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Abstract: The importance of insects for angiosperm pollination is widely recognized. In fact, approxi-
mately 90% of all plant species benefit from animal-mediated pollination. However, only recently, a
third part player in this story has been properly acknowledged. Microorganisms inhabiting floral
nectar, among which yeasts have a prominent role, can ferment glucose, fructose, sucrose, and/or
other carbon sources in this habitat. As a result of their metabolism, nectar yeasts produce diverse
volatile organic compounds (VOCs) and other valuable metabolites. Notably, some VOCs of yeast
origin can influence insects’ foraging behavior, e.g., by attracting them to flowers (although repelling
effects have also been reported). Moreover, when insects feed on nectar, they also ingest yeast cells,
which provide them with nutrients and protect them from pathogenic microorganisms. In return,
insects serve yeasts as transportation and a safer habitat during winter when floral nectar is absent.
From the plant’s point of view, the result is flowers being pollinated. From humanity’s perspective,
this ecological relationship may also be highly profitable. Therefore, prospecting nectar-inhabiting
yeasts for VOC production is of major biotechnological interest. Substances such as acetaldehyde,
ethyl acetate, ethyl butyrate, and isobutanol have been reported in yeast volatomes, and they account
for a global market of approximately USD 15 billion. In this scenario, the present review addresses
the ecological, environmental, and biotechnological outlooks of this three-party mutualism, aiming
to encourage researchers worldwide to dig into this field.
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1. Introduction

Pollinating insects forage flowers in order to nourish themselves, and through these
forages, plants can be rewarded with pollination. Although this plant-animal relationship
has been documented for more than a century [1], only in the last decades has it been
demonstrated that these invertebrates are mostly attracted to the chemical signals released
by the microorganisms inhabiting the whole flower—especially by yeasts dwelling in the
floral nectaries [2—-4].

About 550 million years ago, in the Paleozoic era, coexistence with animals and plants
directly impacted fungi’s chemical and ecological processes so that new relationships were
established between these three kingdoms as they co-evolved [5-7]. The hemiascomyce-
tous yeasts of the Saccharomycetes class separated from filamentous fungi around 300 to
400 million years ago and then began to adapt to habitats rich in organic carbon. The
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same goes for primitive wingless hexapods (Collembola, Protura, among others), pterygote
insects, and some holometabola, which evolved around the same period as yeasts [5,6,8,9].

The wide diversity of yeasts thus far described as members of the insect microbiota re-
flects the latter’s diversity, which consequently influences yeast evolution in this habitat [10].
Angiosperms, which appeared at the beginning of the Cretaceous period (125 million years
ago), provided high availability of sugar through the nectar produced in their flowers and
fruits (especially the fleshy ones) generated as a result of their sexual reproduction. Such
sugar abundance in flowers and fruits offered an outstanding habitat for yeast growth,
such as Saccharomyces, showing the first traces of interactions between yeasts and insects
related to flowers and fruits [11,12].

As by-products of their metabolism, yeasts produce volatile organic compounds
(VOCs) that can modify insect behavior. When found in substrates that serve as animal
food, such as floral nectar, yeasts can access the insect body to be transported on its surface
or inside. Thus, the evolution of the ecological characteristics of these microorganisms is
intrinsically linked to the interaction between insects and flowering plants [13,14]. On the
other hand, it is worth noting that yeast dispersal by insects is older than pollen. Therefore,
the ability to attract insects by releasing diverse chemicals was already present in the yeasts
associated with ancient angiosperms, which suggests that the insect—yeast relationship also
impacted plant evolution [2].

Nectar-dwelling yeasts need to find another place to live in the nonflowering seasons.
Indeed, under these circumstances, yeasts may persist in soil from winter to early spring,
and, through the winds, they are then dispersed again to plants. However, some of these
microorganisms find, in the insect gastrointestinal tract, a more favorable environment
to survive until the next flowering season. When flower season arrives, yeasts are again
inoculated into the floral nectaries thanks to the foraging activity of pollinators [15,16].

Some species of the genus Metschnikowia (Ascomycota) are the predominant yeasts
inhabitants of floral nectar, being found associated with flowers of phylogenetically diverse
plants on all continents of the world except Antarctica [17-26]. Notably, some Metschnikowia
species show a restricted biogeographic distribution, and their relationships with specific
insects and plants may have favored their allopatric or peripatric speciation; that is the
case, for example, for Metschnikowia hawaiiensis, a yeast species which is exclusively found
in association with some plants from Hawaii (USA), and M. arizonensis, which has been
only found in the USA, Costa Rica, Brazil, and Belize [27,28].

In the last ten years, several new yeast species of the Metschnikowia clade have
been discovered associated with insects and angiosperms. To name just a few exam-
ples, M. proteae [29], M. drakensbergensis, and M. caudata [30] were found to be nectarivorous
yeasts associated with Protea flowers in South Africa. Still on the African continent, in
Morocco, a taxonomic study of the floral nectar yeasts of Teucrium pseudochamaepitys,
Teucrium polium, and Gladiolus italicus described the new species M. maroccana [23]. In the
Cerrado ecosystem (Brazil), Rosa et al. [31] isolated twelve strains of M. cerradonensis from
flowers of Ipomoea carnea and from beetles of the genus Conotelus. In the Amazonia, a new
species closely related to M. arizonensis was discovered in passion fruit (Passiflora edulis)
flowers and was named M. amazonensis [25]. From mustard (Brassica rapa) and broad bean
(Vicia faba) fields in Japan, four new strains closely related to the Hawaiian M. hawaiiana
were isolated; the four strains were described as a new species named M. miensis [24].
Regardless of continent or habitat, there is an extraordinarily high diversity of yeast species
that transit between the floral nectaries of diverse plant species and insects. Table 1 lists
some such yeast species and the plant and insect taxa with which they are associated.

