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Abstract

Nectar inhabiting microbes (NIMs) are microorganisms that inhabit and feed on plant nectar. Yeasts and bacteria are the 
most common groups of NIMs and are adapted to survive otherwise inhospitable conditions within nectar. The majority 
of knowledge on NIMs comes from research on those found in floral nectar. Floral NIMs influence nectar nutrition, 
pollinator attraction, and overall plant fitness. Much less is known on the microbes inhabiting extrafloral nectar. As 
different insect guilds visit extrafloral nectaries (EFNs), it is likely that the microbial communities differ between these 
two structures. Ants are the main consumers of extrafloral nectar and generally have complex relationships with both 
plants and the microbes associated with their colonies. The presence and species of ants foraging on a plant bearing 
EFNs therefore could potentially influence its extrafloral NIM community structure, and ultimately the fitness of the 
plant itself. Furthermore, ants may feed on honeydew excreted by sapsucking insects, a sugary resource that harbors 
its own suite of microbes. Many economically important crops produce extrafloral nectar, and future work that would 
elucidate the relationship between ants, microbes, honeydew-producers, and the plants they interact with has implica-
tions for management of agroecosystems and sustainable food production.
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Introduction
Insects and flowering angiosperms share a strong evolu-
tionary connection due to their well-studied mutualisms 
including the pollination and floral nectar reward mutual-
ism (Gullan & Cranston 2014) and the plant protection 
and extrafloral nectar reward mutualism (Bentley 1977). 
Floral and extrafloral nectar are an important source of 
carbohydrates, amino acids, and other nutrients for their 
arthropod consumers (Nicolson 2022), with quintes-
sential pollinating insects like butterflies and bees being 
the primary consumers of floral nectar and predaceous 
insects like ants, wasps, and beetles being the dominant 
extrafloral nectar consumers. Nectar presents a harsh 
environment for microbial survival; nevertheless, there 
is a growing list of bacteria and yeast species described 
as specialists in these sugary habitats (Álvarez-Pérez 
& al. 2019). The interactions between floral nectar mi-
croorganisms, flowering angiosperms, and nectivorous 
macroinvertebrates have recently become a hotbed for 
research. While experimentation testing relationships on 
floral nectar is growing, information for extrafloral nectar 
is still lacking. Additionally, honeydew, the sugary waste 

excreted by sapsucking insects, can act as an energy-rich 
resource for extrafloral nectar seeking arthropods and 
is also readily colonized by microbes (Leroy & al. 2011, 
Dhami & al. 2016, Goelen & al. 2020, Flessa & al. 2021, 
Lv & al. 2023). Like extrafloral nectar, information on 
the diversity and ecological roles of microbes found in 
honeydew is scarce. Nectar-inhabiting microorganisms 
(hereafter NIMs) are dispersed by foraging nectarivores. 
These microbes can influence the plant’s fitness either 
positively (e.g., volatile organic compound (VOC) produc-
tion that attract more pollinators) (Rering & al. 2018), or 
negatively (e.g., loss of nectar nutrition toward consumers) 
(Canto & Herrera 2012, Vannette & al. 2013, Lenaerts 
& al. 2016). The influences of NIMs on floral nectar attrac-
tiveness / nutrition can thus have cascading effects on the 
fitness of those insect consumers. However, information 
and experimentation on these same relationships in ex-
trafloral nectar and honeydew are lacking. 

Ants are among the most abundant terrestrial organ-
isms on earth and provide crucial ecosystem services 
(Hölldobler & Wilson 1990, Longmeyer & al. 2026), 
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and some of the most commonly-grown crops (e.g., sun-
flower, legumes, cucurbits, stonefruit) produce extraflo-
ral nectar (Weber & Keeler 2013). Recently, valuable 
research has been devoted to uncovering the influences 
that ants may have on cultivated plants in agroecosystems 
(Jones & al. 2017, Oliveira & Koptur 2017, Sankovitz 
& al. 2024). Ants may play important roles for both floral 
and extrafloral nectar microbes by visiting f lowers or 
extrafloral nectaries (hereafter EFNs), by influencing 
visitation by other insects, or through their antimicrobial 
secretions that may otherwise shape plant microbiomes 
(Torsvik & Øvreås 2002, Karlik & al. 2016, Offen-
berg & al. 2019). Here, we synthesize and discuss 1) our 
current understanding on floral and extrafloral NIMs; 2) 
the relationships between NIMs, ants, and plants; 3) the 
relationship between honeydew, its associated microbes, 
sapsucking insects, and ants; and 4) their fitness impli-
cations and relevance to agroecology. Further, we outline 
future research objectives to fill knowledge gaps on ant 
interactions with extrafloral nectar microbes.

Floral and extrafloral nectar inhabiting 
microbes (NIMs)
Within the past few decades, researchers have been cata-
loging and learning about the ecological roles of microbial 
communities associated with floral nectar (Brysch-Her-
zberg 2004, Herrera & al. 2008, Fridman & al. 2012, 
Álvarez-Pérez & Herrera 2013, Aleklett & al. 2014, 
Pozo & al. 2014, Álvarez-Pérez & al. 2024). Extrafloral 
nectar is a sugary resource that many plant groups secrete 
from vegetative structures (Fig. 1) and is not associated 
with pollination (Weber & Keeler 2013). The primary 
purpose of extrafloral nectar is generally to provide om-
nivorous insects with a carbohydrate-rich reward in return 
for defense against herbivorous insects (Bentley 1977). 
Ants are the primary mutualistic organisms that protect 
plants bearing EFNs as they are territorial, aggressive, and 
ant recruitment behavior allows for a continual presence 

of workers on these plants (Offenberg 2015). In some 
cases, ants and EFN-bearing plants share obligate mutu-
alisms with each other. For example, Bull’s-horn acacia 
trees (Vachellia cornigera) in Central America provide 
Pseudomyrmex ants with carbohydrates in the form of 
extrafloral nectar, shelter via hollow thorns (domatia), and 
protein and lipids from Beltian bodies, which are small 
detachable extensions on acacia leaves that the ants har-
vest (Janzen 1967, Rickson 1975, Bentley 1977). Many 
extrafloral nectar producing species attract invertebrate 
visitors that have the potential to confer some form of 
herbivory defense, including flies, wasps, beetles, hemi
pterans, lacewings, and even some spiders (Koptur 1992, 
Arimura & al. 2005, Grasso & al. 2015, Heil 2015). Nec-
tar is generally presumed to be sterile when first secreted 
but is quickly colonized by NIMs hitchhiking on / in the 
bodies of nectar-consuming animals (Pozo & al. 2014, 
Chappell & Fukami 2018). These NIMs include bacteria, 
fungi (primarily yeasts but also filamentous fungi), and 
possibly viruses (Pozo & al. 2014, Cullen & al. 2021, dos 
Reis & al. 2025, Ermio & al. 2025). 

There are several factors that can impact the colo-
nization and survival of NIMs within nectar including 
(1) nectar chemistry, (2) nectar microbial community 
dynamics, (3) environmental factors, (4) plant species 
identity, and (5) nectivorous vectors. Nectar bears various 
properties that constrain the establishment and prolifer-
ation of bacteria and fungi (Álvarez-Pérez & al. 2019). 
In general, high sugar content is osmotically stressful 
for microorganisms (Herrera & al. 2009, Lievens & al. 
2015). Sugary substances like nectar have high C:N ratios, 
which also places limitations on microbial growth (Pozo & 
Jacquemyn 2019). Nectar can contain compounds toxic to 
microbes (e.g., hydrogen peroxide, secondary metabolites, 
and various enzymes), likely for the plant’s own protec-
tion from infection as well as preventing microbes from 
breaking down the energy-rich sugars before the pollinator 
consumes them (Heil 2015, Nepi 2017, Álvarez-Pérez & 

A B

Fig. 1: Examples of (A) extrafloral nectar being secreted from a specialized structure in partridge pea (Chaemaecrista fascic-
ulata) (photo credit: J. Nelsen) and (B) a Lasius neoniger worker feeding from an extrafloral nectary on partridge pea (photo 
credit: S. King).
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al. 2019). The chemical makeup of floral nectar is specific 
to each plant group, and there are still many unknowns 
about the link between nectar chemistry and NIM commu-
nity composition (Palmer-Young & al. 2019, Adler & al. 
2021, Mueller & al. 2023). For example, there are likely 
many undescribed antimicrobial compounds or identified 
compounds that have yet to be tested experimentally 
(Palmer-Young & al. 2019, Mueller & al. 2023). Lastly, 
flowers are short-lived islands from a microbe’s perspec-
tive, which requires adaptations for these organisms to 
survive, compete, reproduce, and disperse in such ephem-
eral environments (Peay & al. 2011, Tucker & Fukami 
2014, Hausmann & al. 2017).

Despite the harsh conditions and barriers presented to 
a single celled organism, the list of fungal and bacterial 
species found to be adapted to living in and consuming 
floral nectar is surprisingly diverse (Fridman & al. 2012, 
Pozo & al. 2014, Vannette & al. 2017, Álvarez-Pérez 
& al. 2019, 2021, Cullen & al. 2021, Quevedo-Cara-
ballo & al. 2024). Among these microbes, bacterial groups 
found inhabiting nectar are fairly widespread but those in 
the genus Acinetobacter and Rosenbergiella (both class: 
Gammaproteobacteria) are the most common. Yeasts in 
the genus Metschnikowia have frequently been identified 
as the most common nectar specialists in flowers (Álva-
rez-Pérez & al. 2019, Morales-Poole & al. 2023). Other 
culturable generalist fungal and bacterial genera have also 
been found in smaller frequencies in nectar (Pozo & al. 
2014, Álvarez-Pérez & al. 2019, 2024). One aspect that all 
nectar-specialist microorganisms share is that they belong 
to taxonomic groups present within insect microbiomes 
(Stefanini 2018, Álvarez-Pérez & al. 2021, Malassigné 
& al. 2021, Álvarez-Pérez & al. 2023, Argueta-Guzmán 
& al. 2025).

Traits that have been linked to the success of nectar 
specialists are their abilities to survive in solutions of high 
sugar concentrations, consume a diverse array of C and 
N sources (including waste from yeast metabolism in the 
case of Acinetobacter), and produce antimicrobial pro-
teins that may assist them in resource competition (Álva-
rez-Pérez & al. 2013, Carruthers & al. 2013, Halpern 
& al. 2013, Weber & al. 2013, Kim & al. 2014, Lenaerts 
& al. 2014, Van Assche & al. 2017, Laviad-Shitrit & al. 
2020, Álvarez-Pérez & al. 2021, 2023, Morales-Poole & 
al. 2023). The formation of biofilms in nectar has also been 
implicated in the success of bacterial nectar specialists, 
which provides both protection and expedites horizon-
tal gene transfer (Aleklett & al. 2014). Broadly, yeasts 
are well-known for their ability to consume a variety of 
sugars anaerobically, making them a good candidate for 
nectar specialization (Starmer & Lachance 2011). Met-
schnikowia are the most common nectar-inhabiting yeast 
group due to their higher reproductivity compared with 
other yeast genera, which allows them to proliferate and 
subsequently disperse in a short-lived floral habitat (Pozo 
& al. 2012). Metschnikowia has also been shown to exhibit 
high phenotypic plasticity in their ability to respond to 
changing nectar / nutrient environments (Herrera & al. 

