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1  | INTRODUC TION

Biological systems universally  require specific, ordered and stable 
internal conditions and processes for their optimal growth and re-
production to be possible. On the other hand, spatial and tempo-
ral variation of external conditions is a general feature of nearly 
every habitat on Earth (Gillespie,  1994) so that the living systems 

are constantly exposed to fluctuating and often harsh external con-
ditions that can disrupt their intracellular homeostasis. Although 
all living organisms face this crucial challenge, it is particularly pro-
nounced in the case of free-living unicellular organisms. This is be-
cause most of them lack the capacity to actively migrate and due to 
the fact that – compared to multicellular organisms – microbes gen-
erally have a much greater cell surface area in direct contact with the 
surrounding environment. Thus, they needed to evolve their specific 
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Abstract
Microorganisms have an assortment of stress-response mechanisms that enable 
them to survive in the face of environmental stresses. However, with prolonged 
exposures to severe stresses adaptive stress responses ultimately fail, the affected 
populations may suffer a massive decline. Recovery of the population density in the 
aftermath of a massive death is a vital task. Our recent post-stress regrowth under 
starvation (RUS) studies prompted us to propose RUS as an adaptation for overcom-
ing consequences of devastating environmental disturbances. RUS should be seen 
as an integral process having two major aspects: the stress-induced cellular auto-
decomposition and the recycling of the released nutrients. Here, we summarized 
what is already known about RUS and suggest a number of questions that are key to 
understanding the molecular underpinnings of these two operations. We also inter-
rogate the prospect that would conceptualize the auto-decomposition as a fitness-
maximizing mechanism acting with the purpose of an expedient supply of nutrients. 
Two further things are of special note: given that some of the RUS-defective mutants 
are also impaired in DNA repair, RUS can serve as an important tool for uncovering 
new determinants operating, in some overlapping fashion, in the protection of ge-
nome integrity; also, RUS can serve as a new angle of approach that might, hopefully, 
assign roles to some of those (up to ~ 30%) of microbial genes that are of unknown 
function. More generally, understanding post-stress reconstitution and the underly-
ing mechanisms is a necessary (complementing) part of any comprehensive picture of 
how microbes cope with very harsh environmental disturbances.
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stress-response strategies in order to survive and remain active in 
the face of ever changing ecosystems of the planet.

Indeed, numerous physiological mechanisms and ecoevolution-
ary strategies exist in microbes that enable them to counteract var-
ious types of environmental stress, including specific defence and 
repair mechanisms, the formation of biofilms, cysts and spores, as 
well as priming, cross protection, bet-hedging mechanisms, pro-
grammed cell death (PCD), and so forth (de Bruijn,  2016; Storz & 
Hengge,  2011). Risking an overgeneralization, survival strategies 
against stress and environmental changes could be divided in two 
main categories: (a) stress tolerance/resistance; and (b) restoration/
resuscitation. The physiological acclimation mechanisms would fall 
into the first category and bet-hedging mechanisms and PCD into 
the second group. Namely, in the latter two processes the vast 
majority of the population may die under stress,  but when the 
conditions are improved a small proportion of persister/surviving 
cells can restore the population by benefitting from dissolved or-
ganic materials (Balaban et al., 2004; Durand et al., 2016). A mass 
killing of microbial cells can also occur in well adapted populations 
when stressogenic agents surpass their inherent resistance and 
acclimation abilities. Simply, microbes are neither impervious to 
environmental fluctuations nor invincible by severe and prolonged 
stresses (Mason et al., 1986). If a harmful factor occurs in too great 
a quantity or concentration, or if a microbial population is exposed 
to prolonged episodes of harsh stresses, the accumulation of cellu-
lar damage exceeds the capacity to repair, such that microbial cells 
abundantly die and the population collapses. Hence, recovery of the 
population density in the aftermath of a massive death is a vital task.

For the reason of their prevalence and importance, understand-
ing how microbes live, cope and die is of great interest in various 
fields of microbial research, ranging from eco-evolutionary to bio-
technological microbiology i.e., from population dynamics in the 
wild to predicting their behaviour in biotechnological processes. 
Regarding their existence in nature, an overarching view would high-
light that microorganisms live in complex, heterogeneous commu-
nities and colonize extraordinarily  diverse habitats present on the 
planet. This remarkable success and diversity is mainly attributed 
to their outstanding metabolic abilities and to the armory evolved 
to combat and overcome stresses of various nature and intensity. 
However, we would want at the very least to suggest that any more 
detailed story should also appropriately acknowledge microbial frail-
ness and motivate efforts to identify the molecular factors and cel-
lular processes dedicated to reconstitution of microbial populations 
after catastrophic stresses. This would complement the existing 
picture of the survival strategies as well as extend the list of cel-
lular mechanisms known to play a role in the ecological fitness of 
microorganisms.

Recent research efforts in our laboratory have been principally 
aimed at that direction (Milisavljevic & Kojic,  2020; Milisavljevic 
et al., 2018). The investigations were initially motivated by the desire 
to understand how a cell might maintain its genome integrity in un-
favourable environments. This idea was practically distilled into ex-
periments incorporating liquid holding (LH) as an assay system that 

essentially consists in monitoring post-stress recovery in viability 
of the treated cells held under non-nutrient/starvation conditions 
(Patrick et al., 1964; Roberts & Aldous, 1949). We reasoned that this 
classical assay should sufficiently simulate the environmental set-
tings microbial cells may periodically encounter in the wild (flooding 
after a long period of oxidative stress caused by prolonged episode 
of desiccation) as to allow credible extrapolation of laboratory be-
haviour to natural environments. This paper can be considered an 
extended and more refined reflection on the concepts and experi-
mental results (published and some unpublished) that constitute our 
initial achievements based on the foregoing perception and research 
strategy.

