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Environmental variability is an intrinsic characteristic of nature. Variability in factors such as temperature, UV, salinity, and nutrient availability can influence structural and functional properties of marine microbial organisms. This influence has profound implications for biochemical cycles and the ecosystem services provided by the oceans. In this review we discuss some of the most relevant mechanisms underpinning adaptive strategies of microbial organisms in variable and dynamic oceans. We assess the extent to which the magnitude and rate of environmental change influence plastic phenotypic adjustments and evolutionary trajectories of microbial populations. This understanding is fundamental for developing better predictions regarding microbial dynamics at ecological and evolutionary time-scales and in response to climate change.
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Introduction

Oceans are highly variable environments. These systems are characterized by marked fluctuations in environmental conditions (e.g., salinity, pH, temperature, nutrients, irradiance), that operate at different temporal (second to decades) and spatial scales (millimeters to kilometers), creating heterogenous seascapes (Boyd et al., 2016a; Rodríguez-Romero et al., 2022). Such fluctuations modulate the environmental envelope (i.e., a set of environmental variables and conditions that favours species occurrence; Figures 1A, B) of marine microbial communities (Boyd et al., 2010), their distribution and ecological dynamics (Brun et al., 2015), as well as their structure and function across time and space (Tinta et al., 2015; Hutchins and Fu, 2017; Di Pane et al., 2022). However, marine microbes are not static units as they can display a range of biological strategies to short-term changes in environmental conditions such as those occurring at time-scales approximating microbial division times (i.e., within generations; Figure 1C) (Litaker et al., 1993). These strategies mainly involve non-genetic phenotypic adjustments (i.e., phenotypic plasticity) that allow microbes to actively respond to the physiological challenges imposed by environmental fluctuations at such time-scales (Chevin et al., 2013; Schaum et al., 2013; Boyd et al., 2016a; Collins et al., 2020). For instance, short-term fluctuations (e.g., diurnal cycles) in drivers such as underwater irradiance (light intensity/quality), temperature and/or nutrient availability can potentially induce stressful conditions to marine microorganisms, triggering compensatory behavioral (e.g., vertical migration; Aumack et al., 2014) and metabolic (e.g., photosynthetic activity; Gaidarenko et al., 2019) adjustments. The outcome of these phenotypic responses can be adaptive, neutral or maladaptive (i.e., not adjusting adequately to the new environment) depending on the interaction with other environmental drivers (e.g., light x salinity; Sauer et al., 2002) and the overall effect on organismal fitness (Chevin et al., 2013). Although plasticity provides a mechanism for adaptation to changing environments (e.g., Schaum et al., 2013; Kremer et al., 2018), there are limits for plastic responses (DeWitt et al., 1998; Fox et al., 2019; Gill et al., 2022), beyond which genetic adjustments are required to persist (Fox et al., 2019; Gaitán-Espitia and Hobday, 2021). These responses (i.e., adaptive evolution) are particularly relevant if unfavorable environmental changes are difficult to track (unpredictable or occur too rapidly) and persist beyond few generations (Chevin et al., 2013; Bernhardt et al., 2020; Collins et al., 2020). Nevertheless, the ability to undergo these adjustments varies within and across populations (Figures 1B, C) depending on the presence of genetic variation for ecologically important traits (Chevin et al., 2013; Godhe and Rynearson, 2017), and on the strength (e.g., the intensity of selection increases with the number of drivers) and form/direction of natural selection (e.g., directional selection under ocean warming; Figure 1C) (Brennan et al., 2017; Collins et al., 2020; Walworth et al., 2020). These components of selection are ultimately determined by the magnitude and rate of environmental change (Gaitán-Espitia et al., 2017a; Collins et al., 2020). Consequently, inadequate responses (e.g., neutral or maladaptive) to unfavorable conditions (i.e., where selection is strong and induce significant loss of fitness) can drive population declines and local extinctions (Figure 1C). Contrarily, adaptive responses to stress due to environmental change may lead to phenotypic and genetic changes associated to the evolution of tolerance to novel conditions via increased physiological resistance levels, behavioral (e.g., vertical migration) and life-history (e.g., dormancy) avoidance of the stressful conditions. These adaptive evolutionary responses can allow the maintenance of biodiversity and the persistence of populations despite the negative effects on fitness initially induced by environmental change (Figure 1C) (Boyd et al., 2016a; Schaum et al., 2016; Schluter et al., 2016; Fox et al., 2019; Collins et al., 2020; Walworth et al., 2020). In this review, we discuss some of the most relevant mechanisms underpinning the adaptive strategies of microbial organisms and their evolutionary responses and outcomes in variable and dynamic oceans.




