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Floral nectar and honeydew microbial diversity and their 
role in biocontrol of insect pests and pollination
Sergio Álvarez-Pérez1,*, Bart Lievens2,# and Clara de Vega3,$

Sugar-rich plant-related secretions, such as floral nectar and 
honeydew, that are commonly used as nutrient sources by 
insects and other animals, are also the ecological niche for 
diverse microbial communities. Recent research has 
highlighted the great potential of nectar and honeydew 
microbiomes in biological pest control and improved 
pollination, but the exploitation of these microbiomes requires a 
deep understanding of their community dynamics and 
plant–microbe–insect interactions. Additionally, the successful 
application of microbes in crop fields is conditioned by diverse 
ecological, legal, and ethical challenges that should be taken 
into account. In this article, we provide an overview of the 
nectar and honeydew microbiomes and discuss their potential 
applications in sustainable agricultural practices.

Addresses
1 Department of Animal Health, Complutense University of Madrid, 
28040 Madrid, Spain 
2 Laboratory for Process Microbial Ecology and Bioinspirational 
Management (PME&BIM), Department of Microbial and Molecular 
Systems, KU Leuven, B-3001 Heverlee, Belgium 
3 Departamento de Biología Vegetal y Ecología, Universidad de Sevilla, 
41012 Sevilla, Spain  

Corresponding author: Álvarez-Pérez, Sergio (sergioaperez@ucm.es)
* http://orcid.org/0000-0002-6587-8995
# https://orcid.org/0000-0002-7698-6641
$ https://orcid.org/0000-0003-4553-798X

Current Opinion in Insect Science 2024, 61:101138

This review comes from a themed issue on Parasites/Parasitoids/ 
Biological control

Edited by Pablo Urbaneja-Bernat, Alejandro Tena and Cesar 
Rodriguez-Saona

Available online 4 November 2023

https://doi.org/10.1016/j.cois.2023.101138

2214–5745/© 2023 The Author(s). Published by Elsevier Inc. This is 
an open access article under the CC BY-NC-ND license (http:// 
creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction
Present-day pest control relies vastly on chemical pes
ticides. However, their pernicious global effects on 
the natural environment and health risks to humans 
have resulted in an increasing trend toward a more 

environmentally sustainable agriculture [1]. This need of 
eco-friendly solutions has raised the screening of biolo
gical control agents (BCAs), including macroorganisms 
(usually insect parasitoids and arthropod predators) and 
microorganisms such as nematodes, fungi, bacteria, and 
viruses [2,3]. Recently, the microbiomes of flowers and 
plant-related secretions have been reported to be a re
servoir of diverse fungi and bacteria that play an im
portant role in plant–insect interactions [4–6]. 
Exploitation of these microbes may provide novel op
portunities to develop new sustainable pest manage
ment strategies.

Floral nectar (further referred to as ‘nectar’) and hon
eydew, which represent the predominant plant-related 
sugar sources in agroecosystems, are extensively con
sumed by insects [7,8]. Nectar is an aqueous secretion 
containing sugars, amino acids, and trace amounts of 
many other compounds (e.g. secondary metabolites), 
that animal-pollinated plants offer as a reward to polli
nators [9••]. Although nectar is initially sterile, it is ra
pidly colonized by diverse fungi and bacteria [4,6,10,11]. 
Honeydew, in turn, is a plant-related liquid secreted by a 
great variety of phloem- and xylem-feeding insects of 
the order Hemiptera, including aphids, leafhoppers, 
mealybugs, planthoppers, psyllids, scale insects, tree
hoppers, and whiteflies [8,12]. While honeydew mostly 
comprises of sugars and amino acids, this excretion 
product can also contain a highly diverse set of proteins 
that originate from the insect host and its microbiota 
[8,13]. Furthermore, once excreted, honeydew re
presents a nutrient-rich habitat prone to be colonized by 
other microorganisms [8,14].

In this article, we provide an overview of the diversity of 
the nectar and honeydew microbiomes and discuss their 
potential use in biological control of pests and other 
agricultural applications. Additionally, we indicate some 
ecological, legal, and ethical challenges that should be 
taken into account before releasing biocontrol microbes 
to crop fields.