2  | RUS A S A MECHANISM OF RESTORING 
A POPUL ATION AF TER C ATA STROFIC 
STRESS

2.1 | Ustilago maydis as an experimental system for 
exploration of stress-response strategies

The dimorphic fungal plant pathogen Ustilago maydis offers a very 
good experimental model for studying the molecular bases of adap-
tation to fluctuating environments. In its saprophytic (haploid) form 
it has to cope with the full range of environmental stresses (includ-
ing UV-irradiation, desiccation, elevated temperatures), whereas in 
its parasitic (dikaryon/diploid) stage it must contend with the innate 
immune system of its host (maize). The fungus possesses a robust 
DNA repair capacity, illustrated by its resistance to large doses of UV 
or ionizing radiation. Although we do not possess a comprehensive 
knowledge that would explain this trait, it is evident from genetic 
studies in U. maydis that DNA repair via homologous recombination 
plays a central role. Mutations in any one of several genes that con-
trol homologous recombination result in a four to five log reduction 
in survivors at the doses of UV or gamma rays that caused no loss of 
viability in wild-type strains (Ferguson et al., 1997; Kojic et al., 2002, 
2003). Owing to this capacity, populations of U. maydis cells could 
indeed be, to a great extent, rescued by recovery as an intracellular 
effect of repair of the harmed DNA. On the complex microbial-com-
munity level, this feature can certainly contribute to the adaptive 
advantage of U. maydis over all less resistant competitors.

However, as hinted above, a recent work done in our laboratory 
using LH assay allowed unanticipated aspects of the post-stress 
recovery to be detected  which call for an appreciation of the im-
portance of the cellular mechanism involved in nutrient recycling as 
an important determinant of population rescue from highly severe 
stresses. Namely, probing the ability of U.  maydis to recover from 
heavy oxidative insults under LH conditions has revealed that the 
organism possesses an impressive capacity to recover from massive 
damage and that the reconstitution of the devastated cell popula-
tions is promoted by multiplication of the survivors at the expense 
of the dead and dying cells. The phenomenon has been termed “re-
growth (or repopulation) under starvation (RUS)”, and was examined 
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in considerable details including characterization of U. maydis mu-
tants (adr1, did4, kel1 and tbp1) which were isolated as defective in 
performing RUS in peroxide-treated cell suspensions (Milisavljevic 
et  al.,  2018). Since it was in principle possible that the inferences 
from our results were limited specifically to U. maydis and also pe-
culiar to peroxide treatment, the study of this phenomenon was 
extended further by employing another fungal species S. cerevisiae 
and using a naturally occurring stressor, desiccation (Milisavljevic & 
Kojic, 2020).

2.2 | What do we know about RUS so far?

The major results of our work can be summarized as follows:

1.	 U.  maydis and S.  cerevisiae both reconstitute their populations 
after strong oxidative stress during LH even in non-nutrient 
conditions through multiplication of the survivors. Even cell 
populations that received such lethal doses of peroxide sufficient 
to reduce survival by five orders of magnitude could reconsti-
tute almost the initial level of cell density when incubated for 
72  hr in distilled water. However, U.  maydis exhibits relative 
superiorities in rates and extents of regrowth. And needless to 
say, the  sine qua non  requirement for  any scale of repopulation 
is the existence of survivors in the devastated populations.

2.	 Another key and obvious requirement for  the repopulation is 
bioavailability of nutrients necessary to foster the growth and 
numerous multiplications of the surviving cells. This necessity is 
met, on the populational level, in a self-fuelling manner. Namely, 
the stress-induced damage of the treated cells causes release of 
the intracellular biomolecules into the surrounding medium and 
the correlations have been observed between lethality, leakage of 
cellular biomolecules and the doses of the stressors. Again, com-
pared to that in S. cerevisiae the induction of leakage in U. maydis 
is much more rapid and profuse.

3.	 The leakage of the intracellular compounds is coincident with the 
auto-decomposition of the intracellular biomolecules in dead or 
dying cells. One point of particular interest is that the rates of de-
composition are markedly different in U. maydis and S. cerevisiae. 
After peroxide treatment or desiccation the chromosomal DNA is 
abruptly and rapidly degraded in U. maydis but is scarcely affected 
in dying S.  cerevisiae cells. This dramatic difference is intriguing 
and may reflect specific adaptations developed in relation to 
particular requirements of their ecological niches. Of note, since 
the mode of death was not studied explicitly, the terms “auto-
decomposition” and “self-decomposition/disintegration” are used 
interchangeably here, as general terms to refer to any active deg-
radative process internal to the dying cells, and independently of 
whether such a process is “programmed/regulated” or not.

4.	 The leakage products from the killed cells may have oppos-
ing biological activity. They provide an accessible and rich sup-
ply of nutrients in quantities sufficient to support the regrowth 
and replenishment of the populations decimated by oxidative 

damage. However, increasing the dose of the stressors as well as 
prolonging the post-treatment incubation increases the toxicity 
of the suspending medium, which can be overcome by increasing 
the ratio of undamaged to injured cells or by extending the time 
of LH incubation. Yet again, compared to S. cerevisiae, U. maydis 
demonstrates overall superiorities in effective recycling of the 
potentially harmful intracellular compounds; in this regard S. cer-
evisiae resembles some of the U. maydis RUS-mutants which were 
isolated as defective in performing RUS in peroxide-treated cell 
suspensions (see below).

5.	 All the marked differences that distinguish U. maydis from S. cer-
evisiae in their post-stress response to peroxide treatment are 
rather consistently reproduced after exposure to desiccation. 
Thus, the results indicate that the findings are reliable and signifi-
cant from an ecological perspective.

6.	 Isolation and characterization of the mutants defective in RUS 
indicated that the global cellular machinery required for RUS is 
richly structured. Namely, the cellular factors identified by our 
research have already been known to play roles in growth regu-
lation, protein turnover, cytoskeleton structure, transcription, 
heat shock response, endocytosis, cell-cycle regulation, and ret-
rograde transport (Milisavljevic et al., 2018, and unpublished re-
sults). Second and perhaps of special note, some of the mutants 
exhibited extreme sensitivity to DNA damaging agents and to the 
DNA replication stressor hydroxyurea, suggesting that at least 
some of the cellular factors dedicated to RUS are also involved in 
the maintenance of genome integrity.