It is well known that, through their fermentation activity, yeast communities play
significant ecological roles in plant reproduction through mutual relationships with polli-
nator attraction [32,33]. However, some plants pollinated by invertebrates have their nectar
sugars primarily metabolized by the dense populations of yeasts in these environments,
drastically reducing pollinators’ food reward [34,35]. The following sections will present
(i) an overview of the nectar nutrients found in different plant species, (ii) the metabolic
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pathways carried out by the yeasts inhabiting floral nectar, and (iii) the biotechnological
potential of these yeasts. Although it is widely known how beneficial the relationship
is to the three parts in question here (yeasts, insects, and plants), we will also address
mutualistic relationships in pairs—that is, the mutualism established between yeasts and
only one of the other two parties (i.e., plant or insect, but not both simultaneously). Finally,
this article aims to encourage researchers worldwide to dig into yeast prospection for
high-added-value VOCs.

Table 1. Examples of nectar- and insect-associated yeast species.

Yeasts Plants Insects References
Candida ipomoeae Ipomoea spp. and Convolvulaceae Conotelus sp. [22]
Candida kunwiensis Ipomoea batatas Bombus terrestris [36]
Candida powellii and Candida tilneyi Ipomoea carnea Conotelus sp. [26]
Cryptococcus albidus Helleborus foetidus Bombus spp. [15]
Cryptococcus victoriae Helleborus foetidus Bombus spp. [15]
Cystofilobasidium capitatum Helleborus foetidus Bombus spp. [15]
Kodamaea transpacifica Ipomoea alba Beetles (Nitidulidae) [37]
Metschnikowia amazonensis Passiflora edulis Conotelus sp. [25]
Metschnikowia bowlesiae Ipomoea indica Conotelus mexicanus [27]
. . Protea roupelliae, Protea dracomontana, . .
Metschnikowia caudata a f d Protea subvestida Apis mellifera [30]
Metschnikowia cerradonensis Ipomoeae carnea Beetles (Conotelus) [31]
Metschnikowia cubensis Ipomoea acuminata Conotelus spp. [38]
Metschnikowia drakenbergensis Protea dracomontana Heterochelus sp. [30]
Metschnikowia drosophilae Ipomoea sp. Drosophila bromeliae [26]
Metschnikowia lochheadii Ipomoea indica Conotelus mexicanus [26]
Metschnikowia maroccana Teucrium polio NR * [23]
Metschnikowia miensis Brassica rapa NR * [24]
Atrichelaphinis tigrina,
Metschnikowia proteae Protea caffra Cyrtothyrea marginalis, and [29]
Heterochelus sp.
Metschnikowia reukaufii Helleborus foetidus Bombus terrestris [39]
Metschnikowia santaceciliae, Candida TInomoea indica Conotelus [40]
hawaiiana, and Candida kipukae P Spp-
Metschnikowia vanudenii Asclepias syriaca Flies (Muscidae) [20]
Pseudohyphozyma bogoriensis Lamprococcus chlorocarpus Bees [41]
Pseudozyma hubeiensis Cryptanthus dianae Bees [41]
Sporobolomyces carnicolor Aechmea froesii Bees [41]
Teunia rosae Rosa chinensis NR * [42]
Teunia rudbeckiae Rudbeckia bicolor NR * [42]

* NR = not reported by the authors.

2. Yeasts at Work: Nectar Fermentation and VOC Production

2.1. Nectar Composition

For pollen dispersal to occur between plants, about 90% of angiosperm species rely
on animals that forage flowers in search of food resources [43-46]. From the pollinator’s
point of view, preferences for flowers take into account the amount of nectar available, the
variability and concentration of its nutrients, and even the microorganisms found in the
nectary [47-49].

Nectar is produced in the nectariferous gland, found in angiosperm flowers either at
their receptacles, hypanthia, petals, sepals, stamens, or pistils (Figure 1), and its primary
function is to attract animal pollinators, including insects [50,51]. Nectar is a sugar-rich
aqueous solution whose composition varies widely according to the time and sexual
phase of the plant, the environmental conditions, and the pollinator’s activity. Nectar
carbohydrates can be found in the form of disaccharides or monosaccharides. Sucrose is
the main disaccharide found, while glucose and fructose are the main hexoses [52-55]. The
presence of these compounds is also quite variable across plant species, among species
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of the same genus, and even within plants of the same species (see Table 2). In addition
to carbohydrates, nectars also have other components, but in smaller amounts, such as
amino acids, proteins, minerals, protein, non-protein antioxidants, phenols, alcohols, and
alkaloids [55-60].

Stigma

Anther

..........................

Receptacle \"‘Sepal

) (L1 ——

Figure 1. Yeasts in flower nectaries ferment sugars, metabolize amino acids, and produce VOCs
that might alter insects” behavior. When these invertebrates feed on nectar, pollen is transported
from anthers to the stigma (which may happen between different individual plants or between
both parts in the same flower). Then, pollen germinates, and the pollen tube emanates, eventually
allowing fertilization.

Table 2. Nectar composition of different angiosperm species.

Plant Species Sucrose (%) 2 Glucose (%) @  Fructose (%) 2 Amino Acids Detected ® References
Aconitum spp. © 39.9-87.6 0-2.9 9.5-60.1 - [52]
Antirhinum australe 7824 944 12,54 - [61]
Aquilegia spp. © 96-98.4 1.0-25 0.6-15 - [61]
Ala, Asp, Arg, Asn, GABA, GIn,
Billbergia distachia 69.5 14.8 15.3 Glu, Gly, His, Ile, Leu, Lys, Met, [62]
Phe, Ser, Thr, Tyr, Val
Cotoneaster spp. © 0-11.2 22.9-75.0 25.0-65.9 - [63]
Diplacus (Mimulus) d d d Ala, Arg, Asp, CIT, GABA, Glu, His,
aurantiacus 66.6 133 20.1 Leu, Pro, Ser, Thr, Tyr, Val [64]
Gladiolus illyricus 51.34 30.7 4 18.04 - [61]
) Ala, BALA, Arg, Cys, CIT,
d d d 7 Y g, Lys, ’
Gentiana lutea <15 50.0-55.0 45.0-50.0 L-HSE, GABA [65]
Iris spp. © 71.4-94.1 3.6-18.6 2.3-10.0 - [61]
Lonicera spp. © 63.5-64.6 22.3-22.7 12.7-14.2 - [61]
Marrubium 4364 26.7 4 29.74d - [61]
supinum
Neottia ovata 183 44.0 37.8 Ala, BALA, Arg, Cys, AABA, [66]