Nectar and honeydew microbiomes and their 
insect vectors
Both nectar and honeydew are sugar-rich habitats 
(reaching sugar concentrations up to 70% w/v), so the 
microorganisms inhabiting these secretions should be 
able to tolerate high osmotic pressures [15]. Further
more, nectar and honeydew microbes face other hurdles 

]]]] 
]]]]]]

www.sciencedirect.com Current Opinion in Insect Science 2024, 61:101138

http://www.sciencedirect.com/science/journal/22145745
mailto:sergioaperez@ucm.es
http://orcid.org/0000-0002-6587-8995
https://orcid.org/0000-0002-7698-6641
https://orcid.org/0000-0003-4553-798X
https://doi.org/10.1016/j.cois.2023.101138
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cois.2023.101138&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cois.2023.101138&domain=pdf


often found in these habitats, including a highly un
balanced carbon-to-nitrogen ratio, limited oxygen (e.g. 
due to intense microbial metabolism), and the presence 
of reactive oxygen species and toxins of plant origin 
[4,8,10]. Depending on their capacity to overcome these 
factors, nectar and honeydew microbes are typically 
classified into two groups: (i) specialists, defined as those 
species that have been almost exclusively found in 
nectar or honeydew and their animal vectors (see below) 
and that show a broad tolerance to the aforementioned 
hurdles; and (ii) generalists, including species widely 
present in other habitats and that are less tolerant to 
growth-limiting factors [4,10,16].

The nectar microbiome
Culture-dependent and culture-independent studies 
have revealed that nectar microbial diversity at the 
flower level is dominated by a few yeast and bacterial 
genera (see Table S1 and references therein). The most 
abundant nectar specialist yeasts are members of genus 
Metschnikowia, followed by Starmerella and Wickerhamiella 
(all Ascomycota). In particular, Metschnikowia reukaufii 
has been highlighted as the most frequent nectar spe
cialist in diverse ecosystems around the world. Ad
ditionally, the generalist genera Aureobasidium and 
Cryptococcus (Ascomycota and Basidiomycota, respec
tively) are widely distributed in nectar, but occur at 
lower densities (Table S1). Regarding bacteria, there is 
no clear dominance of a single genus in nectar, and the 
most common genera (e.g. Acinetobacter, Bacillus, Pantoea, 
Pseudomonas, and Rosenbergiella) have a cosmopolitan 
distribution (Table S1). Nevertheless, some bacterial 
taxa (e.g. members of the Acinetobacter nectaris/Acinecto
bacter boissieri clade and the genus Rosenbergiella) have 
been repeatedly described from nectar in recent years, 
suggesting a habitat specificity for these mi
crobes [17,18].

The honeydew microbiome
Research on honeydew microbes has traditionally fo
cused on culture-based approaches and the description 
of new (mostly fungal) taxa. Available studies highlight 
the so-called ‘sooty molds’ as core members of the 
honeydew microbiome. Sooty molds are a complex and 
widespread group of saprophytic fungi that feed on 
honeydew and coat plant tissue with their mycelia [5,19]. 
To date, more than 200 species of sooty molds have 
been described, which are mostly classified into the 
Dothideomycete and Eurotiomycete classes of the 
phylum Ascomycota [5,19]. Furthermore, the im
plementation of next-generation sequencing approaches 
has revealed a previously unknown fungal diversity in 
honeydew [19–21]. The characterization of bacterial 
species from honeydew is also growing in recent years 
and has revealed bacteria from different genera such 
as Acinetobacter, Pseudomonas, Pantoea, and Staphylo
coccus [14,22].

Role of insects as vectors and shelters of nectar and 
honeydew microbes
Nectar and honeydew microbes are known to be closely 
associated with insects, with whom they may commu
nicate through the production of volatile organic com
pounds (VOCs) that result from the fermentation of 
sugars available in the medium (see Cusumano and 
Lievens [23] in this issue). Nectar microbes are vectored 
by pollinators and other floral visitors, and some insects 
may even serve as the overwintering site of nectar spe
cialists between consecutive flowering seasons [24]. 
Some of these microorganisms live symbiotically within 
the insect and shelter in its gut, where they might also 
mate [25]. Although, to our knowledge, there is no proof 
that M. reukauffi or other nectar yeasts mate within the 
insect gut, Stefanini et al. [26] found that Saccharomyces 
paradoxus is unable to survive in social wasp intestines 
unless it mates and forms hybrids with Saccharomyces 
cerevisiae. Similarly, given that some of the most common 
nectar and honeydew bacterial inhabitants are closely 
related to taxa prone to horizontal gene transfer (HGT) 
in diverse habitats (e.g. the members of genera Acineto
bacter and Pseudomonas and diverse enterobacteria, see, 
e.g. Refs. [27–29]), it is reasonable to think that HGT 
might also take place between members of the insect gut 
microbiota.

