
exponential stage of bacterial cells, as the best-defined stage in
bacterial life cycle [23-25], is crucial for the propagation and
expansion of bacterial species and thus constitutes an indispens-
able part of bacterial fitness. Given that the nutrient quality and
availability (e.g., carbon, ammonium, amino acid and other growth
factors) are often highly-fluctuating in the natural habitats of bac-
terial cells [26-30], bacteria must be able to adapt to different
exponential growth stages with varied growth rates. In this sense,
growth control reflects a fundamental aspect of the design princi-
ples of bacterial systems and is also a highly active field in the
recently emerging systems and quantitative biology [22,25,31].

It is known that bacterial cells manage to maintain a basal level
of (p)ppGpp during exponential growth stage [32-36] which is
proposed to be crucial for bacterial physiology considering that
(p)ppGpp° strains of model bacterium E. coli and B. subtilis are
amino acid auxotrophic and are incapable of growing in minimal
medium [33]. Recent studies have shown that the basal-level (p)
ppGpp plays a crucial role in regulating bacterial growth from
the angle of both cellular resource allocation and cell size home-
ostasis, which provide new insights into the function of (p)ppGpp.
Here we review these recent progresses regarding the relation
between (p)ppGpp and growth rate control and further highlight
several future directions of this field.

2. Growth control of bacterial cells

It should be noted that the term of “growth” has different
meanings between unicellular microbial cells and multicellular
organisms. In the former case, “growth” equates with “reproduc-
tion” while in the latter case, “growth” denotes the increase of size
and is physically separated from the process of reproduction. The
population growth of bacterial cells contains two major parts:
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mass accumulation and number increase (Fig. 1) [25,32,37]. Mass
accumulation denotes the biosynthesis of macromolecules such
as protein, RNA, DNA and lipid [22,31,32]. Given that protein
accounts over half of the dry mass and its synthesis consumes
two thirds of the overall cellular energy budget [38], protein and
ribosome synthesis (rRNA accounts for 80-90 % of total cellular
RNA) lie at the core of biomass accumulation [22,24,31]. On the
other hand, biomass accumulation is tightly coordinated with cell
cycle progression to fulfill the binary fission process in a “adder”
manner (individual cells add a constant size between birth and
division, irrespective of the birth size) so that the number of indi-
vidual cells in the population also increases exponentially
[25,27,39-43]. The cell size homeostasis of bacteria could then be
achieved during balanced growth in a specific nutrient condition.

Modern quantitative characterization of bacterial growth was
initiated by Jacques Monod, who won the Nobel Prize in 1965 with
Francois Jacob and André Lwoff for the groundbreaking finding of
the genetic regulation of bacteria [25,37,44]. As remarked by
Monod, “the growth of bacterial cultures, despite the immense
complexity of phenomena to which it testifies, generally obeys rel-
atively simple laws, which makes it possible to define certain
quantitative characteristics of growth cycle” [45]. Monod proposed
one of the earliest influential examples of coarse-grained modeling
of the bacterial growth physiology by showing that the exponential
growth rate of bacteria has a Michaelis-Menten dependence on the
concentration of the growth-limiting substrate (e.g., lactose), while
the yield was proportional to the amount of substrate available
[23,25,45]. Monod’s follow-up studies on “diauxic growth” further
inspired him to elucidate the genetic regulation of lac operon in
E. coli [44]. In 1950s, the Ole Maalge group in Copenhagen [“Copen-
hagen school” [46]] published a milestone paper of microbial
growth physiology, establishing the empirical dependence of cell
size and chemical composition (especially DNA content) on the
bacterial growth rate under various nutrient conditions [47]. Ten
years later, in 1968, Charles Helmstetter and Stephen Cooper
derived a quantitative formula describing the relation of DNA con-
tent per cell with cell cycle and growth rate, known as
“Helmstetter-Cooper theory” [48]. They introduced the concept
of overlapping rounds of replication, in which a new round of
DNA replication could be initiated before the end of previous round
of replication. This concept explains the phenomenon of multi-
replication fork in fast-growing cells and how bacteria manage to
grow with a generation time that is shorter than the time required
for chromosome replication (C-period). At the same year, by intro-
ducing the concept of “initiation mass” (the cell mass per replica-
tion origin at the onset time of replication initiation), Donachie
formulated the quantitative equation linking cell size, cell cycle
with growth rate [49]. The two works of Helmstetter & Cooper
and Donachie provided a phenomenological explanation of the
empirical growth rate-dependence of cell size and DNA content
observed in Schaechter et al [47]. Meanwhile, in 1960s, people
began to realize the central role of ribosome and protein synthesis
in growth control from the linear relation of ribosome content with
growth rate under different nutrient conditions [50-52]. This clas-
sical bacterial growth law was rationalized by Maalge and col-
leagues in terms of the demanding for more actively translating
ribosomes for protein synthesis to achieve faster growth rate when
the rate of translational elongation by ribosomes was largely satu-
rated [46]. Besides this, the compositions of many other cellular
components as well as the kinetic parameters of cellular processes
as a function of growth rate became known in some detail with the
extraordinary efforts from various quantitative bacterial physiolo-
gists [32].

With the emergence of systems biology and new technologies
(e.g., “omics” approaches, microfluidics), the research on microbial
growth physiology has gained a revival since 2000s in order to seek
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Fig. 1. A global view of bacterial growth. Bacterial growth includes two major parts: biomass accumulation and number increase of individual cells. Biomass accumulation
denotes the biosynthesis of macromolecules such as DNA, RNA, protein and lipid. Among them, protein synthesis lies at the core of biomass growth as protein accounts for
most of the cellular biomass and its synthesis consumes two thirds of the overall cellular energy budget. The number increase of individual cells requires the tight
coordination of biomass growth with cell cycle progression, which ensures cell size homeostasis. The cell cycle of bacteria generally includes three stages: the time between
the birth of a new cell to the initiation of chromosome replication (B-period), chromosome replication stage (C-period) and the cell division stage (p-period). Note that B-
period only exists in slow-growing cells for which the generation time is longer than C + D period.

a deeper quantitative understanding of phenomena on the whole
population level as well as the single-cell level. For example, at
the population level, a coarse-grained model of proteome resource
allocation can quantitatively describe and predict the interdepen-
dence of gene expression and growth rate under various growth
conditions [53-57]. At single-cell level, the “adder” phenomeno-
logical model could satisfactorily explain how bacteria maintain
the homeostasis of cell size [39,40]. Recent studies have shown
that (p)ppGpp controls both proteome resource allocation and cell
size, further playing a central role in bacterial growth control, for
which we will highlight below.