2012, Pozo & al. 2015). The presence of specific microbes 
may support the survival for other microbes in nectar. 
Mueller & al. (2023) found that the nectar bacterium 
Rosenbergiella nectarea was able to persist in the presence 
of nectar containing H2O2 only when grown in tandem 
with Metschnikowia reukaufii, suggesting that the yeast 
may be able to break down H2O2 and create a hospitable 
environment for other organisms that cannot (Mueller 
& al. 2023). Work by Landucci & Vannette (2024) found 
that various bacteria and fungi in nectar exhibited high 
tolerance to increasing H2O2, and some groups were only 
able to persist only in association with other microbes 
capable of detoxifying H2O2 (Landucci & Vannette 2024). 

Competition among microbial taxa also influences 
NIM community composition within nectar (Peay & al. 
2011, Tucker & Fukami 2014, Vannette & Fukami 2014, 
Álvarez-Pérez & al. 2019). The chemical properties of 
nectar often mediate competitive interactions within mi-
crobial communities (Mueller & al. 2023). For example, 
amino acids are an important but limited resource in nec-
tar, and specialist yeasts like Metschnikowia reukaufii are 
highly competitive colonizers due in part to their efficient 
amino-acid transport systems (Dhami & al. 2016). Discov-
ery effects are also important, and the first microbial group 
to colonize nectaries have the greatest chance of becom-
ing the dominant species in this ephemeral and limited 
resource. This means that the order in which microbial 
species arrive will influence the various constraining prop-
erties of nectar colonization as described above and thus 
the composition of microbes that arrive and establish af-
terward (Peay & al. 2011, Tucker & Fukami 2014, Dhami 
& al. 2016, Álvarez-Pérez & al. 2019, Adler & al. 2021). 

Environmental factors can influence the degree to 
which priority effects are important in shaping NIM com-
munities as well as the NIM groups themselves and the 
degree to which their environmental niches align (Tucker 
& Fukami 2014, Vannette & Fukami 2014). For example, 
local temperature and humidity will impact nectar-inhab-
itant diversity as different microbial species have different 
optimum growth rates within each of these variables (both 
of which in turn will influence the volume of nectar and 
thus available space for colonization) (Aleklett & al. 2014, 
Cecala & al. 2025). Rainfall also influences nectar-bacte-
ria diversity and abundance, likely because wetter areas 
have a higher diversity of both plant hosts and arthropods 
that vector microbes to their associated plants (Sharaby 
& al. 2020). 

Plant community composition can also impact NIMs. 
Higher plant density predicts higher nectar microbe diver-
sity as areas with denser vegetation provide habitat and 
resources for arthropods that vector microbes (Sharaby 
& al. 2020). Plant species identity is another important 
factor in shaping microbial communities of nectar as flow-
ering plant species vary in phenology, nectar visitors, and 
nectar chemistry (Morris & al. 2020, Cecala & al. 2025). 
Plant traits that increase foraging time of visitors have 
been hypothesized to have an impact on the amount of 
microbes that are picked up and dropped off (Adler & al. 
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2021). However, experimentation in this area is scarce. We 
have found only one such study, which found no significant 
influence of foraging time of a pollinator (common eastern 
bumblebee – Bombus impatiens) on microbial acquisition 
from a flower (common yellow monkeyflower – Mimulus 
guttatus) (Russell & al. 2019). 

Microbes that can survive and proliferate in nectar are 
generally a subset of those found to be associated with nec-
tar-consuming insects (Stefanini 2018, Álvarez-Pérez 
& al. 2021, Malassigné & al. 2021, Álvarez-Pérez & 
al. 2023, Argueta-Guzmán & al. 2025). Unlike the “ep-
iphytic” microbes found on flower petals, corollas, and 
leaves that are associated with the exteriors of insects, 
these microbes are associated with the animal’s gut or 
mouthparts, which are transported among nectaries pri-
marily via mouthpart contact while foraging (Herrera 
& al. 2009, Pozo & al. 2012, Adler & al. 2021). Insect 
vectors are typically pollinators like bees as well as par-
asitoid wasps, thrips, ants, and other predators that visit 
floral nectaries (Aleklett & al. 2014, Sobhy & al. 2018, 
Vannette & al. 2021, Quevedo-Caraballo & al. 2024). 
Insects vary in their internal and external microbiomes 
across species, and differences in gut microbiota can even 
be seen between colonies of the same social insect species 
(Engel & Moran 2013, Segers & al. 2019, Vernier & al. 
2020, Green & Klassen 2022). It is then unsurprising 
that the identity of an insect is important in shaping the 
composition of the NIM community (Aleklett & al. 2014, 
Morris & al. 2020, de Vega & al. 2021). Moreover, both 
arthropod nectarivore visitors and nectar chemical prop-
erties differ between floral vs. extrafloral nectar within the 
same plant species (Balduino & al. 2023). 

Dispersal success of NIMs from plant to plant depends 
on the ability of these organisms to: 1) attract and be ac-
quired by their vectors, 2) survive during vector transpor-
tation, 3) survive and colonize once they are deposited into 
a new nectary, and importantly 4) not be a detriment to the 
fitness of their vectors (Sobhy & al. 2018, Vannette & al. 
2021). Some NIMs are associated with different parts of 
an insect’s body. For example, only bacteria isolated from 
the mouths of honeybees but not their stomach were found 
in the nectar of their host plants (Warren & al. 2024). 
Pollinator exclusion experiments in bush monkeyflower 
(Mimulus auranticus) shrubs have shown that higher 
dispersal via pollinators can lead to higher beta diversity 
of nectar yeast and bacteria among flowers (Vannette & 
Fukami 2017). Similarly, higher animal visitation leads 
to higher abundances of nectar yeasts in male flowers 
in the genus Eurya (Tsuji & Fukami 2018). Pollination 
frequency has an important impact on NIM population 
growth and dispersal: If nectar is consumed too frequently 
by pollinators, microbes will be removed faster than they 
can reproduce and numerically recover, and too infrequent 
visitation can lead to low microbe dispersal rates (Haus-
mann & al. 2017, Vannette & Fukami 2017, Pozo & al. 
2018, Tsuji & Fukami 2018). Our current understanding 
of factors that influence NIM community dynamics and 
how these microbes interact with their host plants and 

vectors was established from research focusing on floral 
nectar. Information on insect-plant-NIM interactions 
within extrafloral nectar systems is much less robust, and 
studying the roles that ants play as vectors of extrafloral 
microbes is crucial in filling these knowledge gaps.

Mechanisms by which ants shape floral 
and extrafloral NIM communities
Ants feed on nectar, both floral (less common) and extra-
floral (very common) (Oliveira & Koptur 2017). There 
are several mechanisms by which ants likely impact NIM 
communities that we propose here. First, ants likely act 
as NIM vectors in similar ways as insect pollinators. Ants 
influence the community of microbes on plants behavio-
rally, through gland secretions, and through symbiotic 
bacteria (González-Teuber & al. 2014, Offenberg & 
Damgaard 2019, Longmeyer & al. 2026). These symbi-
onts are incredibly diverse and their composition can differ 
widely depending on their host’s diet and habitat (Flynn 
& Ramhalo 2025). Ants transport symbiotic microbes 
externally on their cuticles and can influence plant surface 
microbiota on vegetative plant structures while foraging 
(Offenberg & al. 2019, Offenberg & Damgaard 2019, 
Schifani & al. 2020, Jensen & al. 2024). Ants are also able 
to transport fungal spores (Wielgoss & al. 2014). There-
fore, ants are likely dispersing the floral and extrafloral 
nectar microbes they are picking up as they forage on 
various nectar sources. Ants, nectar-producing plants, and 
the NIMs they vector likely have interconnected influences 
on each other’s fitness (see Fig. 2A and 2B for synthesis of 
such known and hypothetical influences).

As eusocial organisms, ants have a unique relationship 
with microbes compared with other arthropods. Colonies 
act as a reserve for microbial communities as workers store 
food in their crops and engage in trophallaxis, creating 
what is known as a colony-wide “social stomach” (Höll-
dobler & Wilson 1990, Meurville & LeBoeuf 2021). 
This means that if ant workers ingest a microbe while 
foraging and that microbe can survive and reproduce in 
their crop or mouthparts, there is a likelihood for such 
organisms to be transferred throughout the rest of the 
colony, further aiding in the dispersal of that microbe. 
Only a few studies to date have investigated the floral or 
extrafloral NIMs that ants vector (Tab. 1). The majority of 
experiments on the relationships between ants and nec-
tar microbes have focused on yeasts in relation to floral 
nectar, with little information on the roles that ants play 
in dispersing bacteria (Aleklett & al. 2014, Quevedo- 
Caraballo & al. 2024). Past work has determined that 
bacterial nectar specialists like Acinetobacter are found 
in ant bodies, but no experimentation to date has linked 
ants to bacterial groups found in nectar sources they may 
be visiting (Ruiz-González & al. 2019). Just two studies 
have documented that ants can vector microbes to floral 
nectar: Cytinus hypocistis are primarily pollinated by 
ants, which vector nectivorous yeasts that in turn metab-
olize and degrade the quality of the nectar they inhabit  
(de Vega & Herrera 2012, 2013). 
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Several studies have examined the influence of ants on 
plant microbiomes; however, these have focused on sur-
face microbes of myrmecophytes in relation to the species 
of their ant associates (Currie & al. 1999, González- 

Teuber & al. 2014, Offenberg & al. 2019, Ruiz-González 
& al. 2019). Even fewer studies to date have examined 
microbes associated with extrafloral nectar, the majority 
of which have focused on tropical myrmecophyte aca-
cias. From such studies, we know that myrmecophilous 
acacias exhibit higher activity of antimicrobial enzymes 
than non-myrmecophyte acacias (Eilmus & Heil 2009, 
González-Teuber & al. 2009, 2010). These findings are 
likely due to the differences in life histories between myr-
mecophilous and non-myrmecophilous acacia. Acacias 
that rely on constantly secreting sugary rewards for their 
ant symbionts (Vachellia cornigera and Vachellia hindsii) 
are more prone to extrafloral nectar infestation / degrada-
tion from yeast, whereas non-symbiont species (Vachellia 
farnesiana and Neltuma juliflora) are more facultative in 
nectar secretion (i.e., only secreting extrafloral nectar in 
response to herbivory) and therefore have a shorter NIM 
exposure window and are under less selective pressure to 
produce antimicrobial compounds (González-Teuber 
& al. 2009). These patterns may be true for co-occurring 
facultative and constitutive EFN-bearing plant species in 
other regions of the world, but further experimentation is 
needed to test this prediction. 

