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ABSTRACT

The study of the rules that govern the relationship between phenotypic plasticity, genetic structure, and ecological suc-
cess has traditionally focused on animals, plants, and a few model microbial species, whereas non-model microorganisms
have received much less attention in this regard. The floral nectar of angiosperms is an ephemeral, island-like habitat for
different highly adapted yeasts and bacteria. The growth of microorganisms in floral nectar depends on their ability to effi-
ciently use the available nutrients and tolerate challenging physicochemical conditions, including high osmotic pressures,
unbalanced carbon-to-nitrogen ratios, and the presence of diverse defensive compounds of plant origin. The production of
alternative phenotypic states in response to environmental cues (i.e., phenotypic plasticity) or independently from these
(within-environment trait variability) might be particularly relevant in floral nectar, in which rapid growth is needed for
population persistence and to improve the chance of animal-mediated dispersal. In this article, we use the nectar microbiome
as an example to encourage further research on the causes and ecological consequences of phenotypic plasticity and within-
environment trait variability of microbes. We review previous work on the mechanisms and potential ecological significance
of the phenotypic plasticity and within-environment trait variability displayed by nectar yeasts and bacteria. Additionally,
we provide an overview of some topics that require further attention, including potential trade-offs between different traits
that are relevant for adaptation to dynamic nectar environments and the direct and indirect effects of phenotypic variability
on the fitness of plants, flower-visiting animals, and other nectar microbes. We conclude that further research on the causes
and ecological consequences of phenotypic plasticity and within-environment trait variability of microbes is essential to get
a better understanding of community assembly and the establishment of ecological interactions in floral nectar and other
similar highly dynamic and strongly selective microbial habitats.

1 | Introduction in evolutionary biology (Forsman 2015; Fusco and Minelli 2010;

Gomulkiewicz and Stinchcombe 2022). Plastic responses, which
Understanding the rules that govern the relationship between may involve changes in morphological, physiological, devel-
phenotypic diversity, genetic structure, and the ecological suc- opmental, and/or behavioral traits, allow individuals to match
cess of individuals, populations, and species is a common theme their phenotypes, or those of their offspring, to spatial and/
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or temporal variations in their abiotic and biotic environments
(Forsman 2015; Fusco and Minelli 2010; Gomulkiewicz and
Stinchcombe 2022; Reed et al. 2010).

Environmentally sensitive production of alternative phenotypes
by individual genotypes, generally referred to as phenotypic
plasticity (DeWitt and Scheiner 2004; Fox et al. 2019; Fusco and
Minelli 2010), plays a key role in modulating how environmen-
tal variation influences population dynamics and community as-
sembly in different ecosystems (Gémez et al. 2023; Pérez-Ramos
et al. 2019; Reed et al. 2010). Additionally, within-environment
trait variation, which typically refers to phenotypic variation
within a given set of environmental conditions arising from
genetic differences among individuals within the population,
microenvironmental effects, and developmental instability, is
also an important component of adaptive responses (Matesanz
et al. 2021; Orsted et al. 2018).

Most previous research on the causes, consequences, and
costs of both phenotypic plasticity and within-environment
trait variation has focused on animals and plants (see
Agrawal 2001; Borges 2008; Palacio-Lopez et al. 2015 for some
comprehensive reviews). Previous work on these topics has
also made use of a few microbial systems, including the bak-
er's yeast (Saccharomyces cerevisiae) (e.g., Duveau et al. 2017;
Peltier et al. 2018) and bacterial species such as Escherichia coli
(e.g., Fraebel et al. 2020; Friesen et al. 2004) and Pseudomonas
aeruginosa (e.g., Kimmerli et al. 2009). In contrast, the study
of phenotypic plasticity and genotype-phenotype-habitat as-
sociations in non-model microorganisms has traditionally
lagged behind. Nevertheless, the realization that microorgan-
isms represent a vast untapped reservoir of genetic and meta-
bolic diversity that is key to the functioning of the biosphere
(Escalas et al. 2019; Hurst 2021; Prosser et al. 2007) and the
technological advances allowing the cultivation and high-
throughput phenotyping of understudied microbial lineages
(Acin-Albiac et al. 2020; Bochner 2009) have led to a renewed
interest in understanding the role that phenotypic variation
has on the assembly and dynamics of microbial populations
and communities (D'Souza 2020; Krause et al. 2014; van
Boxtel et al. 2017).

With this article, we aim to show that, as observed in many plant
and animal communities, phenotypic plasticity and within-
environment trait variability might be key for habitat adaptation
and community assembly in microbial ecosystems. To do so, we
will focus on the microbial communities inhabiting the floral
nectar of angiosperms, due to the increasing interest in using
these communities to study diverse ecological questions related
to community assembly, their crucial involvement in plant-polli-
nator interactions, and their intrinsic properties that make them
interesting for the study of phenotypic plasticity (see Section 2).
Additionally, we discuss some knowledge gaps about the ecologi-
cal significance of phenotypic plasticity and within-environment
trait variability of nectar microbes, including potential trade-offs
between different traits allowing persistence in dynamic nectar
environments and the potential downstream effects of pheno-
typic variability on plant-animal mutualisms and microbe-mi-
crobe interaction networks.

2 | Floral Nectar as a Model System for the Study
of Phenotypic Plasticity

Floral nectar is a quintessential example of highly variable
microenvironment at different spatial and temporal scales
(Nicolson 2022; Nicolson and Thornburg 2007; Parachnowitsch
et al. 2019). Beyond its crucial role in plant-pollinator interac-
tions, this sugary secretion of flowers has begun to stand out
as a natural habitat for many kinds of microorganisms, and
more specifically unicellular fungi (also known as yeasts) and
bacteria, that ultimately can influence the mutualistic relation-
ships between angiosperms and their animal visitors (Barberis
et al. 2024; Jacquemyn et al. 2021; Pozo, Lievens, et al. 2015;
Vannette 2020).