Figure 1 | Ecological and evolutionary dynamics of marine microbial organisms in variable and dynamic oceans. (A) The overall fitness of a population (green curve) is a function of the tolerances and capacity for plastic adjustments of individual genotypes/strains (colour curves). This function determines the adaptive capacity of a population to persist after rapid environmental changes. (B) These changes involve more than one driver at the time. In a population, the balance between tolerances, plasticity and stress for each driver determines its ecological niche and helps to predict the capacity to respond to future environmental changes. Different populations can be locally adapted as result of differences in the environmental conditions and the variability they experience. This can explain the geographic differences in the capacity for phenotypic plasticity and adaptive potential (e.g., narrower or closer to their tolerance limits). (C) Populations with contrasting differences in the capacity for plastic adjustments, tolerances and potential for adaptive evolution in response to environmental changes show divergent ecological and evolutionary dynamics (within and across generations). Rapid reduction of genetic diversity and high extinction risk is expected for populations with limited phenotypic plasticity inhabiting stable environments where only one driver changes (C.1). If plasticity is present, it can buffer the influence of selection mitigating population decline and extinction (C.2). Fluctuating environments are hypothesised to facilitate plasticity promoting the maintenance of phenotypic/genetic diversity as a consequence of reduced strength of directional selection (C.3). However, if multiple drivers are interacting and changing in these environments, selection is going to be stronger accelerating the fixation of “optimal” phenotypes (more tolerant to directional changes in dominant drivers; C.4).





Short-Term Responses: Adaptive Strategies to Environmental Variability

Phenotypic plasticity offers a fundamental mechanism for marine microbes to cope with short-time environmental fluctuations, allowing them to track environmental changes and escape local extinction (Figure 1C) (Chevin et al., 2013). This capacity for rapid phenotypic adjustments is considered to be shaped by the level of environmental variability experienced by populations (e.g., higher plasticity in organisms from more heterogeneous environments; Boyd et al., 2016a), and the predictability of environmental change (e.g., lower plasticity in less predictable environments; Schaum and Collins, 2014; Bernhardt et al., 2020; Leung et al., 2020; Gill et al., 2022) (Figure 2). Here, we described three common short-term adaptive plastic responses of microbial organisms (i.e. direct environmental sensing-response, anticipatory-memory response, and diversified bet-hedging strategy) to environmental fluctuation (Figure 2). While the mechanisms are described individually in the next section, they are not mutually exclusive, as microbes may combine two or three strategies depending on the magnitude and rate of environmental variability (i.e., the strength and direction of selection).




Figure 2 | Adaptive strategies of marine microbes to cope with short-term environmental variability are influenced by the level of predictability (High: A, B; Low: C) of environmental change. Anticipatory and memory mechanisms (D) in which microbes can sense environmental cues (arrows in orange and green linked to predictable environmental changes, (A) that allow them to adjust phenotypically in an anticipatory manner. Direct environmental sensing-respond mechanisms (E) in which microbes exhibit phenotypic responses that correspond to their environmental condition/stimulus (yellow and purple, B). (F) Seed banks representing the diversified bet-hedging (a.k.a. stochastic phenotypic switching) strategy, in which microbes produce long-term resting stages that act as a genetic and phenotypic reservoir that protect populations against unpredictable future conditions (C).