One “non-myrmecophyte” (but still tropical) study 
that focused on Mallotus plants in Taiwan found that 
ants indeed can transfer fungi (one yeast and one hyphal 
fungus) that colonize extrafloral nectar (Sun & al. 2018). 
Another tropical study on yeast communities and insects 
associated with plants in the Brazilian Cerrado found 
similarities in cultured yeast species from excised Senna 
EFNs and cuticles of insects captured on the plants (Rosa 
& al. 1995). Very recently, dos Reis & al. (2025) identified 
microbial groups associated with the EFN of Calolisian-
thus speciosus, an annual flowering plant native to the 
Cerrado biome, using scanning electron microscopy. This 
knowledge is groundbreaking as it is the first example 
of researchers cataloging the microbial community of 
extrafloral nectaries. Due to the limitations associated 
with visually identifying microbes via morphology, this 
information only begins to uncover the diversity of fungal 
and bacterial communities in EFNs (dos Reis & al. 2025). 
Other than this example, no studies have focused on cata-
loging the full microbiome of extrafloral nectar, let alone 
those found in extrafloral-nectar-producing plants found 
in more temperate zones. Additionally, studies that have 
sequenced the microbial genomes of extrafloral nectar 
have relied on culturing techniques, and no studies to date 
have attempted metagenomic sequencing on extrafloral 
nectar microbes in situ (Tab. 1).

Ants have evolved in environments with rich micro-
bial diversity, and thus many species produce a range of 
antimicrobial glandular secretions (Torsvik & Øvreås 
2002, Karlik & al. 2016, Offenberg & al. 2019). Ants 
may also harbor beneficial microbes on their external 
surfaces, which can exhibit antimicrobial properties (Of-
fenberg & Damgaard 2019, Ruiz-González & al. 2019, 
Agarwal & al. 2022). The most well-known examples 
come from studies on fungus-gardening ants, which use 
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Fig. 2: Hypothesized fitness consequences for (A) plants, ants, 
and EFN microbes, (B) plants, ants, and floral microbes, and 
(C) honeydew-producers, ants, and honeydew microbes. Arrows 
show interactions among two groups. The text along each arrow 
indicates the positive (+) and negative (-) fitness impacts that 
one organism may have on another in each interaction. This 
figure represents generalized interactions based on current 
knowledge, and the fitness outcomes of all organisms involved 
will vary by ant species involved. Icons provided by Science 
Figures (2026) and Creazilla (2026).
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these ectosymbiotic bacteria to suppress unwanted fungi 
that parasitize their farms (Currie & al. 1999). Similarly, 
ant ectosymbionts have been implicated in a potential 
role of pathogenic defense of plants. One study in Italian 
pear orchards saw decreased leaf damage caused by the 
fungus Venturia pyrina in trees with higher ant worker 
activity, which the authors hypothesized could be due to 
antimicrobial secretions from ants or their ectosymbionts 
(Schifani & al. 2020). A similar study on apple orchards in 
Denmark saw higher infection of apple scab caused by the 
fungus Vachellia inaequalis when ants were excluded from 

trees, possibly due to secretions of formic acid and mellein 
(ant defensive and trail chemicals known to be antimicro-
bial) from foraging ants (Offenberg & al. 2019). Similarly, 
ectosymbionts on Formica polyctena workers inhibited 
growth of fungi responsible for apple scab and brown rot, 
gray mold in various fruits, and Fusarium head blight in 
grains (Jensen & al. 2024). With this knowledge in mind, 
the presence of an ant colony can clearly influence the 
microbial communities involved in their surrounding food 
web and vice versa. Therefore, both floral and extrafloral 
nectaries, not just vegetative plant surfaces, are likely also 

Tab. 1: Studies that have isolated and identified microbes vectored by ants in nectar.

Rosa & al. (1995)

Plant host species Senna (Senna australis) Butterfly Bush (Senna bicapsularis)

Extrafloral (EFN) or Floral (FN) 
nectar source

EFN

Microbe group Yeast

Microbe species isolated from 
plant's nectar and vector

Rhodotorula glufinis, Candida antarctica, Cryptococcus laurentii, Aureobasidium pullulans

Animal vectors studied Multiple of each: beetles, flies, treehoppers, bees, ants - identified to family

Fitness effect on plant Not studied (they mention how yeasts may make plants more attractive to protective insects)

Fitness effect on vector Not studied (they hypothesize yeast consumption provides nutrition)

ID method Cultured microbes from nectar and live insect footprints, then identified using keys / mating

Notes Only common yeasts identified here

Eilmus & Heil (2009)

Plant host species Acacia (Vachellia hindsii)

Extrafloral (EFN) or Floral (FN) 
nectar source

EFN

Microbe group Bacteria

Microbe species isolated from 
plant's nectar and vector

Sphingomonas spp.

Animal vectors studied Ant: Pseudomyrmex ferrugineus

Fitness effect on plant Not studied but mentioned that this species is likely not a major nectar-bacteria host due to 
anti-microbial properties of nectar

Fitness effect on vector Not studied, some identified as N-fixing in ant gut – but not the bacteria species found in 
nectaries

ID method Sequencing of culturable bacteria from nectar and homogenized ant bodies

Sun & al. (2018)

Plant host species Turn-in-the-wind (Mallotus paniculatus)

Extrafloral (EFN) or Floral (FN) 
nectar source

EFN

Microbe group Yeast

Microbe species isolated from 
plant's nectar and vector

Jaminaea angkorensis, Gibellulopsis nigrescens

Animal vectors studied Ant: Pheidole megacephala

Fitness effect on plant (+) Attraction of protective ants
( - ) possible change in floral-nectar sugar content

Fitness effect on vector (+) resource location

ID method Sequencing of culturable yeast from nectar and homogenized ant bodies
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de Vega & Herrera (2012, 2013)

Plant host species Rockrose Parasite (Cytinus hypocistis)

Extrafloral (EFN) or Floral (FN) 
nectar source

FN

Microbe group Yeast

Microbe species isolated from 
plant's nectar and vector

Aureobasidium pullulans, Candida railenensis, Cryptococcus sp.,  
Debaryomyces polymorphus, Metschnikowia reukaufii, Rhodotorula nothofagi  
(see Tab. 2 in De Vega & Herrera (2012) for full list)

Animal vectors studied Most common ants on C. hypocistis flowers: Pheidole pallidula, Plagiolepis pygmaea, 
Crematogaster auberti, Crematogaster scutellaris, Aphaenogaster senilis,  
Camponotus pilicornis

Fitness effect on plant ( - ) Vectored yeasts lower sugar concentration, alter sugar content of flowers for future 
pollinators, likely lower pollination frequency

Fitness effect on vector ( - ) Yeasts lower sugar concentration, alter sugar content, lower nutrition

ID method Sequencing of culturable yeast from nectar and live ant footprints, HPLC nectar analysis

Vannette & al. (2017)

Plant host species Coffee (Coffea arabica)

Extrafloral (EFN) or Floral (FN) 
nectar source

FN

Microbe group Fungi and bacteria

Microbe species isolated from 
plant's nectar and vector

Most common bacteria groups = Phyum: Proteobacteria, Acinetobacteria, Bacteriodetes, 
Firmicutes. Most common fungal groups = Class: Saccharomycetes, Tremellomycetes, 
Eurotiomycetes, Sordariomycetes (see Fig 2 in Vannette & al. 2017 for complete list).

Animal vectors studied Ant: Azteca sericeasur

Fitness effect on plant Not directly studied, ant presence increased sugar concentration

Fitness effect on vector Not directly studied

ID method Metagenomic sequencing of all microbes in nectar samples, ant microbes not sampled

impacted by the presence of ant foragers and their passive 
antimicrobial properties. Experiments manipulating ant 
access to these sugary resources will provide more infor-
mation on how ants influence the communities of these 
specialist microbes.

Due to the aggressive and territorial behavior of ant 
workers, the attraction to and presence of ants on a plant 
may indirectly influence the diversity of nectar microbes 
that are phoretically dispersed by non-ant pollinators 
(Inouye 1980, Vannette & al. 2017). This effect is likely 
more prominent on plants that do not produce extrafloral 
nectar as this sugary resource does not only attract ants 
for the purpose of protection from herbivores but in some 
cases likely also distract them from flowers that are more 
efficiently pollinated by other organisms (Chamberlain 
& Holland 2008, Villamil & al. 2019). For example, cof-
fee flowers closer to Azteca ant nests have less visitation 
from pollinators, but in certain management scenarios, 
there is a positive correlation between nectar microbial 
diversity and Azteca nest proximity as well as a differ-
ence in NIM community composition near and far from 
ant nests (Vannette & al. 2017). The authors discussed 
three main explanations for these findings: 1) higher ant 
presence leads to shorter pollinator visits, which leads to 
higher movement of pollinators among flowers, 2) ants 
introduce microbes that positively influence the diversity 

of other nectar microbes, or 3) the presence of certain mi-
crobes alter floral nectar properties to be more attractive  
to ants. 

Mechanisms by which NIMs impact  
arthropod visitors and their cascading 
effects on plant and arthropod fitness
Nectar microbes can influence nectar quality, arthropod 
vector behavior, and arthropod nutrition. NIMs can alter 
the concentration of various sugars (Canto & Herrera 
2012, Vannette & al. 2013, Lenaerts & al. 2016), amino 
acids (Peay & al. 2011, Lenaerts & al. 2016), pH and H2O2 

(Vannette & al. 2013), temperature (Herrera & Pozo 
2010), and even odor from VOCs (Rering & al. 2018). The 
presence of bacteria in floral nectar can deter humming-
bird and honey-bee pollinators, likely due to changes in 
acidity, sugar content, or other chemical properties of the 
nectar (Vannette & al. 2013, Good & al. 2014). Parasi-
toid wasps (Aphidius ervi) exhibit preference for sugary 
solutions inoculated with two nectar specialist yeasts 
(Metschnikowia greusii and Metschnikowia reukau-
fii) over sterile nectar and also demonstrate an aversion 
toward other non-specialist yeasts (Sobhy & al. 2018). 
Lenaerts & al. (2017) found that the effects of nectar bac-
teria on parasitoid wasp nutrition ranges from beneficial 
to harmful depending on the strain. These effects were 
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likely mediated by the influences these bacteria had on 
nectar sugar and amino acid makeup, pH, and metabolic 
chemicals they produced (Lenaerts & al. 2017). Bees 
can detect, and even exhibit preference for, flowers that 
emit VOCs produced by fermentation of nectar-dwelling 
yeasts (Schaeffer & al. 2017, Rering & al. 2018). Pozo 
& al. (2020) examined the effects of multiple yeast species 
and found that Bombus terrestris colonies fed with nectar 
inoculated with various yeasts led to decreased mortality 
of larvae and higher worker and pupae abundances. This 
same study conducted in vitro experiments and found 
that three yeast species adapted to surviving in high sugar 
environments (Candida bombiphila, Crithidia bombi and 
M. reukaufii) outcompeted and lowered the survival of 
Crithidia bombi, an important bumblebee endoparasite 
(Pozo & al. 2020). These above studies help support the 
hypothesis that selection favors NIM specialists that, at 
the very least, do not reduce the fitness of their vectors. 