Growth of microorganisms in floral nectar depends on their
capacity to efficiently use the available nutrients and to toler-
ate high osmotic pressures, unbalanced carbon-to-nitrogen
ratios, and the frequent presence of diverse toxins of plant or-
igin (Herrera 2017; Herrera et al. 2010; Lievens et al. 2015;
Pozo and Jacquemyn 2019; Pozo et al. 2012). Besides, flowers
are ephemeral, island-like habitats in which rapid growth is
needed for population persistence and to improve the chance
of animal-mediated dispersal (Belisle et al. 2012; Crowley and
Russell 2021; Hausmann et al. 2017). Therefore, it can be hy-
pothesized that phenotypic plasticity, which allows organisms to
rapidly switch between different phenotypic states in response
to environmental cues and may enable them to overcome habi-
tat filters (e.g., Gianoli and Escobedo 2021; Mallard et al. 2020),
might represent a major factor driving habitat adaptation and
microbial community assembly in floral nectar (Figure 1).

The short generation times of most species of nectar microbes,
the relative simplicity of nectar microbial communities com-
pared to other natural microbiomes (e.g., rhizosphere and
phyllosphere), and their organization in a well-defined hier-
archical structure of increasing complexity (nectaries within
flowers, flowers within individual plants, plants within pop-
ulations, etc.) that allows multi-scale approaches have con-
tributed to the growing interest in using the floral nectar
microbiota as a model system for the study of various ecolog-
ical processes, such as competitive exclusion, dispersal, his-
torical contingency, and metacommunity dynamics (Chappell
and Fukami 2018; Klaps et al. 2020; Quevedo-Caraballo
et al. 2025). Use of nectar microorganisms as model systems
for the study of phenotypic plasticity and its ecological con-
sequences might offer similar advantages, but this possibility
remains largely underexplored. It is important to note that,
despite the technological progress of recent years, the pheno-
typic and functional study of microorganisms, and of nectar
microbes in particular, remains challenging and faces some
major limitations (Table 1). Among these, although single-cell
metabolic profiling and phenotypic screening of microorgan-
isms are already possible (Chen et al. 2022), these are still
usually studied at a population level, assuming that bulk-cell
assays describe the average status of individuals in the popu-
lation. In addition, while most attention is still paid to traits
related to microbial growth (e.g., cell density, viable counts,
colony size, growth rate, etc.) and resource use (e.g., nutrient
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FIGURE1 | Phenotypic plasticity as a potential driver of habitat adaptation and community assembly in the floral nectar microbiome. The floral

nectar of angiosperms is a complex solution of sugars, proteins, amino acids, minerals, and other components (e.g., secondary metabolites and vola-
tile organic compounds) that plays a crucial role in pollinator attraction and other interactions with animals. Floral nectar is also the natural habitat
of diverse microorganisms (A), including yeasts (y1 and y2) and bacteria (b). Rapid growth is key for microbial population persistence in this habitat
and to increase the chance of animal-mediated dispersal (B). Phenotypic plasticity (i.e., environmentally sensitive production of alternative pheno-
types by individual genotypes) might also be key for survival in nectar (C), as those species with a broader tolerance (y1>y2>b) to sudden changes
in growth-limiting factors (from state 0 to state 1, and then to state 2) will grow better (green traffic light), or at least survive better (e.g., suboptimal
growth or persistence in a quiescent state; amber light), than the other species (red light). In this scenario, the combination of environmental vari-
ability and differences in phenotypic plasticity will result in different community composition (y1 +y2+b in state 0, y1 +y2 in state 1, and y1 in state

2). Figure created with Bioicons (https://bioicons.com).

consumption or metabolite production), variability in many
other traits that might improve fitness in highly fluctuating
environments, such as the ability to persist until the biotic
and/or abiotic conditions improve or to disseminate actively
and/or passively to other habitat patches, is often ignored.
Nevertheless, significant progress has been made in the last
few years in analyzing the inter- and intra-species variability
of nectar microbes in some key traits favoring survival in their
natural habitat, determining the link between the (phylo)ge-
netic and phenotypic diversity of these microorganisms, and
shedding light on the role of trait variability in the assembly of
the nectar microbiome.

3 | Phenotypic Variability of Nectar Microbes:
Evidence and Ecological Significance

Nectar microbial communities typically function as metacom-
munities (i.e., sets of local communities that are connected to
each other by occasional dispersal) with high patch turnover
rates and intense colonization-extinction dynamics (Chappell
and Fukami 2018; Jacquemyn et al. 2021; Pozo, Lievens,
et al. 2015). Nectar chemistry can vary widely within and be-
tween the different plant species in which microbes become

inoculated (Herrera et al. 2006; Nicolson and Thornburg 2007;
Palmer-Young et al. 2019), so growth in this floral microhabi-
tat depends on the ability of microorganisms to rapidly adapt
to sometimes extremely different types of nectar. As indicated
above (Figure 1), phenotypic plasticity might be a major driving
factor of habitat adaptation and community assembly in floral
nectar. In this section, we present different lines of evidence
suggesting that phenotypic plasticity and within-environment
trait variability might be important attributes for the ecological
success of nectar microbes.

3.1 | Nectar Microbes Explore Wide Phenotypic
Landscapes

Variation in traits of individuals and species, especially those
involved in resource allocation and stress tolerance, is es-
sential to understand and predict species interactions and
community composition (Berg and Ellers 2010). Resource
requirement and resource uptake are plastic traits that can
alter the fundamental niche (i.e., the range of environmental
factors under which a species can survive, grow, and repro-
duce in the absence of other species) and the realized niche
(i.e., the part of the fundamental niche of a species that this
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TABLE1 |

Main challenges of studying the phenotypic and functional diversity of microorganisms, and nectar microbes in particular.