In return for the dispersal and shelter services offered by 
the insects, it has been suggested that insect-associated 
microbes play an important role in host physiology and 
nutrition, for example, by providing digestive enzymes 
and essential nutrients that insects cannot produce by 
themselves [25,30]. Microorganisms might also partici
pate in the detoxification of toxic plant metabolites that 
are present in the insect’s diet, suppression of pathogens 
that might interfere with insect development, and loca
lization of suitable food resources [30]. The com
plementary benefits of these interactions are the basis of 
the ‘dispersal-encounter’ hypothesis, as proposed for 
yeast–insect interactions by Madden et al. [31], whereby 
microorganisms are dispersed by plant-visiting animals 
between different sugar-rich ephemeral patches, and 
animals obtain the benefits of an honest signal for the 
sugar resources and potential benefits for their health.

Applications of nectar and honeydew 
microbes in biological control and pollination: 
current state and opportunities
Nectar and honeydew are promising sources for the 
isolation of microbial BCAs, particularly those that act 
indirectly via the attraction of natural enemies of pest 
insects (Figure 1). Likewise, these microbes may have 
an additional positive effect on pollination (Figure 1). 
Although other beneficial insects may be affected by the 
presence of microbial inhabitants in nectar or honeydew, 
we will focus here on the indirect benefit of microbes on 
plant health via effects on parasitoids. Besides, given the 
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outstanding agricultural and ecological importance of 
insect pollination, and considering that pollinators are 
becoming less abundant in many (agro)ecosystems [32], 
we will comment on the use of the nectar microbiome in 
pollination management.

Biological pest control
There is increasing evidence that plant- and/or insect- 
associated microbiomes can be exploited in indirect 
biological pest control [2]. For example, it has been 
shown that feeding microbe-free laboratory-bred popu
lations of the egg parasitoid Trichogramma chilonis (Hy
menoptera) with some microbial taxa commonly found 
in nectar, including Acinetobacter, Pseudomonas, and 
Metschnikowia, enhances the proportion of females of this 
wasp and its parasitism efficiency against larvae of Heli
coverpa armigera, an important lepidopteran pest in
festing several economically important crops [33]. 
Furthermore, it has been demonstrated that feeding on 
nectars fermented by microbes can have a significant 
impact (either positive or detrimental, depending on the 
microbial species involved) on the longevity and survival 
of the generalist aphid parasitoid Aphidius ervi (Hyme
noptera) [34,35]. Additionally, it has been demonstrated 

that the microorganisms that inhabit nectar and hon
eydew produce diverse VOCs that deter pest insects or 
attract their natural enemies [2,14,23,36••]. Therefore, 
selection of companion plants that are attractive to 
beneficial insects offering sugar-rich resources such as 
nectar and honeydew and that are colonized by VOC- 
producing microorganisms should be considered as an 
additional strategy in biological control programs [36••]. 
Alternatively, nectar or honeydew could be enriched 
(e.g. by artificial inoculation) with microorganisms pro
ducing VOCs that attract natural enemies, as supported 
by the evidence gathered in several experimental setups 
[14,22,35,37]. However, a major drawback of these stu
dies is that they typically analyze the volatilome of 
monospecific microbial cultures, without considering the 
effects that interspecific interactions might have on VOC 
production [38].

Despite their promising potential, the eventual appli
cation of nectar or honeydew microbes in biological 
control is still facing important challenges such as de
veloping feasible mass-production techniques, finding 
suitable inoculum forms and persistent and stable for
mulations, designing simple application tools, assessing 

Figure 1  

Current Opinion in Insect Science

Application of the honeydew and nectar microbiomes to biological pest control and improved pollination of agricultural plants. Both honeydew, 
secreted by aphids and other phloem-feeding insects (A), and floral nectar (B) are rapidly colonized by sooty molds and other microorganisms (C) and 
specialist and opportunistic nectar yeasts and bacteria (D), respectively. Honeydew and nectar microbes produce diverse VOCs (E) that can deter 
pest insects (F) and/or attract their natural enemies (G) and, thus, constitute a sustainable and nontoxic alternative to traditional chemical pest control 
(H). Furthermore, microbial VOCs can attract or deter bumble bees, honey bees, and other floral visitors (I), and could be used to improve natural 
pollination. Figure created with BioRender.com.  
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the survival of the microorganisms in the field, and en
suring the biosafety of the product for humans and 
ecosystems (see next section). In addition, it is important 
to consider that the potential benefits of microbial- 
mediated biological control may be counteracted if the 
used microorganisms also attract and/or enhance in some 
way the fitness of pest insects or hyperparasitoids (i.e. 
secondary parasites of immature stages of primary para
sitoids) [36••,39]. Therefore, there is still much research 
to be done before the nectar and honeydew microbiomes 
can be efficiently and safely used in biological pest 
control.