GABA




J. Fungi 2022, 8, 984 50f19
Table 2. Cont.
Plant Species Sucrose (%) 2 Glucose (%) @  Fructose (%) 2 Amino Acids Detected P References
AABA, Ala, Asn, Asp, BALA,
o GABA, GlIn, Glu, Gly, His, Leu, Lys
C | . - 4 y 4 4 7 4 7
Nicotiana spp. 3.8-57.0 2.7-38.5 29.8-63.2 Tle, ORN, Phe, Pro, Met, Ser, Thr, [67]
Trp, Tyr, Val
Polemonium Arg, BABA, GIn, Glu, His, Ile, Leu,
42.1¢ 21.0¢ 32.8¢ Lys, Met, NVA, ORN, Phe, Pro, Ser, [68]
caeruleum
Thr, Val
Vicia spp. € 54.2-56.0 23.9-26.2 19.6-20.1 - [61]

2 Percentages of the amount of sugar, as reported in the references consulted. ® Compounds determined to be
present in nectar in the references consulted. Some of them did not determine other compounds besides sugar.
AABA, x-aminobutyric acid; AAPA, x-aminoadipic acid; Ala, alanine; Arg, Arginine; Asn, asparagine; Asp,
aspartate; BABA, 3-aminobutyric acid; BALA, 8-alanine; CIT, citrulline; Cys, cysteine; GABA, y-aminobutyric
acid; Gln, glutamine; Glu, glutamate; Gly, glycine; His, histidine; Ile, isoleucine; Leu, leucine; LHSE, L-homoserine;
Lys, lysine; Phe, phenylalanine; Met, methionine; NVA, norvaline; ORN, ornithine; Pro, proline; Ser, serine; Thr,
threonine; Trp, tryptophan; Tyr, Tyrosine; Val, valine. Proteogenic amino acids have only the first letter capitalized;
non-protein amino acids have all letters capitalized. ¢ Values are the range of different species of the same genus
in each indicated study. ¢ Approximated mean values based on the different experimental conditions tested by
the authors. € Values are the mean of 14 studied populations by [68].

2.2. Main Metabolic Routes for Nectar-Based VOC Production
2.2.1. Carbohydrate Metabolism

The products of yeast fermentation of sugars are widely described in the literature,
although most research on this topic refers to Saccharomyces cerevisiae and other model
yeasts that are rarely isolated from floral nectar (however, see Gongalves et al. [69-71] for
some pioneer studies on the carbohydrate metabolism of the Wickerhamiella/Starmerella
clade, which is prevalent in floral nectar). In any case, it is known that, depending on the
yeast species involved and the environmental conditions, many VOCs may be obtained
from carbohydrate metabolism [72-74]. This is especially relevant for acetaldehyde, ethanol,
ethyl acetate, acetic acid, and acetoin, which can be produced within one-to-three reactions
(of a metabolic pathway) from pyruvate [75-80]. In fact, as an intermediate product of sugar
oxidation, pyruvate can work as a wildcard and be used in different metabolic pathways
(Figure 2).

Sucrose, glucose, and fructose are the major sugars in nectar [55,68,81]. Further-
more, yeast cells may hydrolyze sucrose either in the periplasm, cytoplasm, or both [82].
Glucose and fructose result from this breakdown, and then they are channeled to the
Embden-Meyerhof-Parnas (EMP) pathway, producing two mols of pyruvate for each
mol of monosaccharide. Pyruvate can follow the alcoholic fermentation route, being de-
carboxylated into acetaldehyde, which, in turn, is predominantly reduced into ethanol.
Nevertheless, acetaldehyde may have two major species-dependent alternative fates that
matter in this context: acetic acid and acetoin. While the first results from acetaldehyde
oxidation [77], the second emerges from the condensation of two acetaldehydes. Moreover,
when acetaldehyde eventually condensates with pyruvate, acetolactate arises, and this
later compound can also be decarboxylated into acetoin [79]. Besides acetoin, acetolac-
tate may give rise to isobutanol as well. In this case, though, it must be first reduced
into 2,3-dihydroxyisovalerate, and this is then dehydrated to 2-ketoisovalerate. In turn,
2-ketoisovalerate can be either aminated, producing valine, or decarboxylated into isobu-
tyraldehyde, which is reduced into isobutanol [75,77,80]. Finally, pyruvate can also be
oxidized and decarboxylated into acetyl coenzyme A (acetyl-CoA). When it alternatively
condensates with ethanol or isobutanol, acetyl-CoA generates ethyl acetate or isobutyl
acetate, respectively [78,80] (Figure 2).
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Figure 2. Pyruvate’s central role in VOC production from sugars occurring within the cells of
Saccharomyces cerevisiae and other model yeasts. The hexoses glucose and fructose can be directly
available in nectar or be generated from sucrose hydrolysis. Each mol of these hexoses is converted
into two mols of pyruvate through the Embden-Meyerhof-Parnas (EMP) pathway, herein represented
by a thick arrow. Pyruvate also works as a precursor of amino acids, such as valine, which can be
found in nectar as well. VOCs are shown in bold italics. Acetaldehyde (underlined) can be either
secreted as any other volatile compound or converted into different VOCs. Enzymes and coenzymes
were omitted for the sake of simplification. Carbohydrate metabolism in Metschnikowia and other
non-Saccharomyces yeasts prevalent in floral nectar remains greatly understudied. For further details,
see the main text.

Floral nectar can also contain glycoconjugates formed by monosaccharides bound (es-
pecially through a -glucosidic linkage) to aromatic compounds (aglycones), such as geran-
iol [83,84], a-terpineol [85,86], methyl salicylate [85,87], 1-hexanol [88,89], eugenol [59,90],
vanillin, and vanillyl alcohol [91-93]. When these glycoconjugates are hydrolyzed by yeast
glucosidases, their aglycones volatilize [94-98], working as attractive or repelling agents
for insects (see Section 3).