Challenges?®

Peculiarities of nectar microbes

Most environmentally important microbes have yet to be
cultivated, and most phenotypes can only be validated using
culturable taxa. Transcriptomics, metagenomics, and other
“-omic” sciences are key to the phenotypic/functional study
of non-culturable microbes.

The dormant component of microbial communities
represents a vast reservoir of genetic and phenotypic
diversity.

Phenotypes should be measurable at the individual level,
which is technically challenging for microorganisms. Single-
cell metabolic and phenotypic profiling of microorganisms
is already possible, but most phenotypes are still usually
studied at the population-level

Defining microbial species is controversial due to the lack of
sexual reproduction in most cases, limited resolution power
of universal gene barcodes used in microbial taxonomy, and
horizontal gene transfer. This might affect the delineation of
phenotypic classes.

Selecting and measuring microbial traits that are relevant to
community assembly and ecosystem function is a difficult
task.

Microorganisms often respond to changes in their
environment through phenotypic plasticity in multiple traits
(i.e., multivariate plasticity) that can interact and affect each
other's development and selection.

The transcriptomic and metabolomic study of nectar
microbes is still in its infancy (but see Morris et al. (2020)
and Chappell et al. (2024) for some pioneer studies).

The dormant component of nectar microbial
communities has not been studied yet, although
Metschnikowia reukaufii (Ascomycota) and other
nectar yeasts can produce chlamydospores.

Single-cell phenotyping and/or metabolic profiling has not
yet been attempted for nectar microbes. Most published
studies only rely on population-level phenotypes.

Intense taxonomic work on nectar microbes has led to the
description of new taxa of yeasts and bacteria. In some
cases, (sub)species boundaries have been found to be fuzzy
(e.g., Alvarez-Pérez et al. 2023). Furthermore, evidence
of genome mosaicism has been found for some nectar
microbes (e.g., Alvarez-Pérez, Dhami, et al. 2021).

Most phenotypic studies of nectar microbes have focused on traits
related to growth performance (e.g., cell density, viable counts,
colony size, and growth rate) and resource use, overlooking
other traits that might improve fitness in floral nectar.

Most nectars are characterized by high sugar and low nitrogen
content, so the response of nectar microbes to increased
osmotic pressure and nitrogen limitation cannot be uncoupled
(Morales-Poole et al. 2023). Additionally, nectar microbes must

deal with the frequent presence in floral nectar of hydrogen
peroxide, alkaloids, cardenolides, terpenoids, and other toxic
compounds of plant origin (Landucci and Vannette 2024;
Mueller et al. 2023; Vannette and Fukami 2016).

2References: Chen et al. (2022), Escalas et al. (2019), Nemergut et al. (2013), Nielsen and Papaj (2022), Prosser et al. (2007).

occupies in presence of other species) of the members of a
community when environmental conditions change (Berg and
Ellers 2010).

Most phenotypic studies of nectar microbes have dealt with a
few species of nectar specialists, including the yeasts of genus
Metschnikowia (Ascomycota). Species such as Metschnikowia re-
ukaufii and Metschnikowia gruessii, which are highly prevalent
in the floral nectar of phylogenetically diverse plants in differ-
ent biomes (Alvarez-Pérez and Herrera 2013; Belisle et al. 2012;
Brysch-Herzberg 2004; Pozo et al. 2011), seem to reproduce
mostly clonally in nature but exhibit, nevertheless, high intra-
species genetic diversity (Alvarez-Pérez, Dhami, et al. 2021;
Dhami et al. 2018; Herrera et al. 2011, 2014). Furthermore, M.
reukaufii and M. gruessii populations associated with insect-
pollinated plants in southeastern Spain show remarkable
host-mediated genetic diversification, with genotypes being
non-randomly distributed among flowers of different plant spe-
cies or flowers of conspecific individuals locally co-occurring
(Herrera et al. 2011, 2014). In contrast, no geographic or

host-dependent genetic or phenotypic clustering was found by
Dhami et al. (2018) for M. reukaufii populations associated with
the hummingbird-pollinated shrub Diplacus (Mimulus) auranti-
acus (Phrymaceae) in California, USA.

Leaving aside the genetic makeup of wild yeast populations,
it has been shown that both M. reukaufii and M. gruessii can
explore wide phenotypic landscapes that include traits related
to the assimilation of multiple nutrients and tolerance to di-
verse growth-inhibiting conditions frequently encountered
in floral nectar (e.g., osmotic stress) (Alvarez-Pérez, Dhami,
et al. 2021; Dhami et al. 2018; Pozo et al. 2012, 2016; Pozo,
Herrera, et al. 2015). Variation in such traits seems to be linked
to the plant species from which yeast isolates are obtained
(Pozo, Herrera, et al. 2015). Additionally, Metschnikowia spp.
and other nectar yeasts display inter- and intra-species vari-
ability in their tolerance to plant defensive chemicals (Mueller
et al. 2023; Pozo et al. 2012, 2016; Pozo, Herrera, et al. 2015)
and to l4a-demethylase inhibitors and other fungicides of
common use in agriculture whose residues can disperse and
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persevere in the environment (Alvarez-Pérez et al. 2016;
Bartlewicz et al. 2016; Quevedo-Caraballo et al. 2024). This
latter characteristic might be a relevant selective force in wild
plant communities located near crop fields. However, there is
still very little information on the short- and long-term effects
of exposure to fungicides and other anthropogenic pollutants
on nectar yeast populations.

High phenotypic diversity in relation to nutrient acquisition and
tolerance to different stressors has also been observed for nectar
specialist bacteria but, again, published results mostly refer to
members of the Gammaproteobacteria class (Pseudomonadota),
including the Acinetobacter nectaris—-Acinetobacter bois-
sieri clade and genus Rosenbergiella (Alvarez-Pérez, Baker,
et al. 2021; Alvarez-Pérez et al. 2023; Alvarez-Pérez, Tsuiji,
et al. 2021; Lenaerts et al. 2014; Morales-Poole et al. 2023).