2.1. (p)ppGpp and bacterial growth in light of cellular resource
allocation

Protein synthesis lies at the core of bacterial biomass accumula-
tion. Considering the finite cellular resources, bacterial cells man-
age to balance the investment on different proteome sectors to
ensure optimal proteome resource allocation under different con-
ditions [23,24]. Recent quantitative studies have revealed a pro-
found role of proteome resource allocation in controlling
microbial growth [53,54,58-61]. In the bacterial proteome, two
major sectors are crucial for supporting exponential growth: meta-
bolic proteins (including both catabolic and anabolic proteins),
ribosomal & translation-affiliated protein (such as EF-Tu, EF-G)
[56,62]. The former one is responsible for the uptake of external
nutrients and further processing of metabolic precursors into
amino acids while the later one polymerizes amino acids into func-
tional proteins. Given that all the proteome components including
ribosomes themselves (consists of rRNA and over 50 ribosomal
proteins) are synthesized by ribosomes, ribosome synthesis lies
at the core of proteome resource allocation [22,31]. The tight rela-
tion between growth rate and proteome resource allocation is
manifested by a trade-off between metabolic proteins and ribo-
somes across nutrient conditions [24,54,56]. In rich medium where
most amino acids and growth factors are available, bacteria could
maximize the ribosome synthesis to achieve rapid growth. In poor
nutrient conditions, however, bacteria must allocate a substantial
fraction of ribosomes for synthesizing metabolic proteins to
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facilitate nutrient uptake and processing. As a result, the fraction
of ribosomes for making themselves (r-proteins) substantially
drops, resulting in lower ribosome content and slow growth. A
coarse-grained model of proteome resource allocation developed
by Hwa group could fully account for the above phenomenon
and further quantitively connect proteome resource allocation
with growth rate with a few phenomenological parameters
[23,53].

Mechanistically, recent studies have shown that (p)ppGpp sig-
nalling pathway is crucial for bacteria to implement such a clever
strategy of optimal resource allocation under different nutrient
conditions. (p)ppGpp directly inhibits rRNA synthesis while acti-
vates amino acid biosynthesis via binding to RNA polymerase
(RNAP) synergistically with DksA in E. coli [15,16]. Under different
nutrient conditions, the cellular (p)ppGpp pool of E. coli is nega-
tively correlated with growth rate, further leading to the linear
relation between ribosome content and growth rate (Fig. 2A)
[24,32,63]. An increase in the (p)ppGpp pool under nutrient limita-
tion could reduce ribosome synthesis and facilitate the synthesis of
metabolic proteins such as amino acid biosynthetic proteins [64]. It
has recently been shown that a non-optimum (p)ppGpp pool inhi-
bits the growth of E. coli due to sub-optimal resource allocation in
which increasing the (p)ppGpp pool limits ribosome synthesis
while decreasing the (p)ppGpp pool limits the synthesis of meta-
bolic proteins due to unnecessary overaccumulation of ribosomes
[65]. In this sense, maintaining an optimum cellular (p)ppGpp pool
in a specific nutrient condition allows E. coli to balance its invest-
ment on ribosomes and metabolic proteins so that optimal growth
status could be achieved. This finding could also explain the amino
acid auxotrophy of the E. coli (p)ppGpp° strain as this strain is
devoid of growth control of ribosome synthesis [33], and thus
the overaccumulation of ribosomes severely compromises the pro-
teome investment on metabolic proteins, which are indispensable
for bacteria to grow in minimal medium.

A further question is how bacteria cells sense the external nutri-
ent condition and further convert the nutrient signal to a suitable
(p)ppGpp pool in order to achieve the growth rate control of ribo-
some synthesis and proteome resource allocation. In a very recent
study of Hwa group [63)], they showed that E. coli could fine-tune
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Fig. 2. Mechanistic relation between (p)ppGpp and growth control from the view of resource allocation. (A) The correlation of translation elongation rate (ER), (p)ppGpp
pools and ribosome content with growth rate under nutrient limitation for E. coli cells. (B) The direct sensing mechanism of ER that triggers (p)ppGpp signaling in E. coli. The
external nutrient status affects the intracellular status of uncharged/charged tRNA pools, further affects the ER of ribosomes. A slow-down of ER can stimulate the activity of
RelA (p)ppGpp synthetase (or presumably inhibits the SpoT hydrolase activity), further leading to an increase in the intracellular (p)ppGpp pools. (p)ppGpp exerts its growth-
control effects via inhibiting ribosome synthesis but activating the synthesis of metabolic proteins. Note that here we only describe the direct-sensing mechanism of (p)
ppGpp synthesis. In principle, (p)ppGpp signaling could also be induced via other RelA/SpoT-dependent mechanisms under various conditions. See comprehensive reviews in
Ref. [90,91]. (C) Direct mechanism versus indirect mechanism of (p)ppGpp. In E. coli cells, (p)ppGpp regulates transcription through directly acting on RNA polymerase (site 1
and site 2) synergistically with DksA (site 2). In B. subtilis, (p)ppGpp takes effect indirectly via inhibiting the biosynthesis of GTP, which acts as the initiating NTP of rRNA
transcription and also participates in regulating amino acid biosynthesis via either a CodY-dependent and -independent mechanism. Nevertheless, the ultimate regulatory
outcomes of E. coli and B. subtilis are similar with each other from a phenomenological view. In both cases, (p)ppGpp inhibits the ribosome synthesis while activates the
biosynthesis of related key metabolic proteins (e.g., amino acid biosynthesis), further playing a central role in growth control of bacteria.