Shifts in nectar properties via microbe presence / 
density can influence the behavior of nectar consumers, 
which may also subsequently affect the plant’s health 
(Barberis & al. 2024, Lignon & al. 2025). Researchers 
have found both beneficial and detrimental effects of 
these altered pollinator behaviors on the health and re-
productivity of their host plants. The presence of yeasts 
in nectar caused longer bumblebee visits per flower in 
Helleborus foetidus, which resulted in lower pollination 
rates and fecundity (Herrera & al. 2013). Conversely, the 
male plants of Delphinium nuttallianum that contained 
nectar yeasts exhibited higher fitness via increased pollen 
donation (Schaeffer & Irwin 2014). Nectar-inhabiting 
yeast species have also been discovered to have potential 
in suppressing the bacteria that cause fire blight in apples 
(Duffy & al. 2006, Pusey & al. 2009). These examples and 
other studies like them have demonstrated that the com-
munity of floral NIMs can impact the fitness of a plant via 
consumer attraction and deterrence, affect insect health 
and lifespan, and alter resistance to plant disease (Duffy 
& al. 2006, Pusey & al. 2009, Lenaerts & al. 2017, Sobhy 
& al. 2018, Crowley-Gall & al. 2022, Martin & al. 2022, 
Cusumano & al. 2023, Cusumano & Lievens 2023, Álva-
rez-Pérez & al. 2024). However, the above studies involve 
floral nectar and non-ant consumers. Similar interactions, 
while less studied, likely occur between ants and plants 
that produce EFN. For instance, the presence of a certain 
NIM group found to inhabit the extrafloral nectar of a plant 
may be attractive and nutritional to ants or an important 
parasitoid and consequently increase the fitness of those 
plants if higher predator presence confers higher plant 
protection from herbivores. These predictions have yet to 
be assessed through experimentation. 

Ants, honeydew, sapsucking insects, and 
their associated microbes
There may also be important interactions between floral 
and extrafloral nectar microbial communities, ants, and 
honeydew secreted by sapsucking insects (Fig. 2C). Honey-
dew is often consumed by ants and is an important source 

of carbohydrates (Hölldobler & Wilson 1990). Ants 
form mutualisms with these phloem-feeding insects (e.g., 
aphids, mealybugs) by cleaning and protecting them from 
their natural enemies, inflating their population num-
bers on a plant (Hölldobler & Wilson 1990). Ants may 
switch feeding preference between honeydew, extrafloral 
nectar, and floral nectar based on availability, quality, 
and quantity when presented a choice (Offenberg 2001, 
Martinez & al. 2011, Katayama & al. 2013, Pålsson & 
al. 2020), and they may be vectoring microbes between 
these sugary resources. Therefore, the presence of these 
honeydew producers further complicates the relationship 
between ants, other omnivorous predators, and their plant 
hosts. Yet, few studies to date have examined the microbial 
communities associated with honeydew. Some research 
has explored the microbiomes associated with honeydew 
once it is deposited on the surface of a leaf and colonized 
by filamentous fungi (i.e., pathogenic sooty molds) (Dhami 
& al. 2016, Flessa & al. 2021, Lv & al. 2023). While useful 
in a direct plant health and food production perspective, 
we are interested in the microbes associated with honey-
dew in the process of being excreted by its host insect as 
honeydew in this state is what is consumed by insects like 
ants and other predators. 

Sapsucking insects are host to obligate bacterial gut 
symbionts that enhance their simplified diet (Jossart & 
al. 2025). Endosymbionts associated with these insects are 
also found within their honeydew and can influence the 
properties of this sugary liquid (Leroy & al. 2011, Jossart 
& al. 2025). Alterations in honeydew components (i.e., 
VOCs, sugar content) can in turn influence the behavior 
of their consumers. Leroy & al. (2011) was the first study 
to collect fresh honeydew and analyze its microbial com-
munities. Here, the researchers collected multiple species 
of wild aphids, collected honeydew immediately after dep-
osition onto a sterile surface, and identified bacteria from 
these samples (see table S1 in Leroy & al. 2011 for full list 
of species). They found that one species of cultured bacte-
ria (Staphylococcus sciuri) from these honeydew extracts 
emitted VOCs that aided hoverflies in their ability to locate 
aphid prey (Leroy & al. 2011). Another study found that 
volatiles from three Bacillus strains isolated from fresh 
honeydew attracted Aphidius colemani parasitoids and 
three other strains repelled them (Goelen & al. 2020). 

Ants can acquire gut symbionts from the honeydew of 
the sapsucking insects they tend (Ivens & al. 2018, Renoz 
& al. 2019). However, information on the influences that 
honeydew microbes may have on the relationship between 
ants and their hemipteran mutualists is scarce. Recently, 
Jossart & al. (2025) examined the role of the aphid gut 
bacterium Serratia symbiotica in ant-aphid interactions. 
They found that aphids infected with S. symbiotica were 
tended less often by ants than control aphids, which they 
hypothesized to be a result of alterations of honeydew 
sugar content by this bacterium (Jossart & al. 2025). 
Conversely, Fischer & al. (2015) found bacterium Staph-
ylococcus xylosus to strengthen ant-aphid mutualisms via 
VOCs (Fischer & al. 2015). These above studies focused 
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on gut bacteria isolated in the host’s honeydew, and to our 
knowledge there are no studies that have examined fungi 
in a similar context from freshly-excreted honeydew. Ad-
ditionally, we found no studies that sought to determine if 
microbes can be vectored from host to host by honeydew 
consumers like ants or wasps. 

Implications of NIMs in agroecosystems
Ants have extremely variable impacts in agriculture, rang-
ing from beneficial to detrimental for a crop depending 
on the ant species and the resources available to them 
(Oliveira & Koptur 2017, Sankovitz & al. 2024), and the 
use of EFN-bearing companion plants as a mechanism to 
attract ants for plant protection is a promising method in 
conservation biocontrol (Jones & al. 2017). A relatively 
new area in agroecology involves the manipulation of 
nectar microbes and their relationship with omnivorous 
predatory arthropods that seek nectar. Researchers have 
theorized that the inoculation of flowering plants with 
NIMs could enhance pollination and predation services 
for that crop based on knowledge about the attractive-
ness of VOCs given off as well as nutrition they provide 
to their consumers (Álvarez-Pérez & al. 2024, Queve-
do-Caraballo & al. 2024). For example, VOCs produced 
by filamentous fungi in the floral nectar of buckwheat, a 
common cover crop used to attract beneficial arthropods, 
also are attractive to parasitoid consumers (Ermio & al. 
2025). Both ants and wasps are important vectors of floral 
nectar microbes, and the same is likely true for both ex-
trafloral nectar and honeydew sources they consume (de 
Vega & Herrera 2012, 2013, Aleklett & al. 2014, Sobhy 
& al. 2018, Zemenick & al. 2021, Quevedo-Caraballo 
& al. 2024). There is some evidence that ants may prefer 
foraging on or be more attracted to EFNs that are inoc-
ulated with certain yeasts (Sun & al. 2018). Both attrac-
tive and deterrent effects have been seen in experiments 
that examined the interaction between ants, honeydew, 
and aphid gut microbes (Fischer & al. 2015, Jossart 
& al. 2025). These above studies are great proof-of-con-
cept laboratory assays and are the foundation for future 
field-scale agronomic experiments that have yet to be  
conducted. 

Future research objectives
Ants have a large impact on their surrounding environ-
ment, in part due to their ability to collect, host, and dis-
perse microbes. Yet, much more work is needed to uncover 
the relationships between ants, the sugary resources they 
feed on, associated microbes, and the fitness effects that 
all three partners of this interaction have on each other. 
Below, we list the most pressing unanswered knowledge 
gaps in this area of research as well as our expectations in 
each topical area based on knowledge from the literature 
discussed in this review.

To what extent do viruses inhabit nectar?
Viruses that infect plants, bacteria, fungi, and ani-

mals inhabit the surfaces of flowers and pollen, but the 

diversity and ecology of viruses associated with nectar 
is understudied (Chappell & Fukami 2018, Cullen & 
al. 2021). More experimentation is needed to determine: 
1) the extent to which viruses exist in nectar, 2) if they 
exist, what organisms they are associated with (bacteria, 
fungi, pollinators), and 3) the broader ecological impacts 
of viruses in nectar. Due to the inhospitable environment 
nectar presents, viruses associated with plants or animal 
nectarivores are likely uncommon. Instead, if any viruses 
do exist in nectar, they would be those who infect yeast 
and bacterial nectar specialists.

What information is still lacking on nectar- 
inhabiting bacteria?

Much of our current knowledge on NIM dispersal 
mechanisms has focused on the relationship between 
yeasts and pollinator taxa, and much still needs to be 
learned regarding bacteria (Aleklett & al. 2014, Queve-
do-Caraballo & al. 2024). The same is true regarding 
our current knowledge of ants and NIMs, with the stud-
ies outlined above mainly focusing on the relationship 
between ants and nectar yeasts. To what extent do ants 
vector bacteria to the nectaries they visit? Known genera 
of nectar-specializing bacteria like Acinetobacter are 
found in ant guts (Ruiz-González & al. 2019). Ants are 
also likely able to vector bacteria among nectaries, but the 
extent to which this occurs remains unknown.

What is the relationship between ants, nectar, 
and NIMs?

While experimentation aimed at uncovering the re-
lationships among EFN-bearing plants, their herbivores, 
and nectar-consuming predators has received increas-
ingly more common attention in recent years (Heil 2015, 
Jones & al. 2017, Popa & al. 2020), little is known about 
the microorganisms associated with extrafloral nectar 
and the roles they play in this food web (Lievens & al. 
2015, Sun & al. 2018). Extrafloral nectar microbes, if 
present, may have a similar positive influence on their 
visitors as seen with floral NIMs. For example, aiding in 
resource acquisition via VOCs and thus higher mortality 
of the herbivores that these predators hunt (instead of 
higher pollination rates in the case of floral NIMs). How-
ever, the strength of such interactions is likely context 
dependent, and more information is needed from a wider 
array of geographical areas and species to make general  
conclusions. 

Based on our current knowledge from tropical studies, 
ants that visit flowers can have an influence on the micro-
biome of those nectaries (Fig. 2B) (Vannette & al. 2017, 
Tsuji & Fukami 2018). While there is much less informa-
tion on how ants influence floral nectar microbiomes in 
temperate regions, it is reasonable to expect that similar 
relationships exist in more variable climates involving 
different ant-plant-NIM species. For f lowering plants 
that produce extrafloral nectar, the composition of NIMs 
inhabiting extrafloral nectar are likely different from that 
of their floral counterparts within the same plant species 
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at the same point in time as these plants have evolved to 
partition different guilds of insects to maximize benefits 
(e.g., sugar composition / content evolved to be preferred 
by pollinators in flowers, omnivorous predators in EFNs) 
(Chamberlain & Holland 2008, Nepi 2017, Villamil 
& al. 2019). However, these relationships have yet to be 
confirmed experimentally. 