2.3 | Biological meaning of RUS and 
future directions

In the lifecycle of many microorganisms, prolonged episodes of se-
vere stress can be prevalent so that the populations may experience 
enormous decline. Clearly life under stress cannot be sustained infi-
nitely. If the exhaustive stress continues, adaptive stress responses 
ultimately fail, the cellular homeostasis gets irremediably lost, and 
the affected populations suffer a massive death. However, when the 
benign conditions are re-established, the remaining viable cells can 
reconstitute the devastated population through utilization of the nu-
trients derived from the dead cells. What emerges from our studies 
is that the repopulation is facilitated by both: (a) efficient recycling 
of the damaged and released intracellular biomolecules; and by (b) 
the stress-induced auto-decomposition of cellular components in 
the dying cells.

Therefore, we would assert that RUS should be viewed as an in-
tegral process consisting of these two major operations. The first 
operation is associated with viable cells (the survivors) and would 
involve a number of steps, including acquisition, processing and uti-
lization of the leaked material. This operation represents the con-
structive side of the process, effecting growth and reproduction. 
The second operation is executed in nonviable cells; it is, obviously, 
a destructive process leading to dissolution of cellular integrity but 
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it is, at present, unclear whether it should be conceptualized as a 
passive process, resulting in degradation and liberation of intra-
cellular biomolecules in an uncontrolled, haphazard fashion. In any 
case, it is a fuelling mechanism that contributes the nutritional re-
sources supporting proliferation of the survivors. Although these 
two operations are, thus, carried out by two groups of cells each 
being in different physiological categories, they integrally serve the 
common good, i.e., the reconstitution of the devastated population. 
Accordingly, we suggest two groups of questions that indicate spe-
cific research problems revolving around these two aspects of RUS. 
The first cluster is about the factors that constitute the recycling 
machinery.

2.4 | Cellular capacity for nutrient recycling

Thus, the questions dealing with the first topic are primarily con-
cerned with the cellular factors-functions-pathways needed for ef-
ficient reutilization of the leaked cytoplasmic compounds. Certainly, 
identifying the genes involved in the efficient recycling of the dam-
aged and released biomolecules is key to any deeper understanding 
of this major aspect of RUS. So, what is the range of factors and 
cellular processes dedicated to this operation? Which of them are 
involved in the actual mechanics of the recycling? Are there fac-
tors whose role is more aligned with sensing/signaling and con-
trol of RUS? How many of them are implemented in the “normal/
unstressed” growth? And, finally, the most intriguing question–do 
microbes employ specific (unknown) cellular factors required ex-
clusively for the management of the toxic derivatives released from 
dying cells?

What makes the last question particularly provoking is that 
the analyses of microbial genome sequences regularly reveal that 
up to about 30% of genes identified are of unknown function 
(Antczak et al., 2019; Hutchison et al., 2016; Kämper et al., 2006). 
Nevertheless, for many of these genes potential homologues were 
found in diverse organisms so that a number of them probably en-
code universal proteins whose functions are yet to be characterized. 
Thus, these findings leave open the intellectually appealing possibil-
ity that some of these factors may, in fact, be involved in the post-
stress nutrient recycling. If true, then the reason for their functions 
still being unknown lies simply in the fact that they have never been 
tested for their role in RUS. So, it is precisely this aspect of RUS that 
should be one of the first to receive much broader attention.

One other important aspect of RUS is that it employs some cellu-
lar factors that play related/overlapping roles in genome protection. 
Indeed, this stands to reason since, as indicated above, the auto-de-
composition and leakage may supply not only beneficial but also 
harmful, (genotoxic) molecules-for instance, oxidized nucleotides – 
so that the survivors must cope with this challenge of energy-rich 
but risky (mutagenic?) compounds. Thus, the cellular ability to ef-
ficiently exploit the leaked material would ultimately hinge on the 
capacity to accomplish this task without being intoxicated. And this 
is truly important, meaning that RUS can serve as an important tool 

for uncovering new determinants of genome integrity that might not 
be readily revealed through other experimental approaches. In this 
connection, it is interesting to note here that the two RUS mutants 
that exhibited the most dramatic sensitivity to genotoxic agents 
were found to be defective in the gene encoding a homolog of Did4 
(a nonessential protein involved in vacuolar protein sorting) (Amerik 
et  al.,  2000) and, surprisingly, in the gene encoding a homolog of 
TATA-box-binding protein Tbp1, an essential general transcription 
factor that functions in assembly of preinitiation complexes for RNA 
polymerases (Cormack & Struhl,  1992). So, we can then ask how 
broad are the connections between RUS activities and genome pro-
tection? What are molecular players and cellular mechanisms under-
pinning these overlapping processes? Are these factors also needed 
for overcoming oxidative pressure to which U.  maydis is exposed 
during its parasitic stage?

Lastly, we may ask methodological questions of what are the 
most expedient approaches for identifying these cellular factors and 
for dissecting their respective roles in performing RUS? Thus far, we 
have taken a classical molecular-genetics approach. We devised a 
screen in which we mutagenized cells, allowed them to form colo-
nies, and tested these individually for loss of ability to regrow in the 
suspension of peroxide-treated cells. This was a labour intensive and 
monotonous endeavor but we managed to isolate more than a dozen 
of RUS defective mutants. Additional mutants will be sought to help 
define the mechanistic basis of RUS. We believe that an unbiased 
mutant screen provides an unparalleled approach to survey the ge-
nome for genes involved in RUS. Simply, there is the potential to 
unveil hypomorphic alleles of essential genes with unexpected roles 
such as the possible role of Tbp1 in DNA repair. It is important to 
emphasize that such mutants would be missed by screening deletion 
collections. In the long term we believe that this approach will reveal 
and define many steps involved in the RUS cellular processes.

The depicted approach could be speeded up by the use of tran-
scriptomics. If the elements of the recycling machinery are inducible 
they could be detected by comparing transcription profiles. Then, 
the genes highly induced by substrates derived from treated cells 
could be mutated, using gene replacement technology, and the mu-
tants subsequently tested for their recycling ability. In conclusion, 
investigating the RUS process – although labour-intensive – has the 
potential to unveil functions of genes without functional annotation 
or uncover additional functions of known genes involved in genome 
protection and, perhaps, in cellular auto-decomposition. Which 
brings us to the next topic.