its cellular (p)ppGpp pool via a strategy of direct-sensing of the
translation elongation rate (ER). They first found that ER dropped
substantially due to the shortage of amino acid pool during carbon
diauxic transition. Strikingly, an abrupt increase in the cellular (p)
ppGpp pool of E. coli occurred simultaneously and was inversely
and linearly correlated with the change of ER. The abrupt increase
of the (p)ppGpp level during carbon diauxic transition (short-term
carbon starvation) largely depends on RelA, as has also been
observed in the case of fatty acid starvation (by uncharged tRNAYS
due to lysine depletion) [13]. These findings suggest that RelA-
mediated (p)ppGpp synthesis is activated not only under amino
acid starvation (by uncharged tRNA) [7] but also under other types
of stress. Further analysis showed that the linear relationship
between ER and (p)ppGpp during diauxie shift originated from
the dependence of RelA [(p)ppGpp synthetase] activity on the ratio
of dwelling and translocating ribosomes. Recent structure biology
studies and early biochemical studies have shown that the (p)
ppGpp synthetase activity of RelA is activated when the ribosome
is in the dwelling state [66-69]. Therefore, a lower ER (a longer
dwelling time of ribosome) could in principle stimulate the RelA
activity and further up-regulate the (p)ppGpp pool. In addition,
the authors found that the inverse relation of (p)ppGpp and ER still
held well during exponential growth under both nutrient limita-
tion and sublethal levels of chloramphenicol and further over-
lapped with the relation established during carbon diauxic shift.
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Based on these observations, the authors propose that a change
of nutrient source first affects ER via altering the intracellular
amino acids and tRNA pools; the change of ER is then directly
sensed by cells to be transformed into (p)ppGpp signaling to
achieve the growth rate control of ribosome synthesis and pro-
teome resource allocation (Fig. 2A and 2B). Taken together, these
studies provide a self-consistent picture of how E. coli cells manage
to achieve the growth rate control of ribosome synthesis and pro-
teome resource allocation via fine-tuning the cellular (p)ppGpp
pool.

Beyond the control of the ribosome synthesis, recent studies
have also suggested an additional growth-related function of (p)
ppGpp by increasing the inactive ribosome fraction of bacteria dur-
ing slow growth. It is known that bacterial cells manage to main-
tain a basal level of inactive ribosomes during very slow growth
[70]. Such a strategy of ribosome reserve allows slow-growing cells
to quickly adapt to a sudden improvement in the growth condition
[71]. Recent studies have shown that (p)ppGpp could increase the
inactive ribosome fraction via various mechanisms. For example, it
could interfere with the translation initiation process by targeting
translation initiation factor-2 (IF2) [72,73]. (p)ppGpp could also
positively regulate the expressions of various ribosome hiberna-
tion factors such as Rmf, Hpf, and RaiA, further inactivating the
ribosomes [63]. On the other hand, it has also been found that
relA-deficient strain harboring more, but slower translating (more



H. Mu, F. Han, Q. Wang et al.

pronounced stalling) ribosomes than the wild type strain during
nitrogen-limited chemostat conditions, suggesting that (p)ppGpp
could modulate the transition of ribosomes from the translation
initiation to elongation [74].

2.2. (p)ppGpp and bacterial growth in light of cell size regulation

As mentioned above, another key aspect of bacterial growth is the
increase of cell number, for which bacterial cells must coordinate
biomass accumulation with cell cycle progression to achieve size
homeostasis [20,25,27,75]. The size of bacteria is tightly coupled
with growth rate and cell cycle progression by the following empir-

ical equation [41]: S = Sy x 2°™”/%, in which S denotes the average
cell size, So denotes the initiation mass (or “unit cell”), which largely
keeps constant and only changes mildly under different growth con-
ditions [42], C + D is the time required for cell cycle progression
including the period of chromosome replication (C period) and the
division period (D period) and t denotes the generation time. There-
fore, without the change of other parameters, an increase of bacterial
growth rate (smaller 7) or a delay of cell cycle progression (larger
C+ D) can both lead to increased cell size [41].

Three recent studies have shown that (p)ppGpp also has a pro-
found role in regulating cell cycle progression and size homeostasis
[76-78]. Vadia et al identified the crucial role of fatty acid synthesis
in determining the cell size of E. coli, B. subtilis and Saccharomyces
cerevisiae [78]. They found that the downregulation of fatty acid
synthesis is responsible for the negative effect of (p)ppGpp on cell
size. In addition, (p)ppGpp could coordinate the lipid synthesis
with other anabolic processes to maintain the cell envelope integ-
rity. Fernandez-Coll et al investigated the chromosome initiation,
cell cycle progression and cell size of (p)ppGpp° strain across dif-
ferent nutrient conditions [76]. It has long been known that the
ori/ter ratio of E. coli increases substantially with increasing growth
rates due to the occurrence of overlapping rounds of chromosome
replication during fast growth [20]. However, the authors found
that the positive correlation between ori/ter and growth rate lar-
gely disappeared in (p)ppGpp° strain, for which, the ori/ter ratio
was maintained at a high level even during slow growth. Mean-
while, being in contrast to the case of wild type strain for which
initiation mass remains largely constant across conditions, the ini-
tiation mass of (p)ppGpp? strain during slow growth (poor condi-
tions) is much larger than that during fast growth (rich
condition) as well as the values of wild type strain. These observa-
tions suggest that (p)ppGpp inhibits and delays the initiation of
chromosome replication. In addition, the C-period of (p)ppGpp°
strain during slow growth is much longer than that of wild type
strain at a similar growth rate, suggesting that the elongation pro-
cess of chromosome replication is also regulated by (p)ppGpp.
With increased initiation mass and prolonged cell cycle progres-
sion, the cell size of (p)ppGpp? strain is still maintained at a high
value during slow growth, being much larger than that of wild type
strain. As a result, the positive growth rate-dependence of cell size
found on wild type strain also disappears on (p)ppGpp?° strain. Col-
lectively, all these observations suggest a fundamental role of (p)
ppGpp in regulating bacterial cell size and cell cycle[76].

The regulation of (p)ppGpp of the cell size could originate from
two mechanisms: (i) the hierarchical mechanism in which the reg-
ulation of cell size results from a secondary effect of (p)ppGpp on
bacterial growth; (ii) direct mechanism in which (p)ppGpp could
directly regulates cell size in separation from its regulation of cell
growth. Combining the Mesh1[a (p)ppGpp hydrolase from Droso-
phila] and RelA* perturbation system, Biike et al has recently inves-
tigated the effect of systematic perturbation of the cellular (p)
ppGpp pool on the cell size of E. coli [77]. They found that while
the maximal growth rate of E. coli was reached only at a suitable
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(p)ppGpp level, the cell size (including both added size and the
steady-state birth size) increased monotonically with the decrease
of ppGpp level regardless of growth rate. As a result, cells of differ-
ent sizes could have similar growth rates with each other in certain
conditions. In other words, cell size could be decoupled from
growth rate under (p)ppGpp perturbation. In addition, added size
responds very rapidly to the change of ppGpp level, aided by tran-
siently accelerated or delayed divisions in a fashion that is inde-
pendent from the alteration of growth rate. Therefore, these
observations suggest that (p)ppGpp is a direct regulator of cell size
and a key coordinator of cell cycle and growth rate.