Adaptive Plasticity via Sense-Response Regulatory Mechanisms

The most common mechanism employed by marine microbes to cope with environmental changes is modulated at the transcriptional level where a specific environmental stimuli/condition triggers the expression of a specific phenotype (sensing-regulatory response) (Figure 2E; Forsman, 2015; Bonamour et al., 2019). For prokaryotes, plasticity in their responses to environmental stimuli is primarily mediated by the two-component signal transduction systems (TCS) (Capra and Laub, 2012; Held et al., 2019). While there are variants to the prokaryotic TCS, the canonical systems are structured by two conserved components called the histidine protein kinases (HPK) and response regulator (RR) (Zschiedrich et al., 2016; Busby, 2019). Although TCS are prevalent in prokaryotes, these signaling elements have also been co-opted to meet the needs of signal transduction in microbial eukaryotes (Schaller et al., 2011). For these organisms, the gene expression/repression activity often involves more complex regulatory networks than those seen in the prokaryotic TCS (Madhani, 2013; Cruz de Carvalho et al., 2016). Nevertheless, in both domains, organisms share some similarity in their plastic responses to environmental stimuli evidenced by the initiation of transcription via RNA polymerase (Andrews, 2017).

A classic system for the study of sensing-regulatory response as an adaptive strategy to short-term scale environmental change comes from the nutrient limitation research. Nutrient limitation or exhaustion is a prevailing environmental challenge often experienced by microbes, rendering them constantly changing between feast and famine states (Suzuki et al., 2004; Rozen and Belkin, 2005; Cruz de Carvalho et al., 2016; Andrews, 2017). One of the solutions “wield” by microbes to cope with fluctuations in nutrients is through transcriptional reprogramming (Brown et al., 2014). For example, upon sensing limitation in the nitrogen (N) supply in surrounding environment, prokaryotic microbes can display a global alteration in gene expression, shifting from growth-associated transcriptomes to growth-arrested stationary-phase transcriptomes (Brown et al., 2014; Switzer et al., 2018). This is an important mechanism for conservation and allocation of resources mainly for cellular maintenance and repairing activities under unfavorable conditions. In photosynthetic microbes, similar adaptive regulatory mechanisms to cope with short-term fluctuations in nutrient availability have been documented (Suzuki et al., 2004; Bender et al., 2014; Cruz de Carvalho et al., 2016; Matthijs et al., 2017). Under these conditions (i.e., fluctuations in phosphate or nitrogen), photosynthetic microbes such as cyanobacteria and diatoms can activate sensory stress response and signaling systems that combine “bacterial CTS” (Suzuki et al., 2004; Cruz de Carvalho et al., 2016) with more complex pathways (e.g., nutrient recycling, carbohydrate and fatty acid metabolism; Bender et al., 2014), and non-coding regulatory systems (e.g., long intergenic nonprotein coding RNAs; Cruz de Carvalho et al., 2016). Comparable signaling-regulatory responses have been documented in marine diatoms exposed to fluctuations in salinity (Krell et al., 2008) and irradiance (Depauw et al., 2012), in which complex signal transduction cascades and regulatory processes, including transcriptional and post-transcriptional networks, second messengers, and chromatin remodeling are activated as part of the adaptive response (Krell et al., 2008; Depauw et al., 2012).



Adaptive Plasticity via Anticipatory and Memory Mechanisms

Some microbes have evolved the ability to anticipate future conditions as a result of evolving in highly predictable environments (Figure 2D; Johnson et al., 2008; Tagkopoulos et al., 2008; Gill et al., 2022). For example, several species of marine diatoms can cope with highly variable light conditions, as they possess suitable molecular systems that allow them to perceive, respond to, and anticipate light variations (Sauer et al., 2002; Depauw et al., 2012; Aumack et al., 2014; Serôdio, 2021). The capacity to anticipate daily changes in illumination was explained by the endogenous circadian clock in marine diatoms, a biological system that could be linked to light-driven gene expression regulatory mechanisms (Depauw et al., 2012). The anticipatory mechanism explains behavioural plastic responses of marine microbes to changes in environmental conditions. For instance, photosynthetic microbes in marine sediments exhibit vertical migrations characterized by rhythmic and synchronized movement of cells upward towards the surface of the sediment at the beginning of daytime periods of low tide, followed by the downward migration in anticipation of tidal flood or night (Serôdio, 2021). It has been documented that the disruption of the anticipatory ability can negatively impact the capacity of microbes for physiological adjustments with consequences on ecological dynamics and the fitness of microbial populations (Woelfle et al., 2004).