Last but not least, it is worth noting that pyruvate is an «-keto acid, from which
different amino acids can result. This is not just the case of valine, as shown in Figure 2, but
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also of leucine, isoleucine, and alanine, which can be produced when pyruvate reacts with
itself, oxaloacetate (another x-keto acid), threonine, or glutamate [99,100]. The following
section will address the role of amino acid metabolism in VOC production.

2.2.2. What Else, Besides Sugar, May Nectaries Offer to Yeast-Based VOC Production?

Although VOCs can be mostly produced from sugar metabolism, as stated before,
other nutrients available in floral nectar cannot be disregarded in the generation of volatile
compounds. In fact, these nutrients are meant to work as precursors, being sometimes
converted into VOCs. Considering the diversity of the compounds besides sugars in
natural nectars (Table 2), amino acids stand out as the second most abundant compo-
nents [65,101,102], and their transformation increases the myriad of VOCs that may be pro-
duced in nectaries [3,76]. As an additional evolutionary strategy, a high rate of tandem gene
duplication in the genome of the prevalent nectar-dwelling yeast Metschnikowia reukaufii
has been reported [103]. It is worth noting that those duplicated genes are directly related
to the improvement of this yeast nitrogen metabolism. Moreover, Dhami et al. [103] found
that the high-capacity amino acid importers encoded by GAP1 and PUT4 genes were
highly expressed in synthetic nectar and regulated by the availability and quality of amino
acids. Interestingly, the rapid depletion of nitrogen sources promoted by gene duplications
is, in fact, a key mechanism of the priority effects that determine the co-occurrence of
nectar microbes.

When metabolizing amino acids, yeasts produce higher alcohols (alcohols that have
more than two carbons) and esters [104,105]. Although they are present in much less
concentration than sugars [43,55,68,106], virtually all proteogenic amino acids (those twenty
used in the protein translational process) are found in floral nectars [66,101,106], with
proline, phenylalanine, histidine, asparagine, serine, glutamine, cysteine, and glutamate
being the most prevalent ones [65,68,101,102,107,108]. Among them, phenylalanine and
cysteine can be, respectively, converted into the higher alcohols 2-phenylethanol and
2-mercaptoethanol through the three-step (transamination-decarboxylation-reduction)
Ehrlich Pathway. Moreover, when a higher alcohol such as 2-phenylethanol reacts with
acetyl-CoA (which can be originated through both sugar and amino acid oxidation), an
acetate ester such as 2-phenylethyl acetate can be easily produced, contributing to the
formation of the floral bouquet (reviewed by Dzialo et al. [76]).

In addition to these VOCs, it is worth mentioning that other amino acids (yet present
in lower concentrations in floral nectar) can also be converted, within a few reactions,
into several other aroma compounds. This is the case of branched-chain amino acids
(BCAASs), such as valine (see Figure 2). When catabolized, BCAAs result in their a-keto-
acid derivative branched alcohols 2-methyl propanol (isobutanol) and 2- and 3-methyl
butanol (isoamyl alcohol) [109,110]. Moreover, threonine, an amino acid highly metabolized
by yeasts [76,111,112], may be converted into propanol, butanol, propionic acid, acetic acid,
and ethyl acetate [113].

Among the amino acids typically found in nectar, some are not used to build proteins
(i.e., the so-called non-protein amino acids—NPAAs). About 250 NPAAs have already been
found in plants, especially in the families Fabaceae, Sapindaceae, and Cucurbitaceae [114].
Although NPAAs play central physiological roles in plants, mainly as bioactive com-
pounds (acting as antiherbivore, antimicrobial, antioxidant, and/or growth-promoting
agents), some of these amino acids are known to be metabolized by yeasts, namely, tau-
rine [115], B-alanine [116,117], citrulline [89,118], ornithine [119], y-aminobutyric acid
(GABA) [120,121], hydroxytryptophan [122], selenocysteine [123], methionine sulfox-
ide [124], serotonin [125], and dopamine [126]. Despite the lack of studies regarding
VOC production from NPAAs by nectar microbes, it is likely that some of them (espe-
cially those with S-containing side chains) are converted into volatile compounds by yeast
cells [127].
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3. Double Agent Yeasts

The presence of yeasts in flowers and insects has been acknowledged since the 19th
century (see, for example, the pioneer study of Boutroux [128]), but it is during the last few
decades that the mycological study of flowers and their pollinators has acquired a particular
interest [15,21,22,129-131]. In most cases, the relationship between plants and nectar yeast
has been pointed out as beneficial to angiosperms because these microorganisms contribute
to attracting pollinating insects (as described above). Despite this fruitful symbiosis for the
three parts involved, flowers and yeasts can also work together as a duo, establishing a
partnership against some insects (e.g., by attracting the parasitoids that infect some pest
insects [112,132]).

Nectar-inhabiting yeasts can thus work as “double agents”, either attracting or re-
pelling insects [133]. Although repelling insects may appear to be a disservice to the plant
(avoiding approximation of potential pollinators), it may indeed protect the plant from mere
pollinivorous insects (the ones that feed on pollen). In line with that, Ljunggren et al. [132]
showed that the presence of Metschnikowia andauensis and Metschnikowia pulcherrima, which
are often found in association with insects feeding on foliage, flowers, and/or fruits,
had a repelling effect on larvae of the cotton leafworm Spodoptera littoralis (Lepidoptera,
Noctuidae), an insect species that naturally feeds on the foliage of a wide spectrum of
broad-leaved plants [134]. Furthermore, the authors highlighted some VOCs produced
by those yeasts in a particularly high manner—such as ethyl 3-methyl butanoate, ethyl
propanoate, heptan-4-ol, nonan-2-ol, and sulcatone—which may be involved with the
repelling effect they observed.