No studies to our knowledge have conducted exclusion 
experiments examining which arthropod guilds vector 
extrafloral nectar microbes (e.g., parasitoids, flies, ants, 
beetles), which will be crucial in learning more about the 
food webs that EFN-bearing plants are part of. Research 
on nectar secondary metabolites and their effects on con-
sumers (both microbes and insects) is mainly restricted 
to floral nectar systems (Nepi & al. 2018), and further 
studies examining these compounds in temperate plants 
that facultatively secrete extrafloral nectar are needed. 
It is possible that extrafloral nectar producing plants 
lacking obligatory relationships with ants may be less 
harsh environments for nectar-specializing microbes 
(e.g., like those found in floral nectar). Ants are the pre-
dominant extrafloral nectar consumers and given that 
NIMs are primarily dispersed phoretically, ants are likely 
key drivers of microbial diversity and abundance in ex-
trafloral nectar. However, these dispersal mechanisms 
have yet to be experimentally tested. Likewise, no study 
has attempted to extensively catalogue and compare the 
composition of bacterial and fungal communities found 
living in a plant’s extrafloral nectar with microbes found 
within the gut of foraging ants. Lastly, more work needs 
to be conducted examining how such nectar-special-
ist microbes may transfer among ants within a single  
colony.

More experimentation is needed in order to uncover 
how ants alter the foraging behavior of floral visitors (e.g., 
bees, butterflies, flies) and therefore the dispersal of the 
NIMs those arthropods vector. Are the communities of 
floral nectar microbes on plants with strong ant protection 
assembled more via wind or other non-vectored mecha-
nisms? Likewise, are plants without heavy ant protection 
subject to animal-mediated dispersal and assembly pro-
cesses? Do these impacts depend on whether a plant bears 
EFNs or not? What role do honeydew-producing insects 
play in this interaction? Ants potentially have a strong im-
pact on the floral NIM community of a plant, but the degree 
to which will depend on factors that influence ant access 
/ attention toward foraging on floral nectar. For example, 
plants with EFNs or those colonized by honeydew-pro-
ducers offer rewards to foraging ants on vegetative parts 
before they encounter the flower, thus keeping the ant from 
deterring pollinators or vectoring its own microbes to the 
floral nectary. Such impacts also likely differ by ant species 
as different co-occurring ant species exhibit varying levels 
of aggression towards other ants as well as other arthro-
pods. Additionally, ant species have different diets and life 
histories, with some more often being active hunters and 
others searching for carbohydrate-rich sources of food like 
nectar and honeydew.

Are honeydew microbiomes influenced by its 
consumers?

Honeydew is an important source of energy not only 
for ants but also parasitoid wasps, flies, and other omniv-
orous invertebrates that prey on these sapsucking insects 
(Wäckers & al. 2008). Current knowledge suggests that 
honeydew is initially populated with gut bacteria ex-
creted by the host and later colonized by other microbes 
like yeasts and sooty molds when exposed to the outside 
environment (Serjeant & al. 2008, Leroy & al. 2011, 
Chomnunti & al. 2014, Flessa & al. 2021). However, it is 
still unknown if there are honeydew-dwelling fungi, like 
yeasts, that originate from aphid guts. More work needs 
to be conducted to uncover the interconnectedness of 
microbial communities between ants, extrafloral nectar, 
and honeydew – and the impacts that these three host 
groups may have on each other’s fitness through microbial 
exchange.

Nectar specialist microbes may survive in other sugary 
solutions like honeydew as it presents a similar sugar-rich 
habitat they are adapted to. Unlike studies on extrafloral 
nectar and ants (Tab. 1), there is no information about 
whether NIMs can be vectored to honeydew by its con-
sumers like ants and parasitoids. Such multi-resource 
vectoring may be possible for generalist ants and other 
insects that forage on a wide variety of sugary resources, 
but important background information is lacking. Another 
valuable area of research that needs further study is the 
role that microbes play in the attractiveness and nutrition 
of honeydew on its consumers. Similar to what is known 
in floral systems, it would be useful to know if ants and 
other omnivores are attracted to the VOCs given off by 
microbes inhabiting one solution versus the other (e.g., 
honeydew vs. nectar). As microbial communities may 
differ between the two resources, the VOCs produced also  
vary. 

How do extrafloral and honeydew microbes 
influence ants and plants in agroecosystems?

There is an increasing wealth of evidence that the 
inoculation of floral nectar in crops or companion plants 
could increase pollination and predation services provided 
by arthropods from the surrounding landscape (Álva-
rez-Pérez & al. 2024, Quevedo-Caraballo & al. 2024). 
Could similar measures be taken to enhance ant-EFN mu-
tualisms for the benefit of farmers? Employing extrafloral 
nectar microbes to manipulate ant behavior to increase 
crop fitness and productivity may vary geographically. A 
good place to start would be to conduct more olfactom-
etry assays using predator-plant-microbe combinations 
specific to a location and farming system in question. 
What about the alteration of microbes and the relationship 
between cultivated plants, phloem-feeding pests, and ants 
that harvest their honeydew? Previous work has already 
demonstrated that bacteria in honeydew can alter the 
strength of this mutualism, either positively (Jossart & 
al. 2025) or negatively (Fischer & al. 2015) from a plant’s 
perspective. Similar laboratory assays should be con-
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ducted on ant-Hemiptera-microbe relationships in a wider 
variety of cropping systems to better understand how 
these relationships may differ geographically. Importantly, 
future work should first focus on building a catalog of ant 
species, the sugary solutions they feed on, the microbes 
they vector, and the fitness implications for all organisms 
involved in these relationships. The study of agroecology 
and organisms / systems where ants have great ecological 
impacts would greatly benefit from future work aimed at 
addressing these gaps.

Conclusions
The increasing amount of knowledge on nectar microbes 
in the recent few decades has shown us that pollination is 
much more complex than a simple flower-pollinator inter-
action. Nectar, once thought to be an inhospitable habitat 
for living organisms, is now known to be home to a diverse 
array of specialist bacterial and fungal groups. These mi-
crobes influence the chemical properties of nectar, which 
in turn have fitness consequences for both the plant and 
consumer. Floral microbe systems are small and simpli-
fied ephemeral islands with high generational turnovers, 
which makes them good candidates for researchers to use 
as model systems to test ecological theories (Chappell & 
Fukami 2018). The same could be applied to extrafloral 
microbiomes, but much less attention has been paid to 
them. Bacteria and yeasts have received most of the atten-
tion from ecologists, and there is much less known about 
the viruses and protists that inhabit nectar (Chappell 
& Fukami 2018, Nguyen & al. 2023). Extrafloral nectar 
microbial communities in general are understudied, and 
expanding the catalog of known EFN microbes will allow 
for comparisons with those found in floral nectar. Such 
foundational information would generate further testable 
questions about niche partitioning, resource competition, 
dispersal, host symbioses and dispersal modes, and im-
plications for plant health and agroecology. 

There are still many unknowns about the influence of 
ants and other carbohydrate-seeking predators such as 
parasitoids on extrafloral nectar microbe communities 
and vice versa. The few studies that have examined the 
relationships between ants, microbes, and extrafloral 
nectar have taken place in the tropics and have focused 
on myrmecophyte plants. Do the trends that these studies 
found also exist in temperate areas on EFN-bearing plants 
that do not form obligate mutualisms? Studies on acacia 
found that the extrafloral nectar of more myrmecophilous 
species can be highly antibiotic and devoid of the microbial 
diversity found in the extrafloral nectar of less symbiotic 
species (Eilmus & Heil 2009, González-Teuber & al. 
2009). Is this true for other strictly myrmecophilous plant 
species in other areas of the world? Floral nectar micro-
biome studies have shown us that NIMs can shape the 
chemical properties of their habitat and subsequently the 
attractiveness and nutrition for nectarivores. What roles 
do these microbes play in chemistry of both honeydew and 
extrafloral nectar and ultimately attraction / nutrition for 
the consumers of these other sugary solutions? 

Ants are one of the most ubiquitous land animals. As 
ecosystem engineers, their presence has immense cascad-
ing impacts on the organisms that exist alongside them; 
this includes heavily human-modified habitats like cities 
and farms. The more information we uncover about the 
relationships between omnivorous insects like ants, the 
sugary resources they consume, the microbes they vector 
between these solutions, the better our understanding 
will be of what these relationships mean for the fitness 
of their plant hosts. Such knowledge would have critical 
implications for sustainably confronting challenges in an 
ever-changing landscape.

Declaration on use of generative  
artificial intelligence tools
The authors declare that they did not utilize generative 
artificial intelligence tools in any part of the composition 
of this manuscript.

References
Adler, L.S., Irwin, R.E., McArt, S.H. & Vannette, R.L. 

2021: Floral traits affecting the transmission of beneficial 
and pathogenic pollinator-associated microbes. – Current 
Opinion in Insect Science 44: 1-7. 

Agarwal, S., Sharma, G., Verma, K., Latha, N. & Mathur, 
V. 2022: Pharmacological potential of ants and their symbi-
onts – a review. – Entomologia Experimentalis et Applicata 
170: 1032-1048. 

Aleklett, K., Hart, M. & Shade, A. 2014: The microbial 
ecology of flowers: an emerging frontier in phyllosphere 
research. – Botany 92: 253-266. 

Álvarez-Pérez, S., Baker, L.J., Morris, M.M., Tsuji, K., 
Sanchez, V.A., Fukami, T., Vannette, R.L., Lievens, B. & 
Hendry, T.A. 2021: Acinetobacter pollinis sp. nov., Acineto-
bacter baretiae sp. nov. and Acinetobacter rathckeae sp. nov., 
isolated from floral nectar and honey bees. – International 
Journal of Systematic and Evolutionary Microbiology 71: 
art. 004783. 

Álvarez-Pérez, S. & Herrera, C.M. 2013: Composition, 
richness and nonrandom assembly of culturable bacteri-
al-microfungal communities in floral nectar of Mediterranean 
plants. – Federation of European Microbiological Societies 
Microbiology Ecology 83: 685-699. 

Álvarez-Pérez, S., Lievens, B. & Fukami, T. 2019: Yeast-bac-
terium interactions: the next frontier in nectar research. – 
Trends in Plant Science 24: 393-401. 

Álvarez-Pérez, S., Lievens, B., Jacquemyn, H. & Herrera, 
C.M. 2013: Acinetobacter nectaris sp. nov. and Acinetobacter 
boissieri sp. nov., isolated from floral nectar of wild Medi-
terranean insect-pollinated plants. – International Journal 
of Systematic and Evolutionary Microbiology 63: 1532-1539. 

Álvarez-Pérez, S., Lievens, B. & de Vega, C. 2024: Floral 
nectar and honeydew microbial diversity and their role in 
biocontrol of insect pests and pollination. – Current Opinion 
in Insect Science 61: art. 101138. 

Álvarez-Pérez, S., de Vega, C., Vanoirbeek, K., Tsuji, K., 
Jacquemyn, H., Fukami, T., Michiels, C. & Lievens, B. 
2023: Phylogenomic analysis of the genus Rosenbergiella 
and description of Rosenbergiella gaditana sp. nov., Rosen-
bergiella metrosideri sp. nov., Rosenbergiella epipactidis 
subsp. epipactidis subsp. nov., Rosenbergiella epipactidis 
subsp. californiensis subsp. nov., Rosenbergiella epipactidis 
subsp. japonicus subsp. nov., Rosenbergiella nectarea subsp. 