The wide phenotypic landscapes explored by nectar microbes
might help them to cope with a vast array of nectar physico-
chemical conditions. However, it is important to consider that
microbial phenotypes are generally tested using standardized
in vitro assays that are often radically different from the con-
ditions met by nectar microbes in nature, where environmental
heterogeneity is oversimplified and the only limiting factor is
the element being tested. For example, although it is well known
that nectar chemistry varies widely across plant species and
even between different flowers of the same species or nectaries
of the same flower (Herrera et al. 2006; Nicolson and Thornburg
2007), this variation in nectar physicochemical characteristics
is rarely considered in phenotypic studies of nectar microbes.
Moreover, most published studies overlook that organisms often
respond to changes in their environment through multivariate
plasticity (but see, for example, Morales-Poole et al. (2023) and
Vannette and Fukami (2014) for analysis of microbial growth
responses and community assembly dynamics, respectively, in
floral nectars differing in multiple characteristics). Besides, for
the sake of simplification, experiments assessing the growth
performance of nectar microbes in different conditions typi-
cally include cells of a single yeast or bacterial isolate, ignoring
that different microbial species and/or genotypes of the same
species frequently co-occur in floral nectar (Alvarez-Pérez and
Herrera 2013; Cecala et al. 2024; Sharaby et al. 2020). This ex-
perimental approach neglects the possible role of microbe-mi-
crobe interactions in determining community assembly and
trait variability in nectar (Alvarez-Pérez et al. 2019). A greater
focus should also be placed on the speed at which phenotypic
changes occur (i.e., rate of plasticity), as it directly relates to the
adaptiveness of plastic responses (Burton et al. 2022; Dupont
et al. 2024). Nectar microbes typically undergo a combination
of osmotic and nutritive stress (Morales-Poole et al. 2023), so the
speed at which the enzymes and other proteins involved in the
response to these processes are produced might determine the
survival of individual species and the interaction of these with
other members of the community. Finally, nectar yeasts and
bacteria might overcome environmental harshness by entering a
quiescent state and then resuming growth when environmental
conditions improve (e.g., dilution of nectar by further secretion,
arrival of nutrient inputs from external sources, etc.). In this
regard, it has been observed that M. reukaufii often produces
chlamydospores, which are enlarged, thick-walled cells that
might allow persistence under environmental stress (Dhami

et al. 2018; Lachance 2016). Bacteria can also produce endo-
spores and other dormant cell forms that allow them to survive
in stressful environments (Niu et al. 2024), but the prevalence
and ecological relevance of these bacterial “persisters” remain
to be studied in floral nectar.

3.2 | Ecologically Relevant Traits of Nectar
Microbes Are Predicted by Phylogeny

A common expectation in trait biology is that close phylogenetic
relatives phenotypically resemble each other more than distant
lineages (Goberna and Verdu 2016; Kamilar and Cooper 2013;
Martiny et al. 2015). Different studies have revealed some cor-
relation between phylogeny and ecologically relevant traits in
nectar microbes. For example, Alvarez-Pérez, Tsuji, et al. (2021)
demonstrated that phylogenetic relatedness between A. nectar-
is/A. boissieri clade members was associated with their ability
to assimilate diverse amino acids and other nitrogen sources
commonly found in floral nectar. Similarly, Morales-Poole
et al. (2023) detected phylogenetic signal in the growth perfor-
mance of Acinetobacter spp. and Rosenbergiella spp. in a series
of synthetic nectars differing in their overall sugar content,
overall nitrogen content, and sugar composition. Nevertheless,
the phylogenetic signal of most traits analyzed in these studies
were found to be very shallow and to rapidly vanish above the
species level (Alvarez-Pérez, Tsuji, et al. 2021; Morales-Poole
et al. 2023).

The link between phylogenetic affiliation and trait resemblance
has also been studied for nectar yeasts. Herrera et al. (2010)
demonstrated that the yeast communities inhabiting the floral
nectar of bumble bee-pollinated stinky hellebores (Helleborus
foetidus, Ranunculaceae) in Spain were phylogenetically bi-
ased with respect to the species pool found on Bombus terrestris
(Hymenoptera: Apidae) glossae, being enriched in osmotoler-
ant members of the Metschnikowiaceae family (M. reukaufii,
M. gruessii, and Metschnikowia (Candida) rancensis). Using
microcosm experiments, Peay et al. (2012) found considerable
variation in the strength of priority effects (i.e., a type of his-
torical contingency in which the effects of species on one an-
other depend on their arrival order into a local site and initial
abundance; Stroud et al. 2024) between nectar yeasts depending
on their phylogenetic relatedness. Specifically, the competitive
exclusion between early- and late-arriving yeast species was
stronger when these were closely related. Moreover, these au-
thors found a correlation between phylogenetic relatedness and
physiological similarity among nectar yeasts (growth charac-
teristics in different media and consumption of different sugars
and amino acids), with the latter being considered a proxy for
ecological similarity (Peay et al. 2012). At the intra-species level,
Dhami et al. (2018) observed that the delineation of genomic
lineages of M. reukaufii found in the nectar of D. aurantiacus
correlated well with differences in the growth performance of
isolates in permissive and restrictive media, their patterns of
nutrient utilization, and their ability to compete against M. ran-
censis. In contrast, a subsequent study in southeastern Spain re-
vealed high phenotypic overlap between genomic populations of
M. reukaufii and weak phylogenetic signal for the assimilation
of different nutrient sources and tolerance inhibitors (Alvarez-
Pérez, Dhami, et al. 2021). Differences in the study level
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(inter- vs. intra-species), phenotypic traits analyzed (e.g., biolog-
ical interactions vs. physiological performance), and sampling
design (number of strains, geographic origin, plant hosts, etc.)
might explain the contrasting results between these studies.