Interestingly, yeasts may also act against some pest insects, namely, aphids, by attract-
ing their natural parasitoids to the flowers. In this context, Sobhy et al. [112] showed that
the aphid parasitoid wasp Aphidius ervi is highly attracted by VOCs produced by the nectar
specialist yeasts M. gruessii and M. reukaufii. Moreover, this Metschnikowia-fermented nectar
proved to offer satisfactory amounts of macro- and micronutrients to meet the A. ervi needs.
The results found by those authors suggest that parasitoid-attracting VOCs may integrate
strategies of insect pest biocontrol.

However, yeasts can also work the other way around, i.e., pro-insect and against
plants. In this case, one can say that the plant is the betrayed party. As Ljunggren et al. [132]
also showed, the plant-associated yeasts Cryptococcus nemorosus, Metschnikowia lopburiensis,
and M. hawaiiensis had an attracting effect on the cotton leafworm S. littoralis larvae. It is
likely that geranyl acetone, cyclohexanone, 2-ethyl-1-benzofuran, and 1,3,5-undecatriene
produced by the so-referred yeasts are related to the leafworm attraction [132]. In this
yeast—insect partnership, while the plant is attacked by herbivores, the animal finds a
rich nutrient source, and the microorganism benefits from dispersal and a safe breeding
place [135,136].

Curiously, Herrera et al. [39] showed that free-ranging bumble bees (Bombus terrestris)
preferred to feed on yeast-containing nectar of the early-blooming herb Helleborus foetidus.
However, yeast presence led to a reduction in the number of pollen tubes in style and,
consequently, a decline in plant fecundity. In agreement with these findings, M. reukaufii
has been considered a nectar contaminant. By consuming the nectar sugars, this yeast
ends up inhibiting pollen germination (which relies on these carbohydrates as carbon and
energy sources) and probably limits fertilization and fruit set in Asclepias syriaca [137,138].
The negative effect of M. reukaufii on plant fecundity was also corroborated by de Vega
and Herrera [139], who demonstrated that the growth of this yeast species renders floral
nectar nutritionally poor; the nutrient concentration on flower decreases while yeast density
increases. In contrast, Zhou et al. [140] recently showed a positive effect of Pichia fermentans
on Carya illinoinensis pollen germination ability, with an average increase of 33.6%. Ad-
ditionally, Colda et al. [141] observed significantly higher visitation rates of honeybees
and hoverflies to the flowers of different varieties of European pear trees (Pyrus commu-
nis) when M. reukaufii was inoculated on nectar with the bacterium Acinetobacter nectaris.
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However, this visitation increase was not seen when both microorganisms were separately
sprayed in the pear flowers [141].

Finally, de Vega et al. [142] have recently reported that the effects of M. reukaufii on the
reproduction of different Mediterranean plants ranged from negative to neutral or positive,
depending on the plant species. Moreover, the authors suggested that the inter-species
variation in the indirect effects of nectar-inhabiting yeasts on plant pollination might be due
to the variation in the pollinator community, the specific microbes colonizing floral nectar,
and the order of microbial arrival to the nectary (i.e., priority effects) [142]. Therefore, the
differences between treatments observed by these authors might be driven not only by the
interaction of M. reukaufii with insect pollinators, but also by the interactions of this yeast
species with other nectar microbes, such as bacteria [142].

Be that as it may, the nutritional decay of floral nectar results in decreased concentra-
tions of sucrose, glucose, and fructose, as well as intraspecific characteristics of the nectar,
directly impacting the behavior of pollinators [34,53]. Herrera et al. [129] emphasize that
the density of yeast cells in nectar can reach an order of between 103 and 10° cells/mm?,
which explains such a change. On the other hand, although this consumption of nutrients
by nectar yeasts may seem harmful (from the plant’s point of view), it is worth noting that
the biotransformations carried out by these microorganisms and even their own cells may
be attractive to pollinators and other flower-visiting insects. Furthermore, these metabolic
activities produce heat [143,144] and can increase flower temperature by up to 6 °C [145].
This increase in temperature, especially in winter-blooming plants or angiosperms from
arctic and alpine environments, has been shown to be beneficial for pollination. In this
context, some hypotheses can be raised to explain this benefit: (i) the heat released warms
the internal air of the flower and, to a certain extent, the air around it as well, making the
temperature more attractive to pollinators; (ii) the increase in temperature favors plant
metabolism and, consequently, pollen germination [145]; and (iii) the heat gain facilitates
the volatilization of compounds that attract pollinating insects [146].

4. Prospecting Yeasts for Biotechnological Purposes

The ecological functions of nectar-inhabiting yeasts and the relevance of their relation-
ship with angiosperms and insects for the environmental equilibrium are unquestionable.
Furthermore, from a biotechnological point of view, the exploitation of yeast VOCs emerges
as a strategy for process development, since there is an increasing commercial interest and
market expansion of these compounds. Acetaldehyde, dimethyl disulfide, ethyl acetate,
2-phenyl ethanol, 3-methyl-1-butanol, 2-acetyl furan, indole, geranyl acetone, hexanoic
acid, and benzyl alcohol are some examples of VOCs emitted by nectar-inhabiting yeasts
that could be commercially exploited as biotechnological products in fermentative pro-
cesses [133].