Another example of anticipatory response of microbes to environmental fluctuations is represented by the capacity of storing “memories” or “past historical experiences” and impart this “knowledge” to the next generation (Casadesús and D’Ari, 2002; Zacharioudakis et al., 2007; Dragosits et al., 2013; Norman et al., 2013; Shimizu, 2013). For example, prokaryotes have shown the existence of a memory-driven anticipatory mechanism that helps microbes to cope with fluctuating carbon sources (e.g. glucose and fructose) (Lambert and Kussel, 2014). When the preferred carbon source (glucose) is exhausted, prokaryotic microbes activate the lac operon (i.e. a set of multiple genes that are responsible for the production of lac protein), in order to use lactose (Östling et al., 1991). However, in normal circumstances, there is a lag phase before these microbes are able to utilize lactose, which can be at an unintended fitness disadvantage in a competitive environment. To overcome this drawback, the bacteria can adopt a phenotypic memory-like mechanism, where the stable intracellular lac protein present in parental cells can be transmitted across dividing daughter cells (Lambert and Kussel, 2014). When prokaryotic cells are adapted to fluctuating carbon sources microbes can continuously express genes required for lactose metabolism (i.e. even after the lac operon inducer is removed), removing the need for regulatory responses (i.e. signal transduction and gene activation/repression) (Lambert and Kussel, 2014). Consequently, this adaptive strategy reduces the metabolic transition in lag phase, thereby increasing microbial fitness in this environment, simply with quicker response for lactose metabolism. Ecological memory is also hypothesized to be important for the tolerance and fitness of photosynthetic microbes to changing oceans, particularly when the environmental signal is cyclic and reliable. In symbiotic dinoflagellates, for example, thermal priming (e.g., past exposure to increased temperatures and heat stress) enhance heat tolerance and photosynthetic performance during heatwaves (Middlebrook et al., 2012). It has been suggested that this type of acquired tolerance through stress memory is modulated by epigenetic modifications that alter gene expression (e.g., DNA methylation, histone modifications and non-coding micro RNAs), and that these can be transmitted across generations (Bossdorf et al., 2008; Walworth et al., 2021a). However, thermal priming does not always enhance performance and fitness for eukaryotic microbes. For instance, in a Southern Ocean diatom, heat-primed populations exhibited higher levels of mortality during heatwaves than populations without pre-exposure to sub-lethal temperatures (Samuels et al., 2021). These findings suggest the existence of more complex mechanisms regulating the ecological memory of past stress in eukaryotic microbes.