2.5 | The self-decomposition issue

This aspect of RUS promotes its own cluster of questions: What is 
the proximate cause of leakage induced by stressogenic treatments? 
Does the cell death (evaluated by the inability to reproduce) mean 
that all cell functions are diverted and uncontrolled? Is the ongo-
ing damage process due to destruction of normal cellular organelles/
compartments/etc., leading to ongoing oxidative damage, or is the 
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release of cellular hydrolases (acting promiscuously?) actually the 
real cause of the biomolecule degradation? Are there cellular fac-
tors specifically called into play under those conditions? It would 
also be of interest to know the chemical nature of the RUS inhibi-
tory chemical/s, including whether they are mutagenic. Also, the 
question of why the toxicity of the treated cell suspensions could 
not be completely transferred to the derived cell-free supernatants 
(Milisavljevic & Kojic, 2020; Milisavljevic et al., 2018) remains to be 
elucidated.

However, there are a few broader issues that deserve careful 
attention and analysis. The first, and perhaps most important, is 
the question of the correlation between the type and intensity of 
the exposure and the mode of cellular death elicited by the insult. 
Although this correlation has not been studied systematically in 
U.  maydis the same emerging rules that could be deduced from 
sparse data obtained in other microbial systems are likely to apply 
in this organism, too. Namely, there is evidence that stressogenic 
factors can produce different types of cell death depending on 
the nature and intensity of the stressor (Ding et al., 2012; Jimenez 
et  al.,  2009; Vavilala et  al.,  2015), so that apoptosis and necro-
sis – like in multicellular, higher eukaryotes – may represent just 
the extremes of a continuum of intermediate modes of cell death 
(Papucci et  al.,  2004). Since it has been recently demonstrated 
(Mukherjee et al., 2017) that U. maydis can undergo apoptosis-like 
cell death on exposure to strong oxidative stress, the task of fur-
ther analytic clarification of the relationship between the type and 
intensity of stress and the resulting form of cell death seems even 
more inviting.

Nevertheless, evidence from our comparative studies indicated 
that the stress-induced cellular disintegration is carried out in a 
species-specific manner. Namely, under similar experimental condi-
tions (the same type of stressing factor and upon similar level of the 
inflicted insult/killing) U.  maydis and S.  cerevisiae decompose their 
macromolecules in a remarkably different manner (Milisavljevic & 
Kojic, 2020). So, the challenge will be to determine whether or not 
these species-specific differences draw from different underlying 
mechanisms of biomolecule degradation in the dying cells. In any 
event, this distinctive species-specific variability in auto-decomposi-
tion observed in these two evolutionarily diverged fungal species is 
intriguing as it may indicate that the process has been molded in re-
lation to specific requirements of their ecological niches. Compared 
to S.  cerevisiae, U.  maydis decomposes its intracellular molecules 
with markedly faster rate, and this was most apparent in the case 
of genomic DNA. So, has U. maydis evolved the capacity to rapidly 
decompose intracellular components for the sake of speedier supply 
of the nutrients? Faster auto-decomposition and release of the cel-
lular material would, certainly, have an adaptive value especially in 
a nutritionally poor environment and under competition from other 
microorganisms. There is also an obvious ecological or efficiency 
benefit to this mode of dissolution of nonviable biomass. Namely, 
the surviving cells are gaining the nutritional benefits from the dam-
aged, nonviable cells with a reduced cost of producing hydrolytic 
enzymes that would be otherwise required of them to accomplish 

the job. Thus, owing to self-disintegration, the benefits are imparted 
by decomposed organic compounds, basically donated by dying cells 
so that the process could, in essence, be viewed as a means for facil-
itating the export of fitness to the surviving subpopulation (for the 
fitness transfer point see Durand et al., 2019).

Therefore, faster self-decomposition makes evolutionary sense, 
but it is intriguing that a mechanism can be molded by selection even 
when its positive fitness effects are exerted through the contribu-
tion of dying cells. That is, if the auto-decomposition is an adapta-
tion for promoting faster multiplication of the survivors then it must 
have been selected for; but how would the implied selection pro-
cess work? In fact, this conundrum is endemic to the evolution of all 
biological phenomena that involve inherent, actively driven forms 
of death, but particularly accentuated in the case of microbial PCD 
(Pepper et al., 2013). Indeed, given that in unicellular life the cell is 
the organism, death (whether programmed or incidental) kills the en-
tire organism, thus excluding direct selective pressure for any trait, 
including PCD itself. So, how could such traits evolve at all in unicel-
lular organisms? Several adaptive and nonadaptive hypotheses for 
the origin of PCD in unicells have been proposed, and the reader is 
referred elsewhere for an extensive discussion (Durand et al., 2016, 
2019; Durand & Ramsey, 2019; Nedelcu et al., 2011). One way to ex-
plore the possible adaptive nature of fast auto-decomposition would 
be to test the following expectation: microorganisms that evolved in 
fluctuating environments with prolonged episodes of harsh stress 
should exhibit a faster self-disintegration than those microbes 
evolved in more benign and stable environments.