Most previous studies testing for phylogenetic signal in differ-
ent traits of nectar microbes suffer from two major limitations:
(i) they were based on a selection of yeast or bacterial isolates
from a limited number of plants (or their pollinators) and geo-
graphical regions, which precludes any generalization about
the relative role of phylogenetic relatedness over habitat and/
or geographical factors in determining microbial phenotypes;
and (ii) phylogenetic determination was evaluated using aver-
age trait values calculated from different replicates of the same
experimental condition, instead of the variance or any other
measure of dispersion that might be more informative of within-
environment variability of key adaptive traits. Similarly, the re-
sults of these studies might be affected by convergent evolution,
genetic recombination, horizontal gene transfer, and other ge-
netic and non-genetic factors (see Section 3.3) that can blur the
phylogenetic signal of traits (Alvarez-Pérez, Dhami, et al. 2021;
Goberna and Verdd 2016; Kamilar and Cooper 2013).

3.3 | Trait Variability of Nectar Microbes Is
Genetically and Epigenetically Determined

The genetic and non-genetic determinants of phenotypic
plasticity have been the object of abundant research (Kovuri
et al. 2023; Vogt 2023). Among the genetic factors involved, re-
combination due to (para)sexual reproduction is a major cause
of genetic diversity that can accelerate exploration of new pheno-
types, although it may also disrupt well-adapted phenotypes pre-
viously existing in the population (Hu et al. 2014; Wagner 2011).
Sexual reproduction seems to be rare in the nectar yeast pop-
ulations studied to date, but it has been hypothesized that
Metschnikowia species might occasionally mate in other habi-
tats (e.g., in bumble bee nests) and result in some genetic recom-
bination (Herrera et al. 2011, 2014). Genome mosaicism seems
to be relatively common in some M. reukaufii populations, and
it has been suggested that genetic admixture might contribute
to the adaptation of nectar yeasts to highly variable nectar en-
vironments via transgressive evolution (Alvarez-Pérez, Dhami,
et al. 2021; Dhami et al. 2018).

Even in the absence of sexual recombination in most species
of nectar microbes, phenotypic plasticity can stem from muta-
tion, horizontal gene transfer, and other genetic factors. Non-
deleterious and non-neutral mutations are fundamental for the
generation of phenotypic diversity, especially when they occur
in “hub loci” that intensify or buffer the phenotypic manifesta-
tion of other loci and have therefore a higher potential to drive
evolutionary change (Kovuri et al. 2023; Vogt 2023). The lim-
ited genomic research carried out so far with nectar microbes
has revealed that, through tandem duplications of genes in-
volved in nitrogen metabolism and transport (e.g., some high-
capacity amino acid importers that are homologs of S. cerevisiae
general amino acid permeasel [GAPI] and proline utilization
4 permease [PUT4]), the nectar yeast M. reukaufii has evolved
strategies for efficient nitrogen scavenging (Dhami et al. 2016).
The overexpression of these genes under nitrogen-limiting

conditions might allow M. reukaufii to thrive under condi-
tions where other microbes will perish (Dhami et al. 2016).
Regarding horizontal gene transfer, viral sequences have been
found in the genome of nectar specialist bacteria such as A.
nectaris and Rosenbergiella nectarea (Laviad-Shitrit et al. 2020;
Sanchez et al. 2025). Additionally, Sanchez et al. (2025) have
recently suggested that the A. nectaris/A. boissieri clade might
have acquired pectin degrading enzymes through horizontal
gene transfer from necrotrophic plant pathogens in the order
Enterobacterales (Pseudomonadota: Gammaproteobacteria)
such as Pectobacterium, Erwinia, and Dickeya, and that this ge-
nome innovation might allow the breakdown of pollen grains
that fall into nectaries and be essential to overcoming nutrient
limitation in this habitat. Horizontal gene transfer can also hap-
pen in eukaryotes (Keeling 2024), but no proof of its occurrence
has been found yet in nectar yeasts.

Genetic drift, that is, the random change in the frequency of an
allele from generation to generation, may also influence the spec-
trum of phenotypic diversity in a population by either causing gene
variants to disappear or initially rare alleles to become more fre-
quent (Vogt 2023). Population bottlenecks leading to a dramatic
reduction in population size, which are common in the evolution-
ary dynamics of natural microbial populations, are major causes
of genetic drift, can result in a significant reduction in genetic
diversity, and potentially determine microbial evolvability (Wein
and Dagan 2019). As indicated above, nectar microbial commu-
nities are typically organized as metacommunities, and both nec-
tar yeasts and bacteria depend predominantly on pollinators and
other animal visitors of flowers for their dispersal from flower to
flower (Brysch-Herzberg 2004; Donald et al. 2022; Hausmann
et al. 2017; Herrera et al. 2010; Vannette and Fukami 2017;
Vannette et al. 2021). Therefore, population bottlenecks associated
with dispersal might not be uncommon in nectar microbial com-
munities. These bottlenecks could be non-selective if all species or
phenotypes of the same species were equally likely to survive, or
selective if some species/phenotypes were more likely to survive
than others (e.g., if habitat filtering occurs due to challenging nec-
tar conditions) (Moxon and Kussell 2017). Selective bottlenecks
due to habitat filtering seem to prevail in floral nectar and have
relevant consequences for the fitness of nectar microbial popula-
tions and the assembly of the nectar microbiome (see Figure Al in
the Appendix A) (Herrera 2014; Herrera et al. 2010).