Adaptive Plasticity via Bet-Hedging Mechanism

Phenotypic plasticity may not always be an effective strategy to cope with environmental change, particularly when fluctuations in environmental conditions are unpredictable (Veening et al., 2008; Grimbergen et al., 2015; Leung et al., 2020; Gill et al., 2022). Under these conditions, natural selection may favour a strategy where a single genotype produces a range of phenotypes each generation but without responding in a specific way to the prevailing conditions but ensuring the survival of sub-populations that will be adaptive to a future condition (Figure 2F; Ackermann, 2015). This mechanism is known as diversified bet-hedging strategy or stochastic phenotypic switching (Veening et al., 2008; Grimbergen et al., 2015; Ellegaard and Ribeiro, 2018). In marine microbes, the maintenance of a seed bank is often hypothesized to constitute a bet-hedging strategy in which long-term resting stages (or propagules) are an insurance against an unpredictable future (Ellegaard and Ribeiro, 2018). For example, some species of diatoms and dinoflagellates are able to survive environmental fluctuations that exceed the tolerance range for vegetative cells through the formation of resting cells (spores/cysts), resuming vegetative growth under favourable conditions (Godhe and Rynearson, 2017; Ellegaard and Ribeiro, 2018). In dinoflagellates, these resting stages are mainly produced as part of their sexual reproduction, which appears to be another form of stress avoidance as it is initiated by unfavourable conditions (e.g., nutrient limitation x suboptimal temperature; Tang and Gobler, 2015; Borowitzka, 2018; Ellegaard and Ribeiro, 2018). Resting cysts of dinoflagellates also contribute to population dynamics influencing rapid shifts in genetic diversity (through genetic recombination) and geographic expansion (Tang and Gobler, 2015). In diatoms, resting cells are not initiated by sexual reproduction but by physiological stress (Borowitzka, 2018; Ellegaard and Ribeiro, 2018). In this case, the formation of resting cells is activated by the upregulation of ferritin (an iron binding protein), a process that triggers the morphological transformation from fusiform to ovoid cells, the decrease in growth rates, the excretion of exopolymeric substances, the upregulation of stress resistance proteins and the increase of nitrate reserves (Liu et al., 2022). Although this adaptive strategy represents a loss of genetic material for marine microbes in the short term (i.e., many of the resting stages never germinate), sacrificing mean fitness for reduced variability in fitness over time, it is described as an effective strategy for risk-spreading, for persistence through longer periods of adverse conditions, and for preparing for an unpredictable future (Ellegaard and Ribeiro, 2018). Despite the important ecological role of the bet-hedging strategy for marine microbes (i.e., influencing population persistence), there is no clear consensus about its role in evolutionary dynamics (Rengefors et al., 2017). Generally, resting stages are considered to weaken the effect of selection and slow down adaptive evolution (Hairston and De Stasio, 1988) by lengthening the generation time of microorganisms, potentially delaying the manifestation of novel mutations (Lennon and Jones, 2011). Contrarily, dormant cells can act as genetic reservoirs that speed up adaptive evolution by increasing phenotypic and genetic variation, which in turn influence the adaptive potential and the response to selection (Kremp et al., 2016; Rengefors et al., 2017).




Long Term Responses: Adaptive Evolution in Fluctuating Environments

Predictable fluctuating marine environments are expected to promote adaptive phenotypic plasticity (Figure 2) (Schaum and Collins, 2014; Leung et al., 2020; Gill et al., 2022) at the cost of delaying genetic adaptation (Walworth et al., 2020). However, in environments where changes are less predictable and occur extremely rapidly for organisms to track and adjust phenotypically, plasticity is not promoted (Leung et al., 2020). Under these conditions, genetic adaptation may be the only mechanism that allows species and populations to persist locally (Gaitán-Espitia and Hobday, 2021). Although the link between environmental variability and marine microbial evolution is still poorly understood, in this section we aim to provide glimpses of factors and mechanisms modulating adaptive evolutionary dynamics of microbes in dynamic oceans.

Empirical evidences based on experimental evolution have shown that microbial populations can rapidly adapt to environmental changes (single- and multi-driver environments), throughout, for instance, intraspecific strain sorting and genetic changes (Lohbeck et al., 2012; Hoppe et al., 2018; Wolf et al., 2019). Notwithstanding, the evolutionary responses of microbes to environmental fluctuations are conditioned by the number and identity of the interacting drivers involved (Brennan et al., 2017). Faster rates of adaptation have been documented with increased number of drivers as a result of the increase in the strength of selection (Brennan et al., 2017). However, the effect of drivers on selection is not additive as only few (e.g., temperature, nutrients) explain most of the phenotypic and evolutionary changes observed (Brennan and Collins, 2015; Boyd et al., 2016a; Brennan et al., 2017; Feng et al., 2020). Particularly, temperature has been identified as one of the most dominant drivers modulating phenotypic and genetic responses in marine microorganisms comprising broad evolutionary backgrounds (Boyd et al., 2016b; Brennan et al., 2017; Barton et al., 2020; Cabrerizo et al., 2022). This important and dominant influence across microbial life forms is perhaps explained by the existence of “universal” thermodynamic constraints that limit the pace of life and the thermal window for biochemical performance (Angilletta et al., 2010). Fluctuations in dominant drivers such as temperature can also modulate the rate of adaptation and the evolutionary trajectories of marine microbes. For example, a study by Schaum et al. (2018) showed that marine diatoms can exhibit rapid evolutionary divergence and adaptation to high temperatures when populations have evolved under fluctuating environments. Here, the temporary restoration of benign heat level conditions increased population size and therefore the probability of fixing beneficial mutations required for adaptation (Schaum et al., 2018). These characteristics and their influence on adaptive evolution to changes in temperature have been linked to the “complexity” of microbial organisms in which species with small genomes (e.g., prokaryotes) have higher rates of adaptation (e.g., compensatory evolutionary shifts on metabolic traits) to warming compared to “more complex” microbes with larger genomes (Barton et al., 2020).