2.3. (p)ppGpp and bacterial growth in light of Bacillus subtilis

Currently, studies on the regulation of (p)ppGpp of bacterial
growth are still largely limited to E. coli. However, there are enough
evidences showing that (p)ppGpp signaling of B. subtilis differs sig-
nificantly from that of E. coli. The growth control of ribosome syn-
thesis has also been observed in B. subtilis, which results from (p)
ppGpp-mediated inhibition of rRNA synthesis as well [79]. How-
ever, in contrast to the case of E. coli where (p)ppGpp inhibits rRNA
synthesis via directly acting on RNA polymerase synergistically
with DksA, (p)ppGpp functions on rRNA synthesis indirectly via
inhibiting the biosynthesis of GTP (the initiating NTP (iNTP) of
rRNA transcription) in B. subtilis (Fig. 2C) [15,16,79]. The lack of
direct effect of (p)ppGpp on RNAP in B. subtilis is likely due to: first,
the B. subtilis RNAP lacks the critical residues in p’ and ® that form
Site 1 [the (p)ppGpp binding site] of proteobacterial RNAPs, and
second, a lack of DksA homolog in B. subtilis [15,16].

Mechanistically, the regulation of (p)ppGpp of GTP pool origi-
nates from its inhibitory effect on two major GTP biosynthesis
enzymes including GMK (guanylate kinase, which converts GMP
to GDP) and HprT (which converts hypoxanthine to IMP and gua-
nine to GMP) [36]. Such a mechanism is crucial for maintaining cel-
lular GTP homeostasis and viability under nutrient starvation. The
(p)ppGpp° strain of B. subtilis suffers severe viability loss during
nutrient starvation due to uncontrollable over-accumulation of
GTP [36]. Importantly, the basal level of (p)ppGpp inside B. subtilis
during exponential growth (10-20 puM) is enough to result in a
~50 % inhibition of the activities of GMP and HprT [36], and there-
fore, such a mechanistic origin should be directly related to (p)
ppGpp-mediated regulation of GTP homeostasis and further rRNA
synthesis during exponential growth.

A further question is the relation between GTP pool and expo-
nential growth in B. subtilis, which is important to elucidate the
(p)ppGpp-mediated growth control strategy in B. subtilis. Although
with different mechanistic origins, one common phenomenon of
(p)ppGpp signaling shared by E. coli and B. subtilis is the amino acid
auxotrophy of (p)ppGpp° strain. Kriel et al showed that the growth
of B. subtilis (p)ppGpp° strain strongly required the supplementa-
tion of multiple amino acids such as leucine, isoleucine, valine,
methionine, and threonine [80]. They found that the amino acid
auxotrophy of (p)ppGpp? strain could be rescued by reducing the
over-accumulated cellular GTP pool resulting from a lack of (p)
ppGpp control. The downregulation of GTP pool could activate
the expression of many amino acid biosynthesis pathways in either
CodY-dependent or -independent manner. In this sense, (p)ppGpp
in B. subtilis could indirectly activate the amino acid biosynthesis
via controlling GTP pools, being with the same logic of its regula-
tion of rRNA transcription.

Bittner et al further studied the quantitative relation between GTP
pool and growth rate in B. subtilis [81]. They studied the effect of
altering intracellular GTP pool on the growth rate of B. subtilis in
(p)ppGpp° genetic background so that GTP biosynthesis could be
uncoupled from the regulation of (p)ppGpp. A series of mutations
were introduced into the promoter or the coding region of guaB (en-
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coding IMP dehydrogenase) to achieve titratable levels of GTP. Strik-
ingly, GTP pool was positively and almost linearly correlated with
growth rate for these mutant strains. The relation between GTP pool
and growth rate was further supported by external supplementation
of guanosine (GUO), during which the growth of the B. subtilis (p)
ppGpp° guaB1 strain could be significantly accelerated with increas-
ing levels of GUO. Therefore, at a certain range, increasing the GTP
levels could positively modulate the exponential growth rate of B.
subtilis. However, an excess level of GTP could ultimately be toxic
and lead to cell death. This work suggests that (p)ppGpp signaling
is crucial for maintaining an appropriate GTP pool, further enabling
B. subtilis to maximize the growth rate. Overall, although the mech-
anisms of (p)ppGpp regulationin E. coli (direct effect on RNAP) and B.
subtilis (indirect effect on the biosynthesis of GTP) differ significantly
from each other, the ultimate regulatory outcomes of them are sim-
ilar with each other from a phenomenological view. In both cases, (p)
ppGpp inhibits ribosome synthesis while activates amino acid
biosynthesis, further playing a central role in growth control of both
species (Fig. 2C).

3. Beyond bacteria: (p)ppGpp in plant and algae as well as
metazoan

Chloroplast originates from the engulfment of cyanobacterium
by eukaryotic cells over one billion years ago according to the
endosymbiosis theory. It has recently been found that (p)ppGpp
regulation is also maintained in the chloroplasts of plants and
green algae (9) and (p)ppGpp participates in regulating the growth
and development of plants and algae. Four chloroplast-targeted
RSH enzymes have been identified in plants such as Arabidopsis
(RSH1, RSH2, RSH3, and CRSH/RSH4)(9). Overproduction of (p)
ppGpp in the chloroplast of Arabidopsis causes metabolite reduc-
tion, dwarf chloroplasts and significant inhibition of plastidial tran-
scription and translation, thus lowering photosynthesis capacity
and inhibiting plant growth, but meanwhile, improving the resis-
tance of plants to nutrient stress [82,83]. Similarly, in some other
organisms such as Phaeodactylum tricornutum, (p)ppGpp accumu-
lation also results in reduced photosynthesis capacity and prolifer-
ation rates, further promoting algae to enter into a quiescent-like
state with reduced ageing [84]. Therefore, the two major physio-
logical functions of (p)ppGpp signalling: growth inhibition and
stress adaptation, are shared across species from bacterial cells to
green algae as well as higher plants. Interestingly, (p)ppGpp also
affects the size of chloroplast with (p)ppGpp accumulation reduc-
ing the chloroplast size while (p)ppGpp shortage increasing the
chloroplast size [82,83], mimicking the effect of (p)ppGpp on the
cell size of bacteria as mentioned above.