VOCs’" market expansion attracts advances in yeast prospecting research and bio-
process investment for product development. For example, from the aldehyde class,
acetaldehyde is highlighted as a VOC widely expanding in the market and which may
be of interest for production by yeasts prospected from angiosperms. This compound is
considered a building block for its wide industrial application, being used in the manufac-
ture of acetic acid, flavorings, dyes, and medicines, and it is an intermediate compound
for the production of different alcohols [147]. Between 2015 and 2021, the market value
of acetaldehyde increased from USD 1.14 billion to USD 1.53 billion, and is expected to
further increase to USD 2.54 billion by 2029 [148]. Notably, acetaldehyde is commonly
reported as a VOC produced by yeasts obtained from floral nectar, such as M. reukaufii
and M. gruessii [88,112]. Aureobasidium pullulans also has the potential for acetaldehyde
production. This species has also been reported to produce other compounds of interest,
such as n-propanol, isobutanol, 2-methyl-1-butanol, and ethanol [88]. Another important
characteristic of A. pullulans is its ability to assimilate glucose and xylose, which makes
it a promising candidate for the co-production of second-generation bioethanol (using
hydrolysates from lignocellulosic biomass) [149].
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Given their commercial relevance, the alcohols produced by nectar yeasts can expand
the field of biofuels and fine chemical production. For example, ethanol is a primary
metabolite of yeast fermentative processes, being a widely reported VOC among prospected
yeasts of angiosperms, and has a high expanding economic interest [88,112,149]. The
compound annual growth rate (CAGR) of ethanol is estimated to increase by 4.8% from
2020 to 2027, with a market value of USD 89.1 billion in 2019 [150]. The application of
ethanol as a biofuel is the most widespread. Furthermore, ethanol is considered a building
block in the industry, since it can be used in the automotive industry and in the medical
and food fields. Besides the potential of A. pullulans for xylanase production and ethanol
co-production, yeasts prospected from angiosperms, such as M. reukaufii, M. koreensis, and
Rhodotorula sp. are also associated with ethanol production [149,151].

Other alcohols of interest detected in these natural systems are, for example, 2-
methyl propanol, 2-phenyl ethanol, 3-methyl-butanol, 2-methyl-butanol, and 2-ethyl-1-
hexanol [88,112,133,151]. The prospection of VOC-producing yeasts in angiosperms is an
alternative for the biotechnological development of a mixture of alcohols with high added
value for the biotechnological industry, since these alcohols are used in different sectors
for the development of solvents, sanitizing agents, plasticizing agents, and in other highly
valued chemicals. The commercial interest of these compounds is associated with the
growth of other sectors where these alcohols are building blocks for interesting products,
e.g., a 5% growth in the CAGR of 2-ethyl-1-hexanol is estimated between 2020 and 2025.
As this alcohol is used in products such as paints, coatings, other construction materials,
and adhesives, its market value is projected to expand while its demand increases [152].

A dual role of yeasts in this insect-angiosperm relationship can also be considered.
On the one hand, the mutualistic relationship strongly impacts the plant’s nectar chemistry,
since yeasts produce VOC mixtures that can attract more insects to the plant. Therefore, the
main market interest is focused on prospecting yeasts as VOC production biofactories. On
the other hand, this distinctive mixture of VOCs can have a neutral or repelling effect on
insects, and exert antimicrobial functions, which can be of interest to exploring the potential
of these yeasts and the compounds they produce in agricultural biocontrol [112,153].

The mechanisms of communication between insects and their microbiota have yet
to be explored, but there is growing interest in exploiting the insect-microbe system for
agricultural biocontrol. These processes may boost studies on the possibilities of using
the attraction based on the insect-microorganism system. Since it has been shown that
VOCs produced by yeasts can attract hosts to locate food, Sobhy et al. [112] have suggested
that strategies to attract the insect out of the planting area would prevent agricultural pest
populations from reaching levels of economic damage.

Other strategies such as the production of extracts containing VOC-producing yeast
cells or other antimicrobial compounds may also be exploitable. Metschnikowia pulcherrima
was used for postharvest biocontrol of blue mold infections of apples (caused by Penicillium
expansum) and was observed to significantly reduce the disease on the fruit during one
month of storage, and, to exhibit resistance to diphenylamine, a postharvest antioxidant
treatment [154]. Similarly, Sporobolomyces roseus was isolated from grape flowers and used
for postharvest biocontrol against P. expansum, proving to control pathogen growth and
mycotoxin production. The results were associated with competition for nutrients and the
production of antifungal VOCs [155]. Due to the advances in research on reducing the use
of agrochemicals in agriculture, this field of using yeasts related to pollination systems as
biocontrol agents for pests in agriculture is still an unexplored gap in research that has a
broad biotechnological potential [154-156].

The biotechnological potential of yeasts in the foods and beverages industry (for
example in bioflavor production) can be achieved through two approaches: by adjusting
the environmental factors of fermentation conduction or via genotype modification of yeast
strains. Changing environmental factors can be an important and convenient but sometimes
challenging strategy to optimize the production of desired compounds. Therefore, given the
recent expansion of the biodiversity of newly isolated yeasts, genetic engineering strategies
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have been driven to select or develop strains with aromatic properties far beyond what is
possible by adjusting environmental parameters [76].

The scenario herein described thus makes clear the importance of prospecting new
yeast strains for their potential for VOC production, leading to expanding the biotechno-
logical markets. Table 3 summarizes the industrial application of the main VOCs produced
by insect-plant-associated yeasts. Although the real industrial potential nectar-inhabiting
yeasts remains to be thoroughly evaluated in terms such as process yield vs. production
costs, some yeasts species often found in flowers (including floral nectar) and insects,
such as Aureobasidium pullulans, Sporobolomyces spp., and Yarrowia lypolytica, have already
demonstrated unique metabolic, genetic, and/or physiological features to play a major role
in diverse bioprocesses [157-159]. All in all, the near future seems promising, since new
technologies for evaluating and collecting these compounds have been investigated and
could be significant drivers of further research and investments in the field [157].

Table 3. Summary of the biotechnological potential of insect-plant-associated yeasts for
VOC production.

VOCs Producing Yeasts Industrial Application References
Aureobasidium pullulans A(.iheglve. .
S . Corrosion inhibitor
Metschnikowia reukaufii Flavoring agent
Acetaldehyde Sporobolomyces roseus & a8 [88,112,158,159]
. Personal care
Hanseniaspora uvarum ..
Yarrowia lipolytica Pesticide
poly Solvent
Metschnikowia reukaufii
Metschnikowia gruessii
Dimethyl disulfide Hanseniaspora uvarum Flavoring agent [112,158,160]
Sporobolomyces roseus
Yarrowia lipolytica
Adhesive
Household care
Flavoring agent
Metschnikowia reukaufii Eurnlture .
Sporobolomyces roseus Medical supplies
Ethyl acetate p . Motor oil [88,112,158]
Hanseniaspora uvarum
o Personal and pet care
Aureobasidium pullulans . -
Paint composition
Pesticide
Pure chemical
Solvent
Antifoaming agent
Antimicrobial active
Astringent
Defoamer
Rhodotorula sp. Drying agent
Metschnikowia koreensis Flavoring agent
Ethanol Metschnikowia reukaufii Hand sanitizer [88,112,133,149,151,158,159,161]

Aureobasidium pullulans
Yarrowia lipolytica

Laboratory supplies
Personal and pet care
Sealant
Stabilizing agent
Surfactant
Solvent
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Table 3. Cont.