Apart from genetic factors, several non-genetic factors can con-
tribute to trait determination, including the spatiotemporal ac-
tivity of cells (e.g., age, growth phase and molecular dynamics),
intracellular stochasticity (e.g., due to uneven distribution of
macromolecules or cell organelles during cell division), and epi-
genetic modifications (Kovuri et al. 2023). Of these non-genetic
factors, epigenetic changes such as DNA methylation have re-
ceived the most attention as mechanisms enabling low-cost
exploration of phenotypic spaces and response to diverse envi-
ronmental pressures (Santiago et al. 2022; Vogt 2023). Herrera
et al. (2012) screened genome-wide DNA methylation at 120
methylation-sensitive amplified polymorphism (MSAP) mark-
ers in genotypically distinct strains of M. reukaufii that were
grown on media differing in their nutrient composition. The re-
sults of this study demonstrated that sugar composition, sugar
concentration, and their interaction significantly influenced the
probability that MSAP markers changed from unmethylated
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to methylated. Moreover, the overall proportion of methylation
was found to be related to the overall sugar concentration, with
the lowest methylation rate occurring at 30% w/v and the high-
est at 50% w/v, and inhibiting methylation with the nucleoside
analogue 5-azacytidine compromised M. reukaufii growth in
sugar-containing media but had no detectable effect in con-
trol media (Herrera et al. 2012). These results clearly indicate
that the phenotypic plasticity of resource use via flexible DNA
methylation can become more important as environmental con-
ditions harden, and elegantly connect environmentally-driven
within-genotype epigenetic variation, phenotypic plasticity, and
a conferred ecological advantage (niche width enhancement)
to nectar yeast populations (Herrera et al. 2012; Schrey and
Richards 2012).

Similarly, Sipiczki and Czentye (2024) have recently de-
scribed a reversible stochastic epigenetic-like silencing of
the production of pulcherrimin (i.e., red pigment consisting
in a complex of pulcherriminic acid and ferric ions that im-
mobilizes iron and adversely affects the growth of other mi-
croorganisms) in different members of the Metschnikowia
pulcherrima clade, a generalist yeast group that is often found
in floral nectar but thrives in other floral and non-floral habi-
tats (Quevedo-Caraballo et al. 2024). Notably, such stochastic
production of pulcherrimin results in some form of within-
environment trait variation, as M. pulcherrima colonies often
display sectors with different pigmentation due to a differ-
ential secretion of the pigment (Sipiczki et al. 2024; Sipiczki
and Czentye 2024). Notably, heavily pigmented clones of M.
pulcherrima have higher inhibitory activity on the ascomycet-
ous yeasts Debaryomyces aff. hansenii and Zygosaccharomyces
aff. siamensis than non-pigmented clones, thus linking pheno-
typic variability with the outcome of interspecies interaction
in this yeast species (Sipiczki and Czentye 2024).

The importance of other epigenetic mechanisms, such as
post-translational histone modifications, non-coding RNAs,
mRNA editing, and mRNA modifications (Vogt 2023), in de-
termining phenotypic plasticity and habitat adaptation in nec-
tar yeasts remains unknown. Finally, epigenetic changes can
also occur in prokaryotes (Oliveira 2021; Sdnchez-Romero and
Casadests 2020), but their prevalence in the bacterial inhabi-
tants of floral nectar has not been studied yet.

3.4 | Trait Variability Might Allow Resource
Partitioning and Nutritional Interaction Between
Nectar Microbes

Partitioning of resources according to time, space, or resource
properties is frequently observed between and within sympatric
species (Suzuki and Arita 2014). Additionally, nutritional inter-
actions can facilitate or hinder co-occurrence patterns of differ-
ent microbial species and/or genotypes in natural habitats (Bever
et al. 2010; Kost et al. 2023). Notably, in many cases, resource
partitioning and nutritional interactions are trait-mediated and
depend on the phenotypic changes of the interacting individuals
(Agrawal 2001; Suzuki and Arita 2014).

Pozo et al. (2016) tested the prediction that niche differentia-
tion explained the frequent co-occurrence between M. reukaufii

and M. gruessii in the floral nectar of diverse plants in Southern
Spain and observed that both yeast species displayed signifi-
cantly different physiological profiles and might not compete
for most carbon and nutrient sources in nectar. Moreover, M.
reukaufii and M. gruessii also seem to differ in their phenotypic
response to variation in nectar's physicochemical conditions
(e.g., by modifying the availability of different sugar sources or
adding diverse growth inhibitors). Interestingly, at least under
some nectar conditions, facilitation of growth between these
two yeast species prevails over competition (Pozo et al. 2016).

Resource partitioning has also been suggested to occur between
nectar bacteria and yeasts. Some early studies on nectar micro-
bial communities found non-random co-occurrence between
A. nectaris/A. boissieri clade members and cosmopolitan nectar
yeast specialists such as M. reukaufii and M. gruessii in the flo-
ral nectar of Mediterranean plants from Spain (Alvarez-Pérez
and Herrera 2013). Then, it was found that Metschnikowia spp.
and A. nectaris/A. boissieri have complementary carbon assim-
ilation profiles, with the yeasts preferentially using glucose and
enriching floral nectar in fructose and the bacteria mostly feed-
ing on fructose (Alvarez-Pérez et al. 2013; Alvarez-Pérez, Baker,
et al. 2021), and that the nectar acinetobacters can assimilate
ammonium, urea, and different amino acids that are normally
scarce in floral nectar but may be released by yeasts as metabolic
by-products (Alvarez-Pérez, Tsuiji, et al. 2021).