The detailed mechanism of (p)ppGpp regulation in plants and
green algae remains poorly understood. In Arabidopsis, (p)ppGpp
could regulate plastid gene expression through reducing both the
quantity of chloroplast transcripts and chloroplast-encoded pro-
teins such as RubisCO (Ribulose-1,5-bishosphate carboxylase)
component, and moreover, inhibit rRNA and tRNA synthesis via
acting on the bacterial-like plastid encoded polymerase (PEP) and
two nucleus-encoded polymerases (NEPs)(9) [82,83,85]. In addi-
tion, a very recent study on P. tricornutum has also shown that
(p)ppGpp accumulation causes the down-regulation of many
chloroplast-encoded proteins with links to photosynthesis (e.g.,
components of PSI, PSII complex and the Calvin cycle) and chloro-
plast translation (e.g., several chloroplast ribosomal proteins) [84].
In contrast, the expressions of many types of chaperones and
proteases are strongly induced, which are related to preventing
protein aggregation and misfolding [84]. These observations again
support that (p)ppGpp promotes the transition of the plants and
algae from growth mode to survival (stress adaption) mode. The
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chloroplast effectors of (p)ppGpp signaling in plants are still con-
troversial and not conclusive. It is suggested that a Bacillus subtilis-
like GTP inhibitory mechanism might be responsible for the (p)
ppGpp’s effect on chloroplasts transcription as it has been found
that the chloroplastic guanylate kinase enzymes from Oryza and
Arabidopsis are as sensitive to inhibition by (p)ppGpp in vitro as
the B. subtilis guanylate kinase [86]. Moreover, being similar with
B. subtilis, it is known that GTP also acts as the initiating NTP for
the chloroplast rRNA operon [83]. However, this picture contra-
dicts with recent studies which found that (p)ppGpp overproduc-
tion did not affect GTP pools in both plants and algae [84,87].
Therefore, it is clear that more work is needed to identify the real
effectors and targets of (p)ppGpp inside chloroplasts.

A (p)ppGpp hydrolase, Mesh1 has been identified in metazoa
including both Drosophila melanogaster and Homo Sapiens for a
dozen of years [88]. Recently, a low level of (p)ppGpp has been suc-
cessfully detected in metazoa including both D. melanogaster and
human cells. The accumulation of (p)ppGpp induces metabolic
changes, cell death and ultimately lethality in Drosophila [89].
Much more work is required to reveal more details of (p)ppGpp
signaling in metazoa including how it is synthesized, its regulatory
mechanism and physiological relevance.

4. Outlook of future directions
4.1. Cell size and cell cycle regulation by (p)ppGpp

Studies on E. coli have revealed a profound role of (p)ppGpp in
regulating various aspects of cell cycle and cell size of bacteria
including chromosome initiation/elongation, initiation mass, adder
sizer and cell division process. It is possible that (p)ppGpp has mul-
tiple downstream targets that coordinate together to exert its
impact on cell cycle and cell size regulation. However, much more
work is needed to identify the downstream effectors of (p)ppGpp
that are responsible for mediating such a global regulation. More-
over, itis also unclear whether and how (p)ppGpp regulates cell size
in other species such as Bacillus, Cyanobacteria and Mycobacteria.

4.2. Nutrient sensing and (p )ppGpp signalling in bacteria

Direct sensing of translation elongation rate (ER) has recently
been shown to be an important nutrient-sensing mechanism of
E. coli to modulate cellular (p)ppGpp pool to achieve growth-rate
control [63]. However, the underlying mechanistic picture is still
not complete. During exponential growth, RelA protein is not
required for such a sensing mechanism in E. coli. Therefore, it is
conceivable that SpoT could also sense ER and further modulate
the synthesis/degradation of (p)ppGpp in E. coli during exponential
growth, the mechanism of which remains to be an open question.
In addition, other nutrient-sensing mechanisms could also be
involved. For example, the synthetase activity of SpoT could be
stimulated by the binding of acyl carrier protein (ACP), which
senses the fatty acid status of the cell (probably via the acylation
degree of ACP) [90-92]. In addition, Rsd protein could induce the
hydrolase activity of SpoT during carbon downshift in a phospho-
transferase system-dependent (PTS-dependent) manner
[90,91,93]. It remains challenging to distinguish the involvements
of different mechanisms under different circumstances. More
broadly, does a similar nutrient-sensing mechanism also exist in
other bacterial species such as B. subtilis and Mycobacteria species?

4.3. The regulatory mechanism of (p)ppGpp signaling in chloroplast

It is now known that (p)ppGpp in the chloroplast participates in
regulating the growth, development and stress adaptation of plants
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and green algae. However, the regulation of chloroplast gene expres-
sion by (p)ppGpp remains poorly understood. The direct mechanism
of binding to RNA polymerase and the indirect mechanism via
inhibiting GTP biosynthesis of (p)ppGpp action have been demon-
strated for E. coli (proteobacteria model) and B. subtilis (firmicutes
model), respectively. Further studies are required to identify the
effectors and targets of (p)ppGpp inside chloroplast to elucidate
how exactly (p)ppGpp modulates the gene expression in
chloroplasts.

4.4. The function and mechanism of (p)ppGpp signaling in metazoa

The fields of (p)ppGpp regulation in metazoa are still on the ini-
tial stage with many open questions. Does (p)ppGpp really play an
important role in the growth, development and survival of ani-
mals? How is it synthesized and metabolized? How does (p)ppGpp
regulate gene expression in metazoan cells? Ultimately, we expect
to see a full picture of (p)ppGpp signaling across species from bac-
teria, plants and algae to metazoa and further elucidate its ecolog-
ical and evolutionary relevance.

Credit author statement

Manlu Zhu: Conceptualization, materials collection, writing
and revision. Xiongfeng Dai: Conceptualization, materials collec-
tion, writing and revision.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

We thank members of Terry Hwa lab (UCSD) for useful discussions
during conceptualizations of the work. This work was supported by
the National Natural Science Foundation of China (31870028,
32022001, 31970027 and 32270034), Changjiang Young Scholars
Programme of China, the Science Fund for Distinguished Young
Scholars of Hubei Province and self-determined research funds of
CCNU from the colleges’ basic research and operation of MOE.