VOCs Producing Yeasts Industrial Application References
Aureobasidium pullulans Flavoring agent
Hanseniaspora uvarum Household care
2-phenyl ethanol Lachancea thermotolerans Personal care [88,112,158,162,163]
Metschnikowia reukaufii Pesticide
Yarrowia lipolytica Preservative
Aureobasidium pullulans
Hanseniaspora uvarum
2-methyl-1-butanol Metschnikowia gruessii Flavoring agent [88,112,151,158,161]
Metschnikowia reukaufii
Sporobolomyces roseus
Additive
.. Building materials
2-ethyl-1-hexanol Aureobas.zdzum pullulanﬁ Dispersant [88,151,161]
Metschnikowia reukaufii .
Flavoring agent
Solvent
Indole Lachancea .the{’motogerans Flavoring agent [162,164]
Yarrowia lipolytica Personal care
Geranyl acetone Lachancea thermotolerans Flavoring agent [162]
Household care
Cleansing
Emulsifying
Hexanoic acid Lachancea 'the'rmotollemns Chemical [159,162]
Yarrowia lipolytica
Personal care
Surfactant
Solvent
Antimicrobial
Adhesive removers
Binder
Craft supplies
Chemical synthesis
Cleaning agent
Benzyl alcohol Lachancea thermotolerans Curing agent [162]
Emulsifier
Flavoring agent
Personal and pet care
Solvent
Surfactant
Viscosity modifier
Antimicrobial agent
Craft supplies
Metschnikowia reukaufii 1]3311211 f‘fil;lirrllg 2geelr1;
Acetic acid Metschnikowia koreensis &g [151,159]

Yarrowia lipolytica

Household care
Laboratory supplies
Pesticide
Refining agents

5. Conclusions

It is generally acknowledged that a better understanding of yeast diversity in natural
habitats, their tolerance to environmental stressors, their relationships with other organisms,
and their ecological roles may help to improve the current biotechnological uses of these
microorganisms and develop novel applications. Furthermore, the application of ecological
concepts to the design of yeast-based bioprocesses might contribute to achieving the major
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goals of a circular bioeconomy, namely, the sustainable, resource-efficient valorization of
biomass and other resources in integrated production chains [165].

As discussed in previous sections, nectar-inhabiting yeasts have a huge potential in di-
verse bioprocesses due to the diverse metabolic capabilities linked to niche adaptations they
possess and their tolerance to the multiple stress factors often encountered in their natural
habitat, such as high osmotic pressure, limited nitrogen availability, acidic pH, presence of
toxins of plant origin, and strong competition with other microbes [56,58,61,103,166-169].
Production of a huge variety of VOCs is an additional desirable trait of some nectar
yeasts that opens the door to new strategies for controlled pollination and pest bio-
control [112,141,170]. Therefore, although it might still take a long time to dethrone
Saccharomyces cerevisiae as the main (and sometimes the only) yeast used in most current
bioprocesses, we expect that further research on nectar-inhabiting yeasts might lead to
expanding the list of non-conventional yeasts of biotechnological interest [171].

Author Contributions: S.L.A.]. conceptualized the manuscript. E.D.E, T.S.,, M.d.C.D., A.G. and
S.L.A.J. wrote the article and assembled its tables and figures. H.T.,, S.A.-P. and S.L.A.J. reviewed,
corrected, and edited the first, second, and third drafts. All authors have read and agreed to the
published version of the manuscript.

Funding: A.G. is a recipient of a scholarship from the Brazilian National Council for Scientific and
Technological Development—CNPq. S.A.-P. acknowledges a ‘Ramén y Cajal’ contract funded by
the Spanish Ministry of Science and Innovation (RYC2018-023847-I). The funder had no role in the
preparation of the manuscript or in the decision to publish. S.L.A.J. acknowledges the Research
Promotion Program from the Federal University of Fronteira Sul—UFFS.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Lovell, J.H. Conspicuous Flowers Rarely Visited by Insects. . Anim. Behav. 1914, 4, 147-175. [CrossRef]

2. Becher, P.G.; Hagman, A.; Verschut, V.; Chakraborty, A.; Rozpedowska, E.; Lebreton, S.; Bengtsson, M.; Flick, G.; Witzgall, P.;
Piskur, ]J. Chemical Signaling and Insect Attraction Is a Conserved Trait in Yeasts. Ecol. Evol. 2018, 8, 2962-2974. [CrossRef]

3. Raguso, R.A. Why are some floral nectars scented? Ecology 2004, 85, 1486-1494. [CrossRef]

4. Pozo, M.J.; de Vega, C.; Canto, A.; Herrera, C.M. Presence of Yeasts in Floral Nectar Is Consistent with the Hypothesis of
Microbial-Mediated Signaling in Plant-Pollinator Interactions. Plant Signal. Behav. 2009, 4, 1102-1104. [CrossRef]

5. Brundrett, M.C. Coevolution of Roots and Mycorrhizas of Land Plants. New Phytol. 2002, 154, 275-304. [CrossRef]

6. Nel, A,; Roques, P.; Nel, P,; Prokin, A.A.; Bourgoin, T.; Prokop, J.; Szwedo, |.; Azar, D.; Desutter-Grandcolas, L.; Wappler, T.; et al.
The Earliest Known Holometabolous Insects. Nature 2013, 503, 257-261. [CrossRef] [PubMed]

7. Dujon, B. Yeasts Illustrate the Molecular Mechanisms of Eukaryotic Genome Evolution. Trends Genet. 2006, 22, 375-387. [CrossRef]