All in all, it might be postulated that resource partitioning is
a major driver of yeast-yeast and yeast-bacterium interaction
in the nectar microbiome. Although attractive, this hypothe-
sis has some major flaws. For example, the presumed positive
co-occurrence between nectar yeasts and bacteria has been
questioned by some recent studies (e.g., de Vega et al. 2021;
Chappell et al. 2022) and the suggested nutrient resource parti-
tioning between Metschnikowia and Acinetobacter spp. remains
to be experimentally tested. Besides, not all yeast and bacte-
rial strains have the same ability to feed on different nutrient
sources (Alvarez-Pérez, Dhami, et al. 2021; Alvarez-Pérez, Tsuji,
et al. 2021; Dhami et al. 2018; Morales-Poole et al. 2023; Pozo
et al. 2016; Pozo, Herrera, et al. 2015), so resource partitioning
might be contingent on the genetic background of the interact-
ing partners. Additionally, M. reukaufii is an efficient scaven-
ger of nitrogen that can adapt its phenotype in nutrient-limiting
conditions (Dhami et al. 2016), so it remains uncertain whether
competition between nectar microbes is more prevalent than
resource partitioning or facilitation in floral nectar (Alvarez-
Pérez, Tsuji, et al. 2021). Finally, to our knowledge, the possi-
ble occurrence of resource partitioning between isogenic (i.e.,
genetically uniform) cells in homogeneous environments, such
as that observed between E. coli populations with initially ge-
netically identical individuals (San Roman and Wagner 2018),
has not been demonstrated yet for any species of nectar microbe.

3.5 | Trait Variability Can Alter Priority Effects
Between Nectar Microbes

Nectar microbial communities are powerful systems to study
the different factors affecting community assembly (Chappell
and Fukami 2018; Klaps et al. 2020). The interaction between
phenotypic plasticity and community assembly in the nectar
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microbiome has been studied in less detail; however, for exam-
ple, there is some evidence suggesting that trait variability might
contribute to overcoming priority effects.

Using microcosm experiments, Tucker and Fukami (2014)
demonstrated that the differential ability of M. reukaufii and
bacteria from the genus Neokomagataea (Pseudomonadota:
Alphaproteobacteria) to adapt their growth rate to variable vs.
constant temperatures might blur priority effects and allow their
coexistence in nectar communities. Furthermore, M. reukaufii
can rapidly evolve resistance against the negative priority ef-
fect due to A. nectaris-induced acidification of nectar (Chappell
et al. 2022). At the molecular level, Chappell et al. (2024) an-
alyzed the whole transcriptome of 108 M. reukaufii genotypes
and detected several genes that were differentially expressed in
synthetic nectars that had previously supported the growth of
M. rancensis, which simulated the effect of niche preemption. In
particular, exposure to M. rancensis-conditioned nectar altered
the expression of genes involved in amino acid metabolism, there-
fore suggesting that competition is an important mechanism of
priority effects between nectar yeasts (Chappell et al. 2024).
Additionally, genotypic identity greatly influenced M. reukaufii
transcriptomic response to nectar conditions, thus highlighting
that the interplay between genotype and environment is neces-
sary to predict the mechanisms of microbe-microbe interaction
in the nectar microbiome (Chappell et al. 2024).

4 | Knowledge Gaps

All the evidence presented above supports that phenotypic plas-
ticity is common in nectar microbial populations, that it can
contribute to the adaptation of nectar microbes to the challeng-
ing environment of floral nectar, and that it might determine
the assembly of the nectar microbiome. However, there are some
major knowledge gaps about the potential trade-offs between
traits that are relevant for microbial survival in dynamic nectar
environments and the effects that the phenotypic variability of
nectar microbes might have on plant-microbe-animal and mi-
crobe-microbe interactions.

4.1 | Phenotypic Trade-Offs in Nectar Microbes

The costs and benefits of phenotypic plasticity under different
ecological scenarios have been the object of intense discussion
(DeWitt et al. 1998; DeWitt and Scheiner 2004; Van Buskirk and
Steiner 2009). Different lines of evidence suggest that greater
phenotypic plasticity should be favored in scenarios where
spatial and temporal variation in environmental conditions
is greater and dispersal is higher (Hendry 2016), which coin-
cides with the prevailing conditions faced by nectar microbes.
Therefore, phenotypic plasticity might likely contribute to the
adaptation of nectar microbes to ephemeral and highly variable
habitat patches.

Microbial fitness is typically measured in terms of growth
performance in comparison to a reference condition and/or to
other genotypes of the same species or different species (Fink
and Manhart 2024; Pope et al. 2010). Maximization of growth
rate is an important fitness strategy for microbes, but in many

circumstances there exist trade-offs between growth and other
relevant traits, such as adaptability and survival, that could
improve fitness in fluctuating environments and for which mi-
croorganisms need to adopt bet-hedging strategies (Zhu and
Dai 2024). Due to high inter- and intra-plant variation in nec-
tar nutritive quality and other physicochemical characteristics
(Canto et al. 2007; Herrera et al. 2006; Liu et al. 2024; Palmer-
Young et al. 2019), the nutritional and microenvironmental
conditions in nectar metacommunities are often highly fluctu-
ating, which could lead to “feast and famine” cycles of microbial
growth. To adapt to these alternating beneficial and challenging
conditions, nectar microbes might need to coordinate plasticity
in several different traits, including cellular growth and division,
nutrient uptake, and/or storage and production of quiescent states
(Section 3.1). A detailed analysis of the sophisticated molecular
and cellular strategies used by yeasts and bacteria to efficiently
modulate resource allocation to achieve optimal growth in vari-
ous environmental conditions (see, e.g., Nguyen et al. 2024; Scott
and Hwa 2023; Zhu and Dai 2024) might help to elucidate the
strategies allowing microbial growth in floral nectar.