Authors’ contributions

Zhu M and Dai X conceptualized the work. All the authors par-
ticipated in providing related references and discussing related
content. Mu H, Han F, Zhu M and Dai X wrote the papers.

References

[1] Ferenci T. Trade-off mechanisms shaping the diversity of bacteria. Trends
Microbiol 2016;24:209-23.

[2] Moreno-Gamez S et al. Wide lag time distributions break a trade-off between
reproduction and survival in bacteria. Proc Natl Acad Sci U S A
2020;117:18729-36.

[3] . Chapter Four - Evolutionary trade-offs between growth and survival: The
delicate balance between reproductive success and longevity in bacteria 2021;
vol. 79:133-62.

[4] Battesti A, Majdalani N, Gottesman S. The RpoS-mediated general stress
response in Escherichia coli. Annu Rev Microbiol 2011;65:189-213.

[5] Jorgensen BB, Boetius A. Feast and famine-microbial life in the deep-sea bed.
Nat Rev Microbiol 2007;5:770-81.

[6] Magnusson LU, Farewell A, Nystrom T. ppGpp: a global regulator in Escherichia
coli. Trends Microbiol 2005;13:236-42.

[7] Potrykus K, Cashel M. (p)ppGpp:
2008;62:35-51.

[8] Irving SE, Choudhury NR, Corrigan RM. The stringent response and
physiological roles of (pp)pGpp in bacteria. Nat Rev Microbiol
2021;19:256-71.

still magical? Annu Rev Microbiol

174

Computational and Structural Biotechnology Journal 21 (2023) 168-175

[9] Field B. Green magic: regulation of the chloroplast stress response by (p)ppGpp
in plants and algae. ] Exp Bot 2018;69:2797-807.

[10] Dalebroux ZD, Swanson MS. ppGpp: magic beyond RNA polymerase. Nat Rev
Microbiol 2012;10:203-12.

[11] Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K. Recent functional
insights into the role of (p)ppGpp in bacterial physiology. Nat Rev Microbiol
2015;13:298-309.

[12] Steinchen W, Bange G. The magic dance of the alarmones (p)ppGpp. Mol
Microbiol 2016;101:531-44.

[13] Sinha AK, Winther KS, Roghanian M, Gerdes K. Fatty acid starvation activates
RelA by depleting lysine precursor pyruvate. Mol Microbiol
2019;112:1339-49.

[14] Srivatsan A, Wang JD. Control of bacterial transcription, translation and
replication by (p)ppGpp. Curr Opin Microbiol 2008;11:100-5.

[15] Gourse RL et al. Transcriptional responses to ppGpp and DksA. Annu Rev
Microbiol 2018;72:163-84.

[16] Travis BA, Schumacher MA. Diverse molecular mechanisms of transcription
regulation by the bacterial alarmone ppGpp. Mol Microbiol 2022;117:252-60.

[17] lyer S, Le D, Park BR, Kim M. Distinct mechanisms coordinate transcription and
translation under carbon and nitrogen starvation in Escherichia coli. Nat
Microbiol 2018;3:741.

[18] Liu K, Bittner AN, Wang JD. Diversity in (p)ppGpp metabolism and effectors.
Curr Opin Microbiol 2015;24:72-9.

[19] Harms A, Maisonneuve E, Gerdes K. Mechanisms of bacterial persistence
during stress and antibiotic exposure. Science 2016;354:aaf4268.

[20] Taheri-Araghi S, Brown SD, Sauls JT, McIntosh DB, Jun S. Single-cell physiology.
Annu Rev Biophys 2015;44:123-42.

[21] Molenaar D, van Berlo R, de Ridder D, Teusink B. Shifts in growth strategies
reflect tradeoffs in cellular economics. Mol Syst Biol 2009;5:323.

[22] Dai X, Zhu M. Coupling of ribosome synthesis and translational capacity with
cell growth. Trends Biochem Sci 2020;45.

[23] Scott M, Hwa T. Bacterial growth laws and their applications. Curr Opin
Biotechnol 2011;22:559-65.

[24] Scott M, Klumpp S, Mateescu EM, Hwa T. Emergence of robust growth laws
from optimal regulation of ribosome synthesis. Mol Syst Biol 2014;10:747.

[25] Jun S, Si F, Pugatch R, Scott M. Fundamental principles in bacterial physiology-
history, recent progress, and the future with focus on cell size control: a
review. Rep Prog Phys 2018;81:056601.

[26] Conway T, Krogfelt KA, Cohen PS. The life of commensal Escherichia coli in the
mammalian intestine. EcoSal Plus 2004;1.

[27] Wang JD, Levin PA. Metabolism, cell growth and the bacterial cell cycle. Nat
Rev Microbiol 2009;7:822-7.

[28] Erickson DW et al. A global resource allocation strategy governs growth
transition kinetics of Escherichia coli. Nature 2017;551:119-23.

[29] Basan M et al. A universal trade-off between growth and lag in fluctuating
environments. Nature 2020;584:470-4.

[30] Holscher HD. The gut microbiome in feast and famine. Nat Rev Gastroenterol
Hepatol 2021;18:749-50.

[31] Belliveau NM et al. Fundamental limits on the rate of bacterial growth and
their influence on proteomic composition. Cell Syst 2021;12:924-944.e922.

[32] H. Bremer, P. P. Dennis, Modulation of chemical composition and other
parameters of the cell at different exponential growth rates. Escherichia coli
and Salmonella, ed Neidhardt FC (Am Soc Microbiol, Washington,DC), 2nd Ed,
1553-1569 (1996).

[33] Potrykus K, Murphy H, Philippe N, Cashel M. ppGpp is the major source of
growth rate control in E. coli. Environ Microbiol 2011;13:563-75.

[34] Fernandez-Coll L, Cashel M. Possible roles for basal levels of (p)ppGpp: growth
efficiency Vs surviving stress. Front Microbiol 2020;11:592718.

[35] Gaca AO et al. Basal levels of (p)ppGpp in Enterococcus faecalis: the magic
beyond the stringent response. MBio 2013;4. e00646-00613.

[36] Kriel A et al. Direct regulation of GTP homeostasis by (p)ppGpp: a critical
component of viability and stress resistance. Mol Cell 2012;48:231-41.

[37] Schaechter M. A brief history of bacterial growth physiology. Front Microbiol
2015;6:289.

[38] Klumpp S, Scott M, Pedersen S, Hwa T. Molecular crowding limits translation
and cell growth. Proc Natl Acad Sci USA 2013;110:16754-9.