In summing up this section, we would once again emphasize that 
microbial death certainly matters, yet adding in the same breath that 
how microbes die matters even more. Namely, in addition to the is-
sues discussed above, it is noteworthy that the manner in which a 
unicell dies directly impacts the fitness of its neighbours. In a di-
rect PCD versus non-PCD fitness comparison in Chlamydomonas 
reinhardtii, the unidentified products freed upon PCD allowed con-
specific cells to grow larger and produce more offspring, whereas 
compounds released from cells that died immediately upon subjec-
tion to sonic waves were harmful to cells of the same strain (Durand 
et al., 2011). Interestingly, subsequent experiments showed that 
the fitness advantages of C.  reinhardtii are species specific and 
that the PCD-products of this strain inhibit the growth of other 
Chlamydomonas species (Durand et  al.,  2014). Our experiments in 
U. maydis indicated that the compounds deriving from the treated 
cells become more toxic not only with the increased doses of the 
stressor but also with the prolonged post-treatment incubation 
(Milisavljevic et al., 2018). In this context, the ability of microbes to 
repopulate and persist in hostile environments would be expected 
to be directly dependent upon the ability to process the products 
of cellular disintegration, the toxicity of which would be influenced 
by type of stressors and the mode of cellular death. Therefore, the 
comparatively superior efficacy of U. maydis in the recycling of the 
damaged and released compounds may have played an important 
role in the occupation of the arid ecosystems of central America 
which are supposed to be centre of origin for U. maydis (Stukenbrock 
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& McDonald, 2008). Of course, this form of argument would gain 
more traction when the issue involves comparative study of a 
greater number of microbes. Accordingly, it would be very interest-
ing (and instructive) to learn more about decomposition and leakage 
of the cellular biomolecules in the fission yeast Schizosaccharomyces 
pombe for which LH studies have revealed a decreased survival as a 
result of post-irradiation incubation in a non-nutrient medium (Harm 
& Haefner, 1968; Shahin et al., 1973). The effect was termed as “neg-
ative liquid holding effect” and, importantly, a more pronounced de-
crease in post-treatment survival for increasing doses of irradiation 
was reported (Shahin & Nasim, 1973).

In summary, a key task for the future will be to determine the 
correlation between the type and intensity of the stressor and the 
form of cell death as well as how this relates to both the release of 
the cellular biomolecules and the ability of the surviving cells to grow 
and replicate on these substrates. Also, comparative studies related 
to the ability of diverse forms of microbes to recycle the products 
of various modes of death appear, precisely in this context, much 
needed.

2.6 | The survivors

As already noted, a critical requirement for the repopulation is the 
existence of survivors that would re-establish the devastated popu-
lation when favorable environmental conditions resume. But, who 
exactly are the survivors and what are some of the underlying fac-
tors that may account for the likely survivors in a harsh/fluctuating 
environment?

First, it is widely recognized that stressing factors such as 
desiccation, temperature, UV-radiation, etc. are not uniformly 
distributed throughout the whole habitat so that they are not ho-
mogeneously affecting populations. Therefore, even after long 
episodes of highly strong stress one could still expect survivors in 
the micro-areas where cells are subjected to a lower level of stress. 
Second, it is also well recognized that local populations display 
high genetic variability, making it likely that some of the variants 
will be more tolerant to the ongoing stresses. However, there are 
more specific eco-evolutionary strategies that can account for the 
survivors and for the endurance of microbial populations in risky 
environments. One of them is the phenomenon known as per-
sistence (Van den Bergh et al., 2017). Namely, in clonal populations 
of bacteria, there is, at any moment, a small fraction of cells that 
are nondividing phenotypic variants of the wild type. These cells 
are known as “persister” cells because they persist in the face of 
catastrophes such as antibiotic treatment. Thus, when a genetically 
homogeneous microbial population of bacteria  is exposed to a le-
thal dose of an antibiotic, the vast majority of the population dies 
but the rare, persister cells survive. Subsequently, the persister cells 
can switch to the regular, fast-dividing growth, thereby restoring 
the population after removal of the antibiotic (Balaban et al., 2004). 
The phenomenon occurs widely across bacteria, but also in yeasts 
(Bojsen et  al.,  2016; Li et  al.,  2015), and it has been proposed as 

a mechanism evolved to allow populations to avoid eradication in 
inhospitable environments.

A final consideration will comment on the possibility of the sur-
vivors in the context of PCD. Yordanova et al. (2013) found evidence 
that PCD in C. reinhardtii generates factors that can make the still-liv-
ing cells less susceptible to the stimuli that induce death. So, it can 
reasonably be expected that the process eventuality ensures some 
survivors that can repopulate. Also, the work on PCD in Peridinium 
gatunense showed that the demise of the bloom of this dinoflagel-
late is orchestrated in such a way that upon sensing environmental 
change, some individuals in the population submit to PCD and emit 
a thiol esterase, which mediates a coordinated population-wide col-
lapse by sensitizing others in the bloom to the environmental cue 
(Vardi et al., 2007). The reason for this behaviour has not been elu-
cidated, but it has been speculated that the scenario allows some of 
the individuals in the population to survive and repopulate produc-
ing the following year's bloom (Durand et al., 2016). Lastly, in S. cere-
visiae it was found that cells in aged yeast cultures undergo apoptotic 
death with concomitant release of intracellular substances that ap-
pear to stimulate the survival of other old cells (Herker et al., 2004). 
Interestingly, besides the requirement for the nutrients released by 
the dead cells, this “adaptive regrowth” is also dependent on mu-
tations that accumulate during aging (Fabrizio et al., 2004). So, the 
mutants are the likely survivors who benefit from this – programmed 
death/adaptive regrowth – strategy that allows yeast populations to 
overcome periods of starvation.

3  | CONCLUSION

Microbes in natural habitats are subject to various stresses that 
suppress their ability to grow and reproduce so that a fundamen-
tal question in microbial ecology is how microorganisms cope with 
unfavorable environmental conditions. The past three decades have 
witnessed an explosion of new knowledge about the stress-response 
mechanisms, where elucidation of certain aspects of them are con-
stantly being discovered. To this plethora of protective-stress re-
sponses we add an adaptation that is of a different kind but which 
complements further the picture of microbial survivability. Thus, 
RUS is not a stress-protective mechanism specifically developed to 
directly counter the corresponding stressor but a stressor-unspecific 
adaptation that enables restitution of viability in the aftermath of a 
highly killing stress. After exposure to massive environmental stress 
leading to a drastic decrease in population size, the remaining vi-
able cells can reconstitute the devastated population through uti-
lization of the nutrients derived from the dead cells. Given that the 
repopulation would be contingent upon the recycling of the released 
organic materials, the essence of the adaptation must primarily lie in 
the cellular preparedness for such an operation.