The rate of adaptation to changing marine environments is also regulated by evolutionary trade-offs (Gaitán-Espitia J. et al., 2017). These trade-offs reflect the costs and constraints for evolutionary change (O'Donnell et al., 2018; Aranguren-Gassis et al., 2019; Lindberg and Collins, 2020; Walworth et al., 2020), and can alter the trajectories of populations across fitness landscapes, delaying or blocking them to reach a global fitness optimum (Gaitán-Espitia J. et al., 2017; Gaitán-Espitia and Hobday, 2021). Because evolutionary trade-offs are difficult to demonstrate in nature, some proxies are used to asses them. These include selection experiments (e.g., Jin et al., 2022), and the analysis of functional/phenotypic and genetic correlations (e.g., Argyle et al., 2021; Walworth et al., 2021b). In the marine diatom Chaetoceros simplex, a trade-off from a functional correlation between high‐temperature tolerance and increased nitrogen requirements is suggested to underlie the inhibited thermal adaptation under nitrogen limitation conditions (Aranguren-Gassis et al., 2019). Similarly, in the marine diatom Phaeodactylum tricornutum, adaptation to high CO2 was mediated by a functional trade-off in which populations decreased metabolic rates while maintaining the carbon allocation and growth (i.e., fitness; Jin et al., 2022). In marine bacteria, evolutionary trade-offs have been documented when comparing strains growing in natural constant and fluctuating environments. In coastal systems, bacteria carry significantly more environmental stimuli sensing genes than strains in oligotrophic systems (e.g., open ocean; Held et al., 2019). This represents a functional trade-off due to the elevated cost of maintenance of signal transduction systems (TCS) for strains in coastal areas (i.e. dynamic and fluctuating) compared to strains in oceanic (i.e. relatively constant) environment (Mackey et al., 2015). Other evolutionary trade-offs are mostly documented as a result of challenging conditions, these trade-offs can also exist under ameliorated conditions, as evidenced in the study by Lindberg and Collins (2020). In this work, populations of Chlamydomonas reinhardtii evolved to allocate a smaller proportion of carbon to growth while increasing their ability to tolerate and metabolise reactive oxygen species (ROS; Lindberg and Collins, 2020).



Conclusion

Understanding how microbes cope with and adapt to variability in their environments is fundamental for understanding their ecological resilience and adaptive potential in the face of anthropogenic climate change. Unfortunately, most of the mechanistic understanding regarding the environmental-molecular-evolutionary link underpinning the short- and long-term adaptive responses discussed here, have been based on changes in one or two environmental drivers. However, environmental variation and climate change involve multivariate changes (Boyd et al., 2015) that can alter the ecological and evolutionary significance of genetic and non-genetic responses in marine microbes. From the phenotypic plasticity perspective, it is unclear to what extent the number of changing drivers and the type of interactions (i.e., additive, antagonistic or synergetic) can alter the capacity of natural populations to employ plastic strategies such as direct sense-response, anticipatory/memory and bet-hedging. Moreover, we do not know if these responses are differentially modulated across time and space, depending on the level of environmental variation (e.g., higher production of resting cells in more variable environments; lower ecological memory in less variable environments), the existence of physiological constraints (e.g., capacity and costs for activation and maintenance of sensing-regulatory mechanisms), and the signal/duration of the molecular mechanisms underpinning such responses (e.g., different epigenetic factors have different lasting effects). From an evolutionary perspective, we know that fluctuating environments are likely to generate more dynamic adaptive fitness landscapes compared to constant environments. However, in most of the experimental evolution studies, the dynamics have been assessed in stable conditions of one or two drivers, which are characterised by a static local fitness optimum (Steinberg and Ostermeier, 2016). This limits our capacity to understand and predict the tempo and mode of evolution of microbes in fluctuating, multi-driver environments.
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