132

nectarea subsp. nov. and Rosenbergiella nectarea subsp. 
apis subsp. nov., isolated from floral nectar and insects. 
– International Journal of Systematic and Evolutionary 
Microbiology 73: art. 005777. 

Argueta-Guzmán, M., Spasojevic, M.J. & McFrederick, Q.S. 
2025: Solitary bees acquire and deposit bacteria via flowers: 
testing the environmental transmission hypothesis using 
Osmia lignaria, Phacelia tanacetifolia, and Apilactobacillus 
micheneri. – Ecology and Evolution 15: art. e71138. 

Arimura, G., Kost, C. & Boland, W. 2005: Herbivore-induced, 
indirect plant defences. – Biochimica et Biophysica Acta - 
Molecular and Cell Biology of Lipids 1734: 91-111. 

Balduino, H.D.K., Tunes, P., Giordano, E., Guarnieri, M., 
Machado, S.R., Nepi, M. & Guimarães, E. 2023: To each 
their own! Nectar plasticity within a flower mediates distinct 
ecological interactions. – Annals of Botany Plants 15: art. 
plac067. 

Barberis, M., Nepi, M. & Galloni, M. 2024: Floral nectar: 
fifty years of new ecological perspectives beyond pollinator 
reward. – Perspectives in Plant Ecology, Evolution and Sys-
tematics 62: art. 125764. 

Bentley, B.L. 1977: Extrafloral nectaries and protection by 
pugnacious bodyguards. – Annual Review of Ecology and 
Systematics 8: 407-427. 

Brysch-Herzberg, M. 2004: Ecology of yeasts in plant-bumble-
bee mutualism in Central Europe. – Federation of European 
Microbiological Societies Microbiology Ecology 50: 87-100. 

Canto, A. & Herrera, C.M. 2012: Micro-organisms behind 
the pollination scenes: microbial imprint on floral nectar 
sugar variation in a tropical plant community. – Annals of 
Botany 110: 1173-1183. 

Carruthers, M.D., Nicholson, P.A., Tracy, E.N. & Munson, 
R.S. 2013: Acinetobacter baumannii utilizes a type VI se-
cretion system for bacterial competition. – Public Library of 
Science One 8: art. e59388. 

Cecala, J.M., Landucci, L. & Vannette, R.L. 2025: Seasonal 
assembly of nectar microbial communities across angiosperm 
plant species: assessing contributions of climate and plant 
traits. – Ecology Letters 28: art. e70045. 

Chamberlain, S.A. & Holland, J.N. 2008: Density-mediated, 
context-dependent consumer-resource interactions between 
ants and extrafloral nectar plants. – Ecology 89: 1364-1374. 

Chappell, C.R. & Fukami, T. 2018: Nectar yeasts: a natural 
microcosm for ecology. – Yeast 35: 417-423. 

Chomnunti, P., Hongsanan, S., Aguirre-Hudson, B., Tian, 
Q., Peršoh, D., Dhami, M.K., Alias, A.S., Xu, J., Liu, X., 
Stadler, M. & Hyde, K.D. 2014: The sooty moulds. – Fungal 
Diversity 66: 1-36. 

Creazilla 2025: Creazilla. – <https://creazilla.com/>, retrieved 
on 1 December 2025.

Crowley-Gall, A., Trouillas, F.P., Niño, E.L., Schaeffer, 
R.N., Nouri, M.T., Crespo, M. & Vannette, R.L. 2022: Floral 
microbes suppress growth of Monilinia laxa with minimal 
effects on honey bee feeding. – Plant Disease 106: 432-438. 

Cullen, N.P., Fetters, A.M. & Ashman, T.-L. 2021: Integrat-
ing microbes into pollination. – Current Opinion in Insect 
Science 44: 48-54. 

Currie, C.R., Scott, J.A., Summerbell, R.C. & Malloch, D. 
1999: Fungus-growing ants use antibiotic-producing bacteria 
to control garden parasites. – Nature 398: 701-704. 

Cusumano, A., Bella, P., Peri, E., Rostás, M., Guarino, S., 
Lievens, B. & Colazza, S. 2023: Nectar-inhabiting bacteria 
affect olfactory responses of an insect parasitoid by altering 
nectar odors. – Microbial Ecology 86: 364-376. 

Cusumano, A. & Lievens, B. 2023: Microbe-mediated alter-
ations in floral nectar: consequences for insect parasitoids. 
– Current Opinion in Insect Science 60: art. 101116. 

de Vega, C., Álvarez-Pérez, S., Albaladejo, R.G., Steenhu-
isen, S.-L., Lachance, M.-A., Johnson, S.D. & Herrera, C.M. 
2021: The role of plant-pollinator interactions in structuring 
nectar microbial communities. – Journal of Ecology 109: 
3379-3395. 

de Vega, C. & Herrera, C.M. 2012: Relationships among nec-
tar-dwelling yeasts, flowers and ants: patterns and incidence 
on nectar traits. – Oikos 121: 1878-1888. 

de Vega, C. & Herrera, C.M. 2013: Microorganisms trans-
ported by ants induce changes in floral nectar composition 
of an ant-pollinated plant. – American Journal of Botany 
100: 792-800. 

Dhami, M.K., Hartwig, T. & Fukami, T. 2016: Genetic basis of 
priority effects: insights from nectar yeast. – Proceedings of 
the Royal Society B-Biological Sciences 283: art. 20161455. 

dos Reis, J.B.A., Schirmer, S.C., Ribeiro, R.C., Olivares, F.L. 
& do Vale, H.M.M. 2025: Microbial communities associated 
with extrafloral nectaries of Calolisianthus speciosus: evi-
dence of filamentous fungi, yeasts and bacteria by scanning 
electron microscopy. – Symbiosis 97: 285-294.

Duffy, B., Vogelsanger, J., Schoch, B. & Holliger, E. 2006: 
Biocontrol of Erwinia amylovora using a commercial yeast 
strain mixture. – Acta Horticulturae 704: 363-366. 

Eilmus, S. & Heil, M. 2009: Bacterial associates of arboreal 
ants and their putative functions in an obligate ant-plant 
mutualism. – Applied and Environmental Microbiology 75: 
4324-4332. 

Engel, P. & Moran, N.A. 2013: The gut microbiota of insects – 
diversity in structure and function. – Federation of European 
Microbiological Societies Microbiology Reviews 37: 699-735. 

Ermio, J.D.L., Peri, E., Guarino, S., Bella, P., Colazza, S., 
Lievens, B., Rostás, M. & Cusumano, A. 2025: Neglected 
microbes in floral nectar: influence of filamentous fungi on 
nectar scent and parasitoid olfactory responses. – Journal 
of Chemical Ecology 51: art. 33. 

Fischer, C.Y., Lognay, G.C., Detrain, C., Heil, M., Grigorescu, 
A., Sabri, A., Thonart, P., Haubruge, E. & Verheggen, F.J. 
2015: Bacteria may enhance species association in an ant-
aphid mutualistic relationship. – Chemoecology 25: 223-232. 

Flessa, F., Harjes, J., Cáceres, M.E.S. & Rambold, G. 2021: 
Comparative analyses of sooty mould communities from Brazil 
and central Europe. – Mycological Progress 20: 869-887.

Flynn, P.J. & Ramalho, M.O. 2025: Unveiling the bacterial 
world of ants (Hymenoptera: Formicidae): a systematic review 
of patterns, drivers, and evolutionary insights. – Myrmeco-
logical News 35: 211-229.

Fridman, S., Izhaki, I., Gerchman, Y. & Halpern, M. 2012: 
Bacterial communities in floral nectar. – Environmental 
Microbiology Reports 4: 97-104. 

Goelen, T., Sobhy, I.S., Vanderaa, C., de Boer, J.G., Delvi-
gne, F., Francis, F., Wäckers, F., Rediers, H., Verstrepen, 
K.J., Wenseleers, T., Jacquemyn, H. & Lievens, B. 2020: 
Volatiles of bacteria associated with parasitoid habitats elicit 
distinct olfactory responses in an aphid parasitoid and its 
hyperparasitoid. – Functional Ecology 34: 507-520. 

González-Teuber, M., Eilmus, S., Muck, A., Svatos, A. 
& Heil, M. 2009: Pathogenesis-related proteins protect 
extrafloral nectar from microbial infestation. – The Plant 
Journal 58: 464-473. 

González-Teuber, M., Kaltenpoth, M. & Boland, W. 2014: 
Mutualistic ants as an indirect defence against leaf patho-
gens. – New Phytologist 202: 640-650. 



133

González-Teuber, M., Pozo, M.J., Muck, A., Svatos, A., 
Adame-Álvarez, R.M. & Heil, M. 2010: Glucanases and 
chitinases as causal agents in the protection of acacia ex-
trafloral nectar from infestation by phytopathogens. – Plant 
Physiology 152: 1705-1715. 

Good, A.P., Gauthier, M.-P.L., Vannette, R.L. & Fukami, T. 
2014: Honey bees avoid nectar colonized by three bacterial 
species, but not by a yeast species, isolated from the bee gut. 
– Public Library of Science One 9: art. e86494. 

Grasso, D.A., Pandolfi, C., Bazihizina, N., Nocentini, D., 
Nepi, M. & Mancuso, S. 2015: Extrafloral-nectar-based 
partner manipulation in plant-ant relationships. – Annals 
of Botany Plants 7: art. plv002. 

Green, E.A. & Klassen, J.L. 2022: Trachymyrmex septen-
trionalis ant microbiome assembly is unique to individual 
colonies and castes. – Msphere 7: art. e00989-21. 

Gullan, P.J. & Cranston, P.S. 2014: The insects: an outline 
of entomology. – John Wiley & Sons, Oxford, UK, 638 pp.

Halpern, M., Fridman, S., Atamna-Ismaeel, N. & Izhaki, I. 
2013: Rosenbergiella nectarea gen. nov., sp. nov., in the family 
Enterobacteriaceae, isolated from floral nectar. – Interna-
tional Journal of Systematic and Evolutionary Microbiology 
63: 4259-4265. 

Hausmann, S.L., Tietjen, B. & Rillig, M.C. 2017: Solving 
the puzzle of yeast survival in ephemeral nectar systems: 
exponential growth is not enough. – Federation of European 
Microbiological Societies Microbiology Ecology 93: art. fix150. 

Heil, M. 2015: Extrafloral nectar at the plant-insect interface: 
a spotlight on chemical ecology, phenotypic plasticity, and 
food webs. – Annual Review of Entomology 60: 213-232. 

Herrera, C.M., Canto, A., Pozo, M.I. & Bazaga, P. 2009: 
Inhospitable sweetness: nectar filtering of pollinator-borne 
inocula leads to impoverished, phylogenetically clustered 
yeast communities. – Proceedings of the Royal Society 
B-Biological Sciences 277: 747-754. 