Improved pollination
Pest regulation and successful pollination are two critical 
and complementary services for natural and agricultural 
ecosystems. Several laboratory and field studies have 
demonstrated that nectar yeasts (in particular, M. re
ukaufii) and bacteria can impact pollinator foraging pre
ferences, mostly through the alteration of nectar 
chemistry and the production of VOCs [38,40–44]. Most 
research carried out so far has focused on simple sys
tems, including monocultures of a few microbial species 
(or mixed cultures of a yeast and a bacterial species [38]) 
and a limited number of insect species (mostly honey 
bees and bumble bees), even when most plants are 
visited by diverse pollinators [45••]. Since responses of 
pollinators to nectar microbes could vary across insect 
taxa and depend on the behavioral assay employed 
[40,46], more studies are needed on whether patterns 
observed in simple systems can be applied to an im
proved field pollination. Furthermore, the few studies 
dealing with crop plants have yielded variable results 
(e.g. increased flower visitation after spraying blossoms 
with a mixture of nectar yeasts and bacteria [47] vs. no 
effect of microbial treatment on pollination [48]), so 
further research is clearly needed to fully characterize 
the benefits, limitations, and potential risks of using 
nectar microbes in improved pollination.

One potential, but so far minimally explored, use of 
microbes is to improve the health of key pollinators such 
as bumble bees and honey bees. Recent studies have 
shown that nectar microorganisms can have a positive 
impact on bumble bees’ fitness and colony development 
[49,50]. The potential of beneficial microbes naturally 
occurring in plants to improve the health of commercial 
bee colonies, widely affected by different parasites and 
pathogens [51], has not been explored yet but deserves 
attention.

Risk assessment, perspectives, and 
conclusions
The application of biocontrol microorganisms in pro
tected environments such as glasshouses is relatively 
straightforward due to their delivery in a more isolated 

and controlled environment and its potentially lower 
ecological impact. In contrast, the release of biocontrol 
agents to the open field should consider a myriad of 
abiotic and biotic factors that might determine their 
optimal growth and performance. For example, it has 
been demonstrated that the use of agricultural fungi
cides can significantly alter the composition of nectar 
microbial communities [52–54], and that the floral mi
crobiome can respond to different orchard management 
schemes [55]. Furthermore, despite its great potential, 
the use of nectar and honeydew microbes for pest con
trol and improved pollination raises a number of ecolo
gical, legal, and ethical issues that should be addressed 
before new products are released to the field.

The successful application of nectar and honeydew mi
croorganisms as BCAs or to improve pollination will 
depend on achieving a good understanding of the 
biology, ecology, and population dynamics of the target 
insects. It must also consider all possible side effects that 
the use of these microorganisms can have on target and 
nontarget insects, which may include the alteration of 
their health status (e.g. through modification of their 
normal microbiota) and/or their foraging preferences 
(e.g. through modification of the chemical composition 
of nectar and honeydew, including the release of VOCs) 
[56•]. Although registered formulations of microbial 
BCAs undergo toxicology tests to assess their lethal ef
fects on emblematic insects such as honey bees, very 
little is known yet about their effects on other potential 
pollinators and other beneficial insects [57••]. Similarly, 
it is essential to guarantee that BCAs are nonpathogenic 
for both crop and natural plants. Additionally, nectar and 
honeydew microorganisms can exert a strong influence 
on other community members by diverse competitive, 
antagonistic, and mutualistic interactions [5,10,19], 
which should be kept in mind when introducing new 
species or microbial consortia with biocontrol and/or 
pollination purposes.

Regarding the legal issues, it is important to note that 
each country/region has its own legislation on BCAs. 
Besides, since microorganisms are genetic resources, 
their use in biocontrol should meet the requirements of 
the Nagoya Protocol on Access to Genetic Resources and 
the Fair and Equitable Sharing of Benefits Arising from 
their Utilization to the Convention on Biological 
Diversity [58]. While the legal issues can be relatively 
easily overcome, the long and expensive registration 
process of new BCAs seems to be the main hurdle for 
the commercialization of these products. Finally, one 
must keep in mind the ethical aspects of microbiome 
research, use, and knowledge management. So far, most 
advances in this field refer to human microbiome re
search, but similar guiding principles (e.g. open-access 
policies, consideration of microbiomes as global common 
heritage, stimulation of international and public–private 
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collaboration, etc.) should be applied to the character
ization and utilization of environmental microbiomes 
[59•].

In conclusion, the nectar and honeydew microbiomes 
have a great potential to provide sustainable solutions to 
biological pest control and pollination management. 
However, the successful application of these micro
biomes in sustainable agriculture requires a deep un
derstanding of their community dynamics and 
multikingdom interactions, and the proper recognition of 
diverse ecological, legal, and ethical aspects.
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This article evaluates the current state of microbiome ethics on the basis 
of four cornerstone principles (Do Good, Don’t Harm, Respect, and Act 
Justly) and proposes a set of guiding principles for future microbiome 
research.
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