[39] Campos M et al. A constant size extension drives bacterial cell size
homeostasis. Cell 2014;159:1433-46.

[40] Taheri-Araghi S et al. Cell-size control and homeostasis in bacteria. Curr Biol
2015;25:385-91.

[41] Si F et al. Invariance of initiation mass and predictability of cell size in
Escherichia coli. Curr Biol 2017;27:1278-87.

[42] Zheng H et al. General quantitative relations linking cell growth and the cell
cycle in Escherichia coli. Nat Microbiol 2020;5:995-1001.

[43] Reyes-Lamothe R, Sherratt DJ. The bacterial cell cycle, chromosome
inheritance and cell growth. Nat Rev Microbiol 2019;17:467-78.

[44] Blaiseau PL, Holmes AM. Diauxic Inhibition: Jacques Monod’s Ignored Work. ]
Hist Biol 2021;54:175-96.

[45] Monod ]. The growth of bacterial cultures. Annu Rev Microbiol 1949;3:371-94.

[46] O. Maalge, Regulation of the protein-synthesizing machinery - ribosomes,
tRNA, factors, and so on. Biological Regulation and Development, ed
Goldberger RF (Plenum, New York). (1979).

[47] Schaechter M, Maaloe O, Kjeldgaard NO. Dependency on medium and
temperature of cell size and chemical composition during balanced grown of
Salmonella typhimurium. ] Gen Microbiol 1958;19:592-606.


http://refhub.elsevier.com/S2001-0370(22)00557-8/h0005
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0005
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0015
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0015
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0015
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0020
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0020
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0025
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0025
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0030
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0030
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0035
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0035
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0045
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0045
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0050
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0050
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0060
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0060
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0070
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0070
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0075
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0075
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0080
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0080
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0090
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0090
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0095
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0095
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0100
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0100
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0105
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0105
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0110
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0110
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0115
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0115
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0130
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0130
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0135
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0135
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0140
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0140
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0145
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0145
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0150
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0150
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0155
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0155
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0165
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0165
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0170
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0170
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0175
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0175
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0180
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0180
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0185
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0185
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0190
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0190
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0195
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0195
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0200
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0200
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0205
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0205
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0210
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0210
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0215
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0215
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0220
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0220
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0225
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0235
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0235
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0235

H. Mu, F. Han, Q. Wang et al.

[48] Cooper S, Helmstetter CE. Chromosome replication and the division cycle of
Escherichia coli B/r. ] Mol Biol 1968;31:519-40.

[49] Donachie WD. Relationship between cell size and time of initiation of DNA
replication. Nature 1968;219:1077-9.

[50] Neidhardt FC, Magasanik B. Studies on the role of ribonucleic acid in the
growth of bacteria. Biochim Biophys Acta 1960;42:99-116.

[51] Neidhardt FC. Effects of environment on the composition of bacterial cells.
Annu Rev Microbiol 1963;17:61-86.

[52] Ecker RE, Schaechter M. Ribosome content and the rate of growth of Salmonella
typhimurium. Biochim Biophys Acta 1963;76:275-9.

[53] Scott M, Gunderson CW, Mateescu EM, Zhang Z, Hwa T. Interdependence of
cell growth and gene expression: origins and consequences. Science
2010;330:1099-102.

[54] You C et al. Coordination of bacterial proteome with metabolism by cyclic AMP
signalling. Nature 2013;500:301-6.

[55] Basan M et al. Overflow metabolism in Escherichia coli results from efficient
proteome allocation. Nature 2015;528:99-104.

[56] Mori M et al. From coarse to fine: the absolute Escherichia coli proteome under
diverse growth conditions. Mol Syst Biol 2021;17:e9536.

[57] Klumpp S, Hwa T. Bacterial growth: global effects on gene expression, growth
feedback and proteome partition. Curr Opin Biotechnol 2014;28:96-102.

[58] Metzl-Raz E et al. Principles of cellular resource allocation revealed by
condition-dependent proteome profiling. Elife 2017;6:e28034.

[59] Reimers AM, Knoop H, Bockmayr A, Steuer R. Cellular trade-offs and optimal
resource allocation during cyanobacterial diurnal growth. Proc Natl Acad Sci U
S A2017;114:201617508.

[60] Tomads et al. Quantitative insights into the cyanobacterial cell economy. Elife
2019;8:e42508.

[61] Bjorkeroth ] et al. Proteome reallocation from amino acid biosynthesis to
ribosomes enables yeast to grow faster in rich media. Proc Natl Acad Sci U S A
2020;117:21804-12.

[62] Hui S et al. Quantitative proteomic analysis reveals a simple strategy of global
resource allocation in bacteria. Mol Syst Biol 2015;11:784.

[63] Wu C et al. Cellular perception of growth rate and the mechanistic origin of
bacterial growth law. Proc Natl Acad Sci U S A 2022;119. e2201585119.

[64] Sanchez-Vazquez P, Dewey CN, Kitten N, Ross W, Gourse RL. Genome-wide
effects on Escherichia coli transcription from ppGpp binding to its two sites on
RNA polymerase. Proc Natl Acad Sci U S A 2019;116:8310-9.

[65] Zhu M, Dai X. Growth suppression by altered (p)ppGpp levels results from
non-optimal resource allocation in Escherichia coli. Nucleic Acids Res
2019;47:4684-93.

[66] Loveland AB et al. Ribosome*RelA structures reveal the mechanism of
stringent response activation. Elife 2016;5.

[67] Brown A, Fernandez IS, Gordiyenko Y, Ramakrishnan V. Ribosome-dependent
activation of stringent control. Nature 2016;534:277-80.

[68] Arenz S et al. The stringent factor RelA adopts an open conformation on the
ribosome to stimulate ppGpp synthesis. Nucleic Acids Res 2016;44:6471-81.

[69] Wendrich TM, Blaha G, Wilson DN, Marahiel MA, Nierhaus KH. Dissection of
the mechanism for the stringent factor RelA. Mol Cell 2002;10:779-88.

[70] Dai X et al. Reduction of translating ribosomes enables Escherichia coli to
maintain elongation rates during slow growth. Nat Microbiol 2016;2:16231.

[71] Mori M, Schink S, Erickson DW, Gerland U, Hwa T. Quantifying the benefit of a
proteome reserve in fluctuating environments. Nat Commun 2017;8:1225.