Herrera, C.M., García, I.M. & Pérez, R. 2008: Invisible flo-
ral larcenies: microbial communities degrade floral nectar 
of bumble bee-pollinated plants. – Ecology 89: 2369-2376. 

Herrera, C.M. & Pozo, M.I. 2010: Nectar yeasts warm the 
flowers of a winter-blooming plant. – Proceedings of the 
Royal Society B-Biological Sciences 277: 1827-1834. 

Herrera, C.M., Pozo, M.I. & Bazaga, P. 2012: Jack of all nec-
tars, master of most: DNA methylation and the epigenetic 
basis of niche width in a flower-living yeast. – Molecular 
Ecology 21: 2602-2616. 

Herrera, C.M., Pozo, M.I. & Medrano, M. 2013: Yeasts in 
nectar of an early-blooming herb: sought by bumble bees, 
detrimental to plant fecundity. – Ecology 94: 273-279. 

Hölldobler, B. & Wilson, E.O. 1990: The ants. – Harvard 
University Press, Cambridge, MA, 784 pp.

Inouye, D.W. 1980: The terminology of floral larceny. – Ecology 
61: 1251-1253. 

Ivens, A.B.F., Gadau, A., Kiers, E.T. & Kronauer, D.J.C. 2018: 
Can social partnerships influence the microbiome? Insights 
from ant farmers and their trophobiont mutualists. – Mo-
lecular Ecology 27: 1898-1914. 

Janzen, D. 1967: Interaction of the Bull’s-horn acacia (Acacia 
cornigera L.) with an ant inhabitant (Pseudomyrmex fer-
ruginea F. Smith) in eastern Mexico. – The University of 
Kansas Science Bulletin 47: 315-558. 

Jensen, I.C., Schramm, A. & Offenberg, J. 2024: Fungus 
fighters: wood ants (Formica polyctena) and their associ-
ated microbes inhibit plant pathogenic fungi. – Microbial 
Ecology 87: art. 146. 

Jones, I.M., Koptur, S. & von Wettberg, E.J. 2017: The use of 
extrafloral nectar in pest management: overcoming context 
dependence. – Journal of Applied Ecology 54: 489-499. 

Jossart, M., Hance, T. & Detrain, C. 2025: Infected con-
nections: unravelling the impact of a bacterial symbiont on 
ant-aphid partnership. – Public Library of Science One 20: 
art. e0326875.

Karlik, J., Epps, M.J., Dunn, R.R. & Penick, C.A. 2016: Life 
inside an acorn: how microclimate and microbes influence nest 
organization in Temnothorax ants. – Ethology 122: 790-797. 

Katayama, N., Hembry, D.H., Hojo, M.K. & Suzuki, N. 2013: 
Why do ants shift their foraging from extrafloral nectar to 
aphid honeydew? – Ecological Research 28: 919-926. 

Kim, P.S., Shin, N.R., Kim, J.Y., Yun, J.-H., Hyun, D.-W. & 
Bae, J.W. 2014: Acinetobacter apis sp. nov., isolated from 
the intestinal tract of a honey bee, Apis mellifera. – Journal 
of Microbiology 52: 639-645. 

Koptur, S. 1992: Extrafloral nectary-mediated interactions be-
tween insects and plants. In: Bernays, E.A. (Ed.): Insect-plant 
interactions. – CRC press, Boca Raton, FL, pp. 89-138.

Landucci, L. & Vannette, R.L. 2024: Plant species vary in nectar 
peroxide, an antimicrobial defense tolerated by some bacte-
ria and yeasts. – bioRxiv; doi: 10.1101/2024.10.25.620320.

Laviad-Shitrit, S., Izhaki, I., Whitman, W.B., Shapiro, 
N., Woyke, T., Kyrpides, N.C. & Halpern, M. 2020: Draft 
genome of Rosenbergiella nectarea strain 8N4T provides 
insights into the potential role of this species in its plant 
host. – PeerJ 8: art. e8822. 

Lenaerts, M., Álvarez-Pérez, S., de Vega, C., Van Assche, A., 
Johnson, S.D., Willems, K.A., Herrera, C.M., Jacquemyn, 
H. & Lievens, B. 2014: Rosenbergiella australoborealis sp. 
nov., Rosenbergiella collisarenosi sp. nov. and Rosenbergiella 
epipactidis sp. nov., three novel bacterial species isolated 
from floral nectar. – Systematic and Applied Microbiology 
37: 402-411. 

Lenaerts, M., Goelen, T., Paulussen, C., Herrera-Malaver, 
B., Steensels, J., Van den Ende, W., Verstrepen, K.J., 
Wäckers, F., Jacquemyn, H. & Lievens, B. 2017: Nectar 
bacteria affect life history of a generalist aphid parasitoid by 
altering nectar chemistry. – Functional Ecology 31: 2061-2069. 

Lenaerts, M., Pozo, M.I., Wäckers, F., Van Den Ende, W., 
Jacquemyn, H. & Lievens, B. 2016: Impact of microbial com-
munities on floral nectar chemistry: potential implications 
for biological control of pest insects. – Basic and Applied 
Ecology 17: 189-198. 

Leroy, P.D., Sabri, A., Heuskin, S., Thonart, P., Lognay, G., 
Verheggen, F.J., Francis, F., Brostaux, Y., Felton, G.W. & 
Haubruge, E. 2011: Microorganisms from aphid honeydew 
attract and enhance the efficacy of natural enemies. – Nature 
Communications 2: art. 348. 

Lievens, B., Hallsworth, J.E., Pozo, M.I., Belgacem, Z.B., 
Stevenson, A., Willems, K.A. & Jacquemyn, H. 2015: 
Microbiology of sugar-rich environments: diversity, ecology 
and system constraints. – Environmental Microbiology 17: 
278-298. 

Lignon, V.A., Mas, F., Jones, E.E., Kaiser, C. & Dhami, M.K. 
2025: The floral interface: a playground for interactions 
between insect pollinators, microbes, and plants. – New 
Zealand Journal of Zoology 52: 218-237.

Longmeyer, J., Dahal, N., Medina, N. & Vandermeer, J. 2026: 
Ground-nesting ants as engineers of microbial landscapes. 
– Myrmecological News 36: 73-90.



134

Lv, Z., Hu, C., Hu, Y., Wu, D., Zhou, H. & Tian, L. 2023: Iden-
tification of dominant taxa of sooty moulds and their impact 
on the leaf microbiome. – Environmental Microbiology 25: 
853-866. 

Malassigné, S., Minard, G., Vallon, L., Martin, E., Valiente 
Moro, C. & Luis, P. 2021: Diversity and functions of yeast 
communities associated with insects. – Microorganisms 9: 
art. 1552. 

Martin, V.N., Schaeffer, R.N. & Fukami, T. 2022: Potential 
effects of nectar microbes on pollinator health. – Philosoph-
ical Transactions of the Royal Society B-Biological Sciences 
377: art. 20210155. 

Martinez, J.-J.I., Cohen, M. & Mgocheki, N. 2011: The 
response of an aphid tending ant to artificial extra-floral 
nectaries on different host plants. – Arthropod-Plant In-
teractions 5: 185-192. 

Meurville, M. & LeBoeuf, A. 2021: Trophallaxis: the func-
tions and evolution of social fluid exchange in ant colonies 
(Hymenoptera: Formicidae). – Myrmecological News 31: 1-30.

Morales-Poole, J.R., de Vega, C., Tsuji, K., Jacquemyn, H., 
Junker, R.R., Herrera, C.M., Michiels, C., Lievens, B. 
& Álvarez-Pérez, S. 2023: Sugar concentration, nitrogen 
availability, and phylogenetic factors determine the ability of 
Acinetobacter spp. and Rosenbergiella spp. to grow in floral 
nectar. – Microbial Ecology 86: 377-391. 

Morris, M.M., Frixione, N.J., Burkert, A.C., Dinsdale, E.A. 
& Vannette, R.L. 2020: Microbial abundance, composition, 
and function in nectar are shaped by flower visitor identity. 
– Federation of European Microbiological Societies Micro-
biology Ecology 96: art. fiaa003. 

Mueller, T., Francis, J. & Vannette, R. 2023: Nectar com-
pounds impact bacterial and fungal growth and shift com-
munity dynamics in a nectar analog. – Environmental Mi-
crobiology Reports 15: 170-180. 

Nepi, M. 2017: New perspectives in nectar evolution and ecol-
ogy: simple alimentary reward or a complex multiorganism 
interaction? – Acta Agrobotanica 70: art. 1704. 

Nepi, M., Grasso, D.A. & Mancuso, S. 2018: Nectar in plant-in-
sect mutualistic relationships: from food reward to partner 
manipulation. – Frontiers in Plant Science 9: art. 1063. 

Nguyen, B.-A.T., Dumack, K., Trivedi, P., Islam, Z. & Hu, 
H.-W. 2023: Plant associated protists – untapped promising 
candidates for agrifood tools. – Environmental Microbiology 
25: 229-240. 

Nicolson, S.W. 2022: Sweet solutions: nectar chemistry and 
quality. – Philosophical Transactions of the Royal Society 
B-Biological Sciences 377: art. 20210163. 

Offenberg, J. 2001: Balancing between mutualism and ex-
ploitation: the symbiotic interaction between Lasius ants and 
aphids. – Behavioral Ecology and Sociobiology 49: 304-310. 

Offenberg, J. 2015: Review: ants as tools in sustainable agri-
culture. – Journal of Applied Ecology 52: 1197-1205. 

Offenberg, J. & Damgaard, C. 2019: Ants suppressing plant 
pathogens: a review. – Oikos 128: 1691-1703. 

Offenberg, J., Nielsen, J.S. & Damgaard, C. 2019: Wood ant 
(Formica polyctena) services and disservices in a Danish 
apple plantation. – Sociobiology 66: 247-256. 

Oliveira, P.S. & Koptur, S. 2017: Ant-plant interactions: 
impacts of humans on terrestrial ecosystems. – Cambridge 
University Press, Cambridge, UK, 461 pp.

Palmer-Young, E.C., Farrell, I.W., Adler, L.S., Milano, N.J., 
Egan, P.A., Junker, R.R., Irwin, R.E. & Stevenson, P.C. 
2019: Chemistry of floral rewards: intra- and interspecific 
variability of nectar and pollen secondary metabolites across 
taxa. – Ecological Monographs 89: art. e01335. 

Pålsson, J., Porcel, M., Hansen, M.F., Offenberg, J., Nardin, 
T., Larcher, R. & Tasin, M. 2020: Aphid-infested beans di-
vert ant attendance from the rosy apple aphid in apple-bean 
intercropping. – Scientific Reports 10: art. 8209. 

Peay, K.G., Belisle, M. & Fukami, T. 2011: Phylogenetic 
relatedness predicts priority effects in nectar yeast com-
munities. – Proceedings of the Royal Society B-Biological 
Sciences 279: 749-758. 

Popa, V.I., Georgescu, I.M., Potor, C.D. & Hoza, D. 2020: De-
fensive role of extrafloral nectaries. – Scientific Papers-Series 
B-Horticulture 64: 693-700.