8.  Kurtzman, C.; Robnett, C. Phylogenetic Relationships among Yeasts of the “Saccharomyces complex” Determined from Multigene
Sequence Analyses. FEMS Yeast Res. 2003, 3, 417-432. [CrossRef]

9. Heckman, D.S.; Geiser, D.M.; Eidell, B.R,; Stauffer, R.L.; Kardos, N.L.; Hedges, S.B. Molecular Evidence for the Early Colonization
of Land by Fungi and Plants. Science 2001, 293, 1129-1133. [CrossRef]

10. Boekhout, T. Gut Feeling for Yeasts. Nature 2005, 434, 449-451. [CrossRef]

11.  Sun, G,; Dilcher, D.L.; Wang, H.; Chen, Z. A Eudicot from the Early Cretaceous of China. Nature 2011, 471, 625-628. [CrossRef]
[PubMed]

12.  Piskur, J.; Rozpedowska, E.; Polakova, S.; Merico, A.; Compagno, C. How Did Saccharomyces Evolve to Become a Good Brewer?
Trends Genet. 2006, 22, 183-186. [CrossRef] [PubMed]

13.  Schiestl, F.P; Steinebrunner, F,; Schulz, C.; von Reuf3, S.; Francke, W.; Weymuth, C.; Leuchtmann, A. Evolution of ‘Pollinator’-
Attracting Signals in Fungi. Biol. Lett. 2006, 2, 401-404. [CrossRef] [PubMed]

14. Kaiser, R. Flowers and Fungi Use Scents to Mimic Each Other. Science 2006, 311, 806-807. [CrossRef]

15. Brysch-Herzberg, M. Ecology of Yeasts in Plant-Bumblebee Mutualism in Central Europe. FEMS Microbiol. Ecol. 2004, 50, 87-100.
[CrossRef]

16. Pozo, M.L; Bartlewicz, J.; van Oystaeyen, A.; Benavente, A.; van Kemenade, G.; Wickers, F; Jacquemyn, H. Surviving in the

Absence of Flowers: Do Nectar Yeasts Rely on Overwintering Bumblebee Queens to Complete Their Annual Life Cycle? FEMS
Microbiol. Ecol. 2018, 94, fiy196. [CrossRef]


http://doi.org/10.1037/h0072201
http://doi.org/10.1002/ece3.3905
http://doi.org/10.1890/03-0410
http://doi.org/10.4161/psb.4.11.9874
http://doi.org/10.1046/j.1469-8137.2002.00397.x
http://doi.org/10.1038/nature12629
http://www.ncbi.nlm.nih.gov/pubmed/24132233
http://doi.org/10.1016/j.tig.2006.05.007
http://doi.org/10.1016/S1567-1356(03)00012-6
http://doi.org/10.1126/science.1061457
http://doi.org/10.1038/434449a
http://doi.org/10.1038/nature09811
http://www.ncbi.nlm.nih.gov/pubmed/21455178
http://doi.org/10.1016/j.tig.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16499989
http://doi.org/10.1098/rsbl.2006.0479
http://www.ncbi.nlm.nih.gov/pubmed/17148414
http://doi.org/10.1126/science.1119499
http://doi.org/10.1016/j.femsec.2004.06.003
http://doi.org/10.1093/femsec/fiy196

J. Fungi 2022, 8, 984 14 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Herrera, C.M.; Pozo, M.L; Bazaga, P. Nonrandom Genotype Distribution among Floral Hosts Contributes to Local and Regional
Genetic Diversity in the Nectar-Living Yeast Metschnikowia reukaufii. FEMS Microbiol. Ecol. 2014, 87, 568-575. [CrossRef]

Hong, S.G.; Chun, J.; Oh, HW.; Bae, K.S. Metschnikowia koreensis sp. nov., a Novel Yeast Species Isolated from Flowers in Korea.
Int. ]. Syst. Evol. Microbiol. 2001, 51, 1927-1931. [CrossRef]

Guzman, B.; Lachance, M.-A.; Herrera, C.M. Phylogenetic Analysis of the Angiosperm-Floricolous Insect—Yeast Association:
Have Yeast and Angiosperm Lineages Co-Diversified? Mol. Phylogenet. Evol. 2013, 68, 161-175. [CrossRef]

Giménez-Jurado, G.; Kurtzman, C.P.; Starmer, W.T.; Spencer-Martins, I. Metschnikowia vanudenii sp. nov. and Metschnikowia
lachancei sp. nov., from Flowers and Associated Insects in North America. Int. ]. Syst. Evol. Microbiol. 2003, 53, 1665-1670.
[CrossRef]

Lachance, M.-A; Rosa, C.A.; Starmer, W.T.; Schlag-Edler, B.; Baker, ].S.F.; Bowles, .M. Metschnikowia continentalis Var. borealis,
Metschnikowia continentalis Var. continentalis, and Metschnikowia hibisci, New Heterothallic Haploid Yeasts from Ephemeral Flowers
and Associated Insects. Can. J. Microbiol. 1998, 44, 279-288. [CrossRef]

Lachance, M.-A.; Rosa, C.A.; Starmer, W.T.; Schlag-Edler, B.; Barker, J.S.F.; Bowles, ] M. Wickerhamiella australiensis, Wickerhamiella
cacticola, Wickerhamiella occidentalis, Candida drosophilae and Candida lipophila, Five New Related Yeast Species from Flowers and
Associated Insects. Int. |. Syst. Bacteriol. 1998, 48, 1431-1443. [CrossRef] [PubMed]

de Vega, C.; Albaladejo, R.G.; Lachance, M.-A. Metschnikowia Maroccana f.a., Sp. Nov., a New Yeast Species Associated with
Floral Nectar from Morocco. Int. |. Syst. Evol. Microbiol. 2018, 68, 2028-2035. [CrossRef] [PubMed]

Shibayama, K.; Otoguro, M.; Nakashima, C.; Yanagida, F. Metschnikowia miensis f.a., sp. nov., Isolated from Flowers in