However, our studies have indicated that faster auto-decom-
position rate is also an important contributor to the efficacy of 
the repopulation. As noted above, U.  maydis owes its relative 
superiority in performing RUS not only to its remarkable ability 
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to reuse the released organic materials but also to the evidently 
faster decomposition and leakage of the cellular molecules. Thus, 
faster self-disintegration may be particularly relevant in facilitat-
ing adaptation to a nutrient-poor environment. The benefits are, 
in a devastated population, imparted by released organic materials 
so that rapid decomposition may enhance the expansion pattern 
of the surviving subpopulation. Yet, reaping the benefits would, 
again, depend on the ability of nutrient recycling. Thus, given that 
the repopulation is an outcome of the combined actions, RUS 
should be seen as an integral process consisted of these two major 
operations.

The exploration of RUS is in its infancy so that, as with many 
other initial studies, our investigations too provide more questions 
than answers. Indeed, we now require a global understanding of the 
range of factors and biological processes underpinning RUS, as well 
as how these processes are coordinated to bring about efficient re-
constitution of populations. We argued that finding the genes in-
volved in the recycling mechanism is key to understand RUS as an 
adaptation that may be crucial for enabling many microorganisms to 
persist in nature. It is likely that new cellular factors connecting RUS 
and genome protection have yet to be identified, and understanding 
the mechanisms and coordination of these processes leaves many 
exciting questions for the future. All in all, considering the plenitude 
of the listed (and related) questions, it is clear that answering them 
will require extensive further experimentation. Also, as the research 
moves further on, it is likely that the ongoing endeavour and ad-
vances will be accompanied with a conceptual expansion upon these 
existing issues. It is our hope that this contribution will help fuel 
some of these advances by offering a new prism to view the field 
and providing a theoretical framework of ideas and critical “next-
step” questions for further studies. RUS represents a certain widen-
ing of perspective and insight that can only enrich our exploration 
and understanding of the microbial survivability in very harsh natu-
ral environments.

ACKNOWLEDG EMENTS
The authors were  supported by grant No. 451-03-68/2020-
14/200042 from the Ministry of Education, Science and 
Technological  Development, Republic of Serbia. We are grate-
ful to Dr William K. Holloman (Weill Cornell Medical College) for 
comments on the manuscript and to Dr Milan Kojic (IMGGE) for 
many valuable discussions on this topic. We apologize to those 
authors whose work could not be cited in this article due to space 
limitations.

CONFLIC T OF INTERE S T
The authors have no conflicts of interest to disclose.

AUTHOR CONTRIBUTIONS
Both authors contributed to the initiation and further development 
of the conceptual framework presented in this paper as well as to the 
writing of the manuscript.

ORCID
Milorad Kojic   https://orcid.org/0000-0002-0507-4231 

R E FE R E N C E S
Amerik, A. Y., Nowak, J., Swaminathan, S., & Hochstrasser, M. (2000). 

The Doa4 deubiquitinating enzyme is functionally linked to the 
vacuolar protein-sorting and endocytic pathways. Molecular 
Biology of the Cell, 11(10), 3365–3380. https://doi.org/10.1091/
mbc.11.10.3365

Antczak, M., Michaelis, M., & Wass, M. N. (2019). Environmental 
conditions shape the nature of a minimal bacterial genome. 
Nature Communication, 10(1), 3100. https://doi.org/10.1038/
s41467-019-10837-2

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L., & Leibler, S. (2004). 
Bacterial persistence as a phenotypic switch. Science, 305(5690), 
1622–1625. https://doi.org/10.1126/scien​ce.1099390

Bojsen, R., Regenberg, B., Gresham, D., & Folkesson, A. (2016). A com-
mon mechanism involving the TORC1 pathway can lead to amphoter-
icin B-persistence in biofilm and planktonic Saccharomyces cerevisiae 
populations. Scientific Reports, 6, 21874. https://doi.org/10.1038/
srep2​1874

de Bruijn, J. F. (Ed.) (2016). Stress and Environmental Regulation of Gene 
Expression and Adaptation in Bacteria Hoboken. Wiley-Blackwell.

Cormack, B. P., & Struhl, K. (1992). The TATA-binding protein is required 
for transcription by all three nuclear RNA polymerases in yeast cells. 
Cell, 69(4), 685–696. https://doi.org/10.1016/0092-8674(92)90232-2

Ding, Y., Gan, N., Li, J., Sedmak, B., & Song, L. (2012). Hydrogen per-
oxide induces apoptotic-like cell death in Microcystis aeruginosa 
(Chroococcales, Cyanobacteria) in a dose-dependent manner. 
Phycologia, 51, 567–575.

Durand, P. M., Barreto Filho, M. M., & Michod, R. E. (2019). Cell death in 
evolutionary transitions in individuality. Yale Journal of Biology and 
Medicine, 92(4), 651–662.

Durand, P. M., Choudhury, R., Rashidi, A., & Michod, R. E. (2014). 
Programmed death in a unicellular organism has species-spe-
cific fitness effects. Biology Letters, 10(2), 20131088. https://doi.
org/10.1098/rsbl.2013.1088

Durand, P. M., & Ramsey, G. (2019). The nature of programmed cell 
death. Biological Theory, 14, 30–41. https://doi.org/10.1007/
s13752-018-0311-0

Durand, P. M., Rashidi, A., & Michod, R. E. (2011). How an organism dies 
affects the fitness of its neighbours. American Naturalist, 177, 224–
232. https://doi.org/10.1086/657686

Durand, P. M., Sym, S., & Michod, R. E. (2016). Programmed cell death and 
complexity in microbial systems. Current Biology, 26(13), R587–R593. 
https://doi.org/10.1016/j.cub.2016.05.057

Fabrizio, P., Battistella, L., Vardavas, R., Gattazzo, C., Liou, L.-L., Diaspro, 
A., Dossen, J. W., Gralla, E. B., & Longo, V. D. (2004). Superoxide is a 
mediator of an altruistic aging program in Saccharomyces cerevisiae. 
Journal of Cell Biology, 166(7), 1055–1067. https://doi.org/10.1083/
jcb.20040​4002

Ferguson, D. O., Rice, M. C., Rendi, M. H., Kotani, H., Kmiec, E. B., & 
Holloman, W. K. (1997). Interaction between Ustilago maydis REC2 
and RAD51 genes in DNA repair and mitotic recombination. Genetics, 
145(2), 243–251.