Pozo, M., Lievens, B. & Jacquemyn, H. 2014: Impact of mi-
croorganisms on nectar chemistry, pollinator attraction 
and plant fitness. In: Peck, R.L. (Ed.): Nectar: production, 
chemical composition and benefits to animals and plants. 
– Nova Science Publishers, Inc., Hauppage, NY, pp. 1-40.

Pozo, M.I., Bartlewicz, J., Van Oystaeyen, A., Benavente, 
A., Van Kemenade, G., Wäckers, F. & Jacquemyn, H. 2018: 
Surviving in the absence of flowers: Do nectar yeasts rely on 
overwintering bumblebee queens to complete their annual 
life cycle? – Federation of European Microbiological Societies 
Microbiology Ecology 94: art. fiy196.

Pozo, M.I., Herrera, C.M., Van Den Ende, W., Verstrepen, 
K., Lievens, B. & Jacquemyn, H. 2015: The impact of nectar 
chemical features on phenotypic variation in two related 
nectar yeasts. – Federation of European Microbiological 
Societies Microbiology Ecology 91: art. fiv055. 

Pozo, M. I. & Jacquemyn, H. 2019: Addition of pollen increases 
growth of nectar-living yeasts. – Federation of European Mi-
crobiological Societies Microbiology Letters 366: art. fnz191.

Pozo, M.I., Lachance, M.-A. & Herrera, C.M. 2012: Nectar 
yeasts of two southern Spanish plants: the roles of immigration 
and physiological traits in community assembly. – Federation 
of European Microbiological Societies Microbiology Ecology 
80: 281-293. 

Pozo, M.I., Van Kemenade, G., Van Oystaeyen, A., Aledón-
Catalá, T., Benavente, A., Van Den Ende, W., Wäckers, 
F. & Jacquemyn, H. 2020: The impact of yeast presence in 
nectar on bumble bee behavior and fitness. – Ecological 
Monographs 90: art. e01393. 

Pusey, P.L., Stockwell, V.O. & Mazzola, M. 2009: Epiphytic 
bacteria and yeasts on apple blossoms and their potential 
as antagonists of Erwinia amylovora. – Phytopathology 
99: 571-581. 

Quevedo-Caraballo, S., de Vega, C., Lievens, B., Fukami, 
T. & Álvarez-Pérez, S. 2024: Tiny but mighty? Overview of 
a decade of research on nectar bacteria. – New Phytologist 
245: 1897-1910. 

Renoz, F., Pons, I., Vanderpoorten, A., Bataille, G., Noël, 
C., Foray, V., Pierson, V. & Hance, T. 2019: Evidence for 
gut-associated Serratia symbiotica in wild aphids and ants 
provides new perspectives on the evolution of bacterial mu-
tualism in insects. – Microbial Ecology 78: 159-169. 

Rering, C.C., Beck, J.J., Hall, G.W., McCartney, M.M. & 
Vannette, R.L. 2018: Nectar-inhabiting microorganisms 
influence nectar volatile composition and attractiveness 
to a generalist pollinator. – New Phytologist 220: 750-759. 

Rickson, F.R. 1975: The ultrastructure of Acacia cornigera 
L. Beltian body tissue. – American Journal of Botany 62: 
913-922. 

Rosa, C.A., Morais, P.B., Santos, S.R., Peres Neto, P.R., 
Mendonça-Hagler, L.C. & Hagler, A.N. 1995: Yeast com-
munities associated with different plant resources in sandy 
coastal plains of southeastern Brazil. – Mycological Research 
99: 1047-1054. 



135

Ruiz-González, M.X., Leroy, C., Dejean, A., Gryta, H., 
Jargeat, P., Armijos Carrión, A.D. & Orivel, J. 2019: Do 
host plant and associated ant species affect microbial com-
munities in myrmecophytes? – Insects 10: art. 391. 

Russell, A.L., Rebolleda-Gómez, M., Shaible, T.M. & Ash-
man, T.-L. 2019: Movers and shakers: Bumble bee foraging 
behavior shapes the dispersal of microbes among and within 
flowers. – Ecosphere 10: art. e02714. 

Sankovitz, M., Rivera, M.J., Manjarress, T. & Mathis, 
K.A. 2024: The role of ant-mediated biological interactions 
in agroecosystems. – Annals of the Entomological Society 
of America 117: 79-91. 

Schaeffer, R.N. & Irwin, R.E. 2014: Yeasts in nectar enhance 
male fitness in a montane perennial herb. – Ecology 95: 
1792-1798. 

Schaeffer, R.N., Mei, Y.Z., Andicoechea, J., Manson, J.S. 
& Irwin, R.E. 2017: Consequences of a nectar yeast for pol-
linator preference and performance. – Functional Ecology 
31: 613-621. 

Schifani, E., Castracani, C., Giannetti, D., Spotti, F.A., 
Reggiani, R., Leonardi, S., Mori, A. & Grasso, D.A. 2020: 
New tools for conservation biological control: testing ant-at-
tracting artificial nectaries to employ ants as plant defenders. 
– Insects 11: art. 129. 

Science Figures 2025: Science Figures. – <https://science-
figures.org/>, retrieved on 1 December 2025.

Segers, F.H.I.D., Kaltenpoth, M. & Foitzik, S. 2019: Ab-
dominal microbial communities in ants depend on colony 
membership rather than caste and are linked to colony pro-
ductivity. – Ecology and Evolution 9: 13450-13467. 

Serjeant, K., Tang, R., Anfang, N., Beggs, J.R. & Goddard, 
M.R. 2008: Yeasts associated with the New Zealand Nothofa-
gus honeydew system. – New Zealand Journal of Ecology 
32: 209-213.

Sharaby, Y., Rodríguez-Martínez, S., Lalzar, M., Halpern, 
M. & Izhaki, I. 2020: Geographic partitioning or environ-
mental selection: What governs the global distribution of 
bacterial communities inhabiting floral nectar? – Science 
of The Total Environment 749: art. 142305. 

Sobhy, I.S., Baets, D., Goelen, T., Herrera-Malaver, B., 
Bosmans, L., Van den Ende, W., Verstrepen, K.J., Wäckers, 
F., Jacquemyn, H. & Lievens, B. 2018: Sweet scents: Nectar 
specialist yeasts enhance nectar attraction of a generalist 
aphid parasitoid without affecting survival. – Frontiers in 
Plant Science 9: art. 1009. 

Starmer, W.T. & Lachance, M.-A. 2011: Chapter 6 – Yeast 
ecology. In: Kurtzman, C.P., Fell, J.W. & Boekhout, T. 
(Eds.): The yeasts, 5th edn. – Elsevier, London, UK, pp. 65-83.

Stefanini, I. 2018: Yeast-insect associations: It takes guts. – 
Yeast 35: 315-330. 

Sun, P., Chen, P., Lin, W., Lin, C. & Chou, J. 2018: Variation 
in the ability of fungi in the extrafloral nectar of Mallotus 
paniculatus to attract ants as plant defenders. – Mycosphere 
9: 178-188. 

Torsvik, V. & Øvreås, L. 2002: Microbial diversity and func-
tion in soil: from genes to ecosystems. – Current Opinion in 
Microbiology 5: 240-245. 

Tsuji, K. & Fukami, T. 2018: Community-wide consequences 
of sexual dimorphism: evidence from nectar microbes in 
dioecious plants. – Ecology 99: 2476-2484. 

Tucker, C.M. & Fukami, T. 2014: Environmental variability 
counteracts priority effects to facilitate species coexistence: 
evidence from nectar microbes. – Proceedings of the Royal 
Society B-Biological Sciences 281: art. 20132637. 

Van Assche, A., Álvarez-Pérez, S., de Breij, A., De Braban-
ter, J., Willems, K.A., Dijkshoorn, L. & Lievens, B. 2017: 
Phylogenetic signal in phenotypic traits related to carbon 
source assimilation and chemical sensitivity in Acineto-
bacter species. – Applied Microbiology and Biotechnology 
101: 367-379. 

Vannette, R.L., Bichier, P. & Philpott, S.M. 2017: The pres-
ence of aggressive ants is associated with fewer insect visits 
to and altered microbe communities in coffee flowers. – Basic 
and Applied Ecology 20: 62-74. 

Vannette, R.L. & Fukami, T. 2014: Historical contingency 
in species interactions: towards niche-based predictions. – 
Ecology Letters 17: 115-124. 

Vannette, R.L. & Fukami, T. 2017: Dispersal enhances beta 
diversity in nectar microbes. – Ecology Letters 20: 901-910. 

Vannette, R.L., Gauthier, M.-P.L. & Fukami, T. 2013: Nectar 
bacteria, but not yeast, weaken a plant-pollinator mutualism. 
– Proceedings of the Royal Society B-Biological Sciences 
280: art. 20122601. 

Vannette, R.L., McMunn, M.S., Hall, G.W., Mueller, T.G., 
Munkres, I. & Perry, D. 2021: Culturable bacteria are more 
common than fungi in floral nectar and are more easily dis-
persed by thrips, a ubiquitous flower visitor. – Federation of 
European Microbiological Societies Microbiology Ecology 
97: art. fiab150. 

Vernier, C.L., Chin, I.M., Adu-Oppong, B., Krupp, J.J., Levine, 
J., Dantas, G. & Ben-Shahar, Y. 2020: The gut microbiome 
defines social group membership in honey bee colonies. – 
Science Advances 6: art. eabd3431. 

Villamil, N., Boege, K. & Stone, G.N. 2019: Testing the 
distraction hypothesis: Do extraf loral nectaries reduce 
ant-pollinator conflict? – Journal of Ecology 107: 1377-1391. 

Wäckers, F.L., Van Rijn, P.C.J. & Heimpel, G.E. 2008: Hon-
eydew as a food source for natural enemies: making the best 
of a bad meal? – Biological Control 45: 176-184. 

Warren, M.L., Tsuji, K., Decker, L.E., Kishi, M., Yang, J., 
Howe, A.C. & Fukami, T. 2024: Bacteria in honeybee crops 
are decoupled from those in floral nectar and bee mouths. 
– Microbial Ecology 88: art. 46.

Weber, B.S., Miyata, S., Iwashkiw, J.A., Mortensen, B.L., 
Skaar, E.P., Pukatzki, S. & Feldman, M.F. 2013: Genomic 
and functional analysis of the type VI secretion system in 
Acinetobacter. – Public Library of Science One 8: art. e55142. 

Weber, M.G. & Keeler, K.H. 2013: The phylogenetic distri-
bution of extrafloral nectaries in plants. – Annals of Botany 
111: 1251-1261. 

Wielgoss, A., Tscharntke, T., Rumede, A., Fiala, B., Seidel, 
H., Shahabuddin, S. & Clough, Y. 2014: Interaction com-
plexity matters: disentangling services and disservices of 
ant communities driving yield in tropical agroecosystems. 
– Proceedings of the Royal Society B-Biological Sciences 
281: art. 20132144. 

Zemenick, A.T., Vannette, R.L. & Rosenheim, J.A. 2021: 
Linked networks reveal dual roles of insect dispersal and 
species sorting for bacterial communities in flowers. – Oikos 
130: 697-707.