4.2 | Phenotypic Variability of Nectar Microbes
and Plant-Microbe-Animal Interactions

Microbial activity has profound effects on nectar's physico-
chemical conditions. Nectar yeasts and bacteria can reduce
the concentration of sucrose and amino acids and decrease the
sucrose-to-hexose ratio of nectar, thus altering the nutritional
quality of this floral secretion (Herrera et al. 2008; Lenaerts
et al. 2017; Vannette and Fukami 2018). Furthermore, micro-
bial metabolism can lower nectar pH by several units, pro-
duce ethanol as a byproduct, and increase the concentration
of diverse volatile organic compounds that elicit behavioral re-
sponses in insects and other floral visitors (Chappell et al. 2022;
Good et al. 2014; Lenaerts et al. 2017; Rering et al. 2018, 2020;
Schaeffer et al. 2019; Vannette and Fukami 2016, 2018; Vannette
et al. 2013). Additionally, there is abundant evidence that mi-
crobial growth in floral nectar can affect the fitness and for-
aging decisions of insect and vertebrate visitors of flowers and
indirectly alter plant reproduction (de Vega et al. 2022; Herrera
et al. 2013; Schaeffer and Irwin 2014; Yang et al. 2019; Vannette
et al. 2013). In contrast, no study has addressed the effects that
the phenotypic variability displayed by nectar microbes might
have on plant-microbe-animal interactions.

Variability in microbial traits related to nutrient uptake and the
release of metabolic by-products might amplify (or buffer, de-
pending on the case) the spatial and temporal variation in the
quality of nectar as a reward for pollinators, which would have
significant consequences for animal foraging decisions and,
therefore, potentially impact plant reproduction and fitness.
Trait variability might also interfere with the metacommunity
dynamics of the nectar microbiome, for example, by modulating
dispersal rates across habitat patches due to a greater or lower
attraction of pollinators. So far, these hypotheses remain un-
tested. Additionally, the ecological outcome of microbial trait
variability might depend on multiple biotic and abiotic factors,
so it is difficult to predict the overall effects (e.g., greater or lower
attraction of floral visitors, increased or decreased reproductive
success for plants, higher or lower dispersal of microorganisms).
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4.3 | Phenotypic Plasticity and Microbe-Microbe
Interactions in Floral Nectar

Microbial communities are extremely complex entities in which
the growth and activities of their members are affected by those
of other members of the community and a myriad of abiotic
factors (Meroz et al. 2024). Accordingly, microorganisms can
rapidly switch between different phenotypic states in response
to their surrounding environment and the activity of other mi-
crobes (Harrington and Sanchez 2014). Changes in interaction
dynamics and structure due to phenotypic plasticity may scale
up and affect the ecological network in which the plastic species
are embedded (Berg and Ellers 2010; Gomez et al. 2023).

As indicated above (see Sections 3.4 and 3.5), different mech-
anisms such as resource partitioning, nutritional interactions,
and historical contingency, which are often dependent on plas-
tic traits, might be responsible for species co-occurrence or
co-exclusion and determine community assembly in the nectar
microbiome. Other mechanisms of microbe-microbe interac-
tion that might shape the nectar microbiome, such as antibi-
osis and signaling-based interactions, have been pointed out
in previous reviews (e.g., Alvarez-Pérez et al. 2019) but remain
to be analyzed in more detail. For instance, a particular type
of interaction that should receive a greater focus is intra- and
inter-species cooperation via the secretion of public goods (e.g.,
enzymes and metabolic byproducts), which is often linked to
the emergence of “cheating phenotypes” that do not cooperate
but profit from the benefits produced by the cooperating indi-
viduals (Harrington and Sanchez 2014). While cooperation is
widespread among yeasts and bacteria, can result in the optimi-
zation of limiting nutrient resources, and has an important role
in intra- and inter-species interactions (Celiker and Gore 2012;
Damore and Gore 2012; Harrington and Sanchez 2014), the
occurrence of this phenomenon directly linked to phenotypic
plasticity has never been studied in the nectar microbiome. A
detailed analysis of the relative role of cooperation vs. cheating
in determining the dynamics of nectar microbial populations
might provide clues on the assembly rules of the nectar micro-
biome and the benefits and costs of phenotypic plasticity for
these microorganisms.

5 | Conclusion and Perspectives

Through this review article, we try to encourage further re-
search on the causes and ecological consequences of phenotypic
plasticity and within-environment trait variability of microbes,
as that might be paramount to a better understanding of habi-
tat adaptation and community assembly in different microbial
ecosystems. Although we have focused on floral nectar, there
are many other examples in nature of highly dynamic habitats
imposing strong selective forces on microbial growth, in which
phenotypic plasticity and within-environment variability might
be key for the survival and perpetuation of microbial popula-
tions and the establishment of ecological interactions. Future re-
search should be aimed at analyzing how phenotypic plasticity
interacts with the different factors that determine the assembly
of microbial communities, including habitat filtering, priority
effects, dispersal, and metacommunity dynamics. Additionally,
there is a clear knowledge gap about the trade-offs and the direct

and indirect effects of microbial trait variability on the fitness of
plants, animals, and other “macroorganisms”. Further research
on these topics will help to clarify the ecological relevance of
phenotypic plasticity and within-environment variability for
microorganisms.
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Appendix A

FIGURE A1 | Species filtering and selective population bottlenecks in floral nectar. Nectar yeasts and bacteria depend on pollinators and other
animal visitors of flowers for their dispersal. However, nectar microbial communities (A) are typically biased with respect to the species pool found
on the body of their dispersal agents (B), being enriched in yeast and bacterial species (represented in A and B by different shapes) that can overcome
the challenging conditions for microbial growth of floral nectar (e.g., increased osmotic pressure due to high sugar content, nitrogen limitation, and
presence of defensive compounds of plant origin). Besides, at the intra-species level, different phenotypes (represented in A and B by different colors)
might also differ in their ability to use nectar’s nutrient resources and tolerate the presence of growth inhibitors, so selective population bottlenecks
might not be uncommon in nectar microbial communities. Figure created with BioRender: Alvarez-Pérez, S. (2024). http://biorender.com/j13p894.
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