Gillespie, J. H. (1994). The causes of molecular evolution. Oxford University 
Press.

Harm, W., & Haefner, K. (1968). Decreased survival resulting from liq-
uid-holding of uvirradiated Escherichia coli C and Schizosaccharomyces 
pombe. Photochemistry and Photobiology, 8(3), 179–192. https://doi.
org/10.1111/j.1751-1097.1968.tb058​60.x

Herker, E., Jungwirth, H., Lehmann, K. A., Maldener, C., Fröhlich, K.-
U., Wissing, S., Büttner, S., Fehr, M., Sigrist, S., & Madeo, F. (2004). 

 1365294x, 2020, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.15680 by IN
A

SP/H
IN

A
R

I - SE
R

B
IA

, W
iley O

nline L
ibrary on [29/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0507-4231
https://orcid.org/0000-0002-0507-4231
https://doi.org/10.1091/mbc.11.10.3365
https://doi.org/10.1091/mbc.11.10.3365
https://doi.org/10.1038/s41467-019-10837-2
https://doi.org/10.1038/s41467-019-10837-2
https://doi.org/10.1126/science.1099390
https://doi.org/10.1038/srep21874
https://doi.org/10.1038/srep21874
https://doi.org/10.1016/0092-8674(92)90232-2
https://doi.org/10.1098/rsbl.2013.1088
https://doi.org/10.1098/rsbl.2013.1088
https://doi.org/10.1007/s13752-018-0311-0
https://doi.org/10.1007/s13752-018-0311-0
https://doi.org/10.1086/657686
https://doi.org/10.1016/j.cub.2016.05.057
https://doi.org/10.1083/jcb.200404002
https://doi.org/10.1083/jcb.200404002
https://doi.org/10.1111/j.1751-1097.1968.tb05860.x
https://doi.org/10.1111/j.1751-1097.1968.tb05860.x


4764  |     KOJIC and MILISAVLJEVIC

Chronological aging leads to apoptosis in yeast. Journal of Cell Biology, 
164(4), 501–507. https://doi.org/10.1083/jcb.20031​0014

Hutchison, C. A., Chuang, R.-Y., Noskov, V. N., Assad-Garcia, N., 
Deerinck, T. J., Ellisman, M. H., Gill, J., Kannan, K., Karas, B. J., Ma, 
L., Pelletier, J. F., Qi, Z.-Q., Richter, R. A., Strychalski, E. A., Sun, L., 
Suzuki, Y., Tsvetanova, B., Wise, K. S., Smith, H. O., … Venter, J. C. 
(2016). Design and synthesis of a minimal bacterial genome. Science, 
351(6280), aad6253. https://doi.org/10.1126/scien​ce.aad6253

Jimenez, C., Capasso, J. M., Edelstein, C. L., Rivard, C. J., Lucia, S., 
Breusegem, S., Berl, T., & Segovia, M. (2009). Different ways to 
die: Cell death modes of the unicellular chlorophyte Dunaliella vir-
idis exposed to various environmental stresses are mediated by the 
caspase-like activity DEVDase. Journal of Experimental Botany, 60(3), 
815–828. https://doi.org/10.1093/jxb/ern330

Kämper, J., Kahmann, R., Bölker, M., Ma, L., Brefort, T., Saville, B. J., & 
Birren, B. W. (2006). Insights from the genome of the biotrophic fun-
gal plant pathogen Ustilago maydis. Nature, 444, 97–101. https://doi.
org/10.1038/natur​e05248

Kojic, M., Kostrub, C. F., Buchman, A. R., & Holloman, W. K. (2002). 
BRCA2 homolog required for proficiency in DNA repair, recombina-
tion, and genome stability in Ustilago maydis. Molecular Cell, 10(3), 
683–691. https://doi.org/10.1016/S1097-2765(02)00632-9

Kojic, M., Yang, H., Kostrub, C. F., Pavletich, N. P., & Holloman, W. K. 
(2003). The BRCA2-interacting protein DSS1 is vital for DNA repair, 
recombination, and genome stability in Ustilago maydis. Molecular Cell, 
12(4), 1043–1049. https://doi.org/10.1016/S1097-2765(03)00367-8

Li, P., Seneviratne, C. J., Alpi, E., Vizcaino, J. A., & Jin, L. (2015). Delicate 
metabolic control and coordinated stress response critically deter-
mine antifungal tolerance of Candida albicans Biofilm Persisters. 
Antimicrobial Agents and Chemotherapy, 59(10), 6101–6112. https://
doi.org/10.1128/AAC.00543-15

Mason, C., Hamer, G., & Bryers, J. (1986). The death and lysis of micro-
organisms in environmental processes. FEMS Microbiology Letters, 39, 
373–401. https://doi.org/10.1111/j.1574-6968.1986.tb018​67.x

Milisavljevic, M., & Kojic, M. (2020). A comparative study of liquid hold-
ing restitution of viability after oxidative stress in Ustilago maydis 
and Saccharomyces cerevisiae cell populations. Fungal Genetics and 
Biology, 134, 103284. https://doi.org/10.1016/j.fgb.2019.103284

Milisavljevic, M., Petkovic, J., Samardzic, J., & Kojic, M. (2018). 
Bioavailability of nutritional resources from cells killed by oxida-
tion supports expansion of survivors in Ustilago maydis popula-
tions. Frontiers in Microbiology, 17(9), 990. https://doi.org/10.3389/
fmicb.2018.00990

Mukherjee, D., Gupta, S., Saran, N., Datta, R., & Ghosh, A. (2017). 
Induction of apoptosis-like cell death and clearance of stress-in-
duced intracellular protein aggregates: Dual roles for Ustilago maydis 
metacaspase Mca1. Molecular Microbiology, 106, 815–831. https://
doi.org/10.1111/mmi.13848