[72] Vinogradova DS et al. How the initiating ribosome copes with ppGpp to
translate mRNAs. PLoS Biol 2020;18:e3000593.

175

Computational and Structural Biotechnology Journal 21 (2023) 168-175

[73] Diez S, Ryu ], Caban K, Gonzalez Jr RL, Dworkin J. The alarmones (p)ppGpp
directly regulate translation initiation during entry into quiescence. Proc Natl
Acad Sci U S A 2020;117:15565-72.

[74] Li SH et al. Escherichia coli translation strategies differ across carbon, nitrogen
and phosphorus limitation conditions. Nat Microbiol 2018;3:939-47.

[75] Westfall CS, Levin PA. Bacterial cell size: multifactorial and multifaceted. Annu
Rev Microbiol 2017;71:499-517.

[76] Ferndndez-Coll L et al. The absence of (p)ppGpp renders initiation of
escherichia coli chromosomal DNA synthesis independent of growth rates.
MBio 2020;11.

[77] Biike F, Grilli ], Cosentino Lagomarsino M, Bokinsky G, Tans S. ppGpp is a
bacterial cell size regulator. Curr Biol 2022;32:870-877.e875.

[78] Vadia S et al. Fatty acid availability sets cell envelope capacity and dictates
microbial cell size. Curr Biol 2017;27:1757-1767 e1755.

[79] Krasny L, Gourse RL. An alternative strategy for bacterial ribosome synthesis:
Bacillus subtilis rRNA transcription regulation. Embo j 2004;23:4473-83.

[80] Kriel A et al. GTP dysregulation in Bacillus subtilis cells lacking (p)ppGpp results
in phenotypic amino acid auxotrophy and failure to adapt to nutrient
downshift and regulate biosynthesis genes. ] Bacteriol 2014;196:189-201.

[81] Bittner AN, Kriel A, Wang JD. Lowering GTP level increases survival of amino
acid starvation but slows growth rate for Bacillus subtilis cells lacking (p)
ppGpp. ] Bacteriol 2014;196:2067-76.

[82] Maekawa M et al. Impact of the plastidial stringent response in plant growth
and stress responses. Nat Plants 2015;1:15167.

[83] Sugliani M et al. An ancient bacterial signaling pathway regulates chloroplast
function to influence growth and development in arabidopsis. Plant Cell
2016;28:661-79.

[84] Avilan L et al. ppGpp influences protein protection, growth and photosynthesis
in Phaeodactylum tricornutum. New Phytol 2021;230:1517-32.

[85] Romand S et al. A guanosine tetraphosphate (ppGpp) mediated brake on
photosynthesis is required for acclimation to nitrogen limitation in
Arabidopsis. Elife 2022;11.

[86] Nomura Y et al. Diversity in guanosine 3’,5-bisdiphosphate (ppGpp)
sensitivity among guanylate kinases of bacteria and plants. ] Biol Chem
2014;289:15631-41.

[87] Bartoli ], Citerne S, Mouille G, Bouveret E, Field B. Quantification of guanosine
triphosphate and tetraphosphate in plants and algae using stable isotope-
labelled internal standards. Talanta 2020;219:121261.

[88] Sun D et al. A metazoan ortholog of SpoT hydrolyzes ppGpp and functions in
starvation responses. Nat Struct Mol Biol 2010;17:1188-94.

[89] Ito D et al. ppGpp functions as an alarmone in metazoa. Commun Biol
2020;3:671.

[90] Irving SE, Corrigan RM. Triggering the stringent response: signals responsible
for activating (p)ppGpp synthesis in bacteria. Microbiology (Reading)
2018;164:268-76.

[91] Ronneau S, Hallez R. Make and break the alarmone: regulation of (p)ppGpp
synthetase/hydrolase enzymes in bacteria. FEMS Microbiol Rev
2019;43:389-400.

[92] Battesti A, Bouveret E. Acyl carrier protein/SpoT interaction, the switch linking
SpoT-dependent stress response to fatty acid metabolism. Mol Microbiol
2006;62:1048-63.

[93] Lee JW, Park YH, Seok Y]. Rsd balances (p)ppGpp level by stimulating the
hydrolase activity of SpoT during carbon source downshift in Escherichia coli.
Proc Natl Acad Sci U S A 2018;115:E6845.


http://refhub.elsevier.com/S2001-0370(22)00557-8/h0240
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0240
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0245
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0245
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0250
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0250
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0255
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0255
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0260
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0260
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0265
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0265
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0265
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0270
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0270
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0275
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0275
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0280
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0280
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0285
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0285
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0290
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0290
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0295
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0295
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0295
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0300
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0300
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0305
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0305
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0305
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0310
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0310
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0315
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0315
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0320
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0320
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0320
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0325
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0325
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0325
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0330
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0330
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0335
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0335
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0340
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0340
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0345
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0345
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0350
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0350
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0355
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0355
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0360
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0360
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0365
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0365
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0365
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0370
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0370
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0375
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0375
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0380
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0380
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0380
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0385
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0385
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0390
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0390
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0395
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0395
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0400
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0400
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0400
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0405
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0405
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0405
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0410
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0410
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0415
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0415
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0415
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0420
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0420
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0425
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0425
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0425
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0430
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0430
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0430
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0435
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0435
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0435
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0440
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0440
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0445
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0445
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0450
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0450
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0450
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0455
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0455
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0455
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0460
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0460
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0460
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0465
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0465
http://refhub.elsevier.com/S2001-0370(22)00557-8/h0465

	Recent functional insights into the magic role of (p)ppGpp in growth control
	1 Introduction
	2 Growth control of bacterial cells
	2.1 (p)ppGpp and bacterial growth in light of cellular resource allocation
	2.2 (p)ppGpp and bacterial growth in light of cell size regulation
	2.3 (p)ppGpp and bacterial growth in light of Bacillus subtilis

	3 Beyond bacteria: (p)ppGpp in plant and algae as well as metazoan
	4 Outlook of future directions
	4.1 Cell size and cell cycle regulation by (p)ppGpp
	4.2 Nutrient sensing and (p)ppGpp signalling in bacteria
	4.3 The regulatory mechanism of (p)ppGpp signaling in chloroplast
	4.4 The function and mechanism of (p)ppGpp signaling in metazoa

	Credit author statement
	Declaration of Competing Interest
	ack15
	Acknowledgements
	Authors’ contributions
	References