Nedelcu, A. M., Driscoll, W. W., Durand, P. M., Herron, M. D., & Rashidi, A. (2011). 
On the paradigm of altruistic suicide in the unicellular world. Evolution, 
65(1), 3–20. https://doi.org/10.1111/j.1558-5646.2010.01103.x

Papucci, L., Formigli, L., Schiavone, N., Tani, A., Donnini, M., Lapucci, A., 
Perna, F., Tempestini, A., Witort, E., Morganti, M., Nosi, D., Orlandini, 

G. E., Zecchi Orlandini, S., & Capaccioli, S. (2004). Apoptosis shifts 
to necrosis via intermediate types of cell death by a mechanism de-
pending on c-myc and bcl-2 expression. Cell and Tissue Research, 316, 
197–209. https://doi.org/10.1007/s00441-004-0872-z

Patrick, M. H., Haynes, R. H., & Uretz, R. B. (1964). Dark recovery phenom-
ena in yeast. I. Comparative effects with various inactivating agents. 
Radiation Research, 21, 144–163. https://doi.org/10.2307/3571521

Pepper, J. W., Shelton, D. E., Rashidi, A., & Durand, P. M. (2013). 
Are internal, death-promoting mechanisms ever adaptive? 
Phylogenetics and Evolutionary Biology, 3, 1–10. https://doi.
org/10.4172/2329-9002.1000113

Roberts, R. B., & Aldous, E. (1949). Recovery from ultraviolet irradiation 
in Escherichia coli. Journal of Bacteriology, 57(3), 363–375. https://doi.
org/10.1128/JB.57.3.363-375.1949

Shahin, M. M., Gentner, N. E., & Nasim, A. (1973). The effect of liquid 
holding in Schizosaccharomyces pombe strains after gamma and ul-
traviolet irradiation. Radiation Research, 53(2), 216–225. https://doi.
org/10.2307/3573526

Shahin, M. M., & Nasim, A. (1973). The effect of radiation sensitivity 
and cell stage on liquid holding response in Schizosaccharomyces 
pombe. Molecular and General Genetics, 122(4), 331–338. https://doi.
org/10.1007/BF002​69433

Storz, G., & Hengge, R. (2011). Bacterial stress responses, 2nd ed. ASM 
Press.

Stukenbrock, E. H., & McDonald, B. A. (2008). The origins of plant patho-
gens in agro-ecosystems. Annual Review of Phytopathology, 46, 75–
100. https://doi.org/10.1146/annur​ev.phyto.010708.154114

Van den Bergh, B., Fauvart, M., & Michiels, J. (2017). Formation, phys-
iology, ecology, evolution and clinical importance of bacterial per-
sisters. FEMS Microbiology Reviews, 41(3), 219–251. https://doi.
org/10.1093/femsr​e/fux001.

Vardi, A., Eisenstadt, D., Murik, O., Berman-Frank, I., Zohary, T., 
Levine, A., & Kaplan, A. (2007). Synchronization of cell death in a 
dinoflagellate population is mediated by an excreted thiol pro-
tease. Environmental Microbiology, 9(2), 360–369. https://doi.
org/10.1111/j.1462-2920.2006.01146.x

Vavilala, S. L., Gawde, K. K., Sinha, M., & D’Souza, J. S. (2015). Programmed 
cell death is induced by hydrogen peroxide but not by excessive ionic 
stress of sodium chloride in the unicellular green alga Chlamydomonas 
reinhardtii. European Journal of Phycology, 50, 422–438.

Yordanova, Z. P., Woltering, E. J., Kapchina-Toteva, V. M., & Iakimova, 
E. T. (2013). Mastoparan-induced programmed cell death in the uni-
cellular alga Chlamydomonas reinhardtii. Annals of Botany, 111(2), 
191–205. https://doi.org/10.1093/aob/mcs264

How to cite this article: Kojic M, Milisavljevic M. When 
disaster strikes: Reconstitution of population density by 
expansion of survivors. Mol Ecol. 2020;29:4757–4764. https://
doi.org/10.1111/mec.15680

 1365294x, 2020, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.15680 by IN
A

SP/H
IN

A
R

I - SE
R

B
IA

, W
iley O

nline L
ibrary on [29/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1083/jcb.200310014
https://doi.org/10.1126/science.aad6253
https://doi.org/10.1093/jxb/ern330
https://doi.org/10.1038/nature05248
https://doi.org/10.1038/nature05248
https://doi.org/10.1016/S1097-2765(02)00632-9
https://doi.org/10.1016/S1097-2765(03)00367-8
https://doi.org/10.1128/AAC.00543-15
https://doi.org/10.1128/AAC.00543-15
https://doi.org/10.1111/j.1574-6968.1986.tb01867.x
https://doi.org/10.1016/j.fgb.2019.103284
https://doi.org/10.3389/fmicb.2018.00990
https://doi.org/10.3389/fmicb.2018.00990
https://doi.org/10.1111/mmi.13848
https://doi.org/10.1111/mmi.13848
https://doi.org/10.1111/j.1558-5646.2010.01103.x
https://doi.org/10.1007/s00441-004-0872-z
https://doi.org/10.2307/3571521
https://doi.org/10.4172/2329-9002.1000113
https://doi.org/10.4172/2329-9002.1000113
https://doi.org/10.1128/JB.57.3.363-375.1949
https://doi.org/10.1128/JB.57.3.363-375.1949
https://doi.org/10.2307/3573526
https://doi.org/10.2307/3573526
https://doi.org/10.1007/BF00269433
https://doi.org/10.1007/BF00269433
https://doi.org/10.1146/annurev.phyto.010708.154114
https://doi.org/10.1093/femsre/fux001
https://doi.org/10.1093/femsre/fux001
https://doi.org/10.1111/j.1462-2920.2006.01146.x
https://doi.org/10.1111/j.1462-2920.2006.01146.x
https://doi.org/10.1093/aob/mcs264
https://doi.org/10.1111/mec.15680
https://doi.org/10.1111/mec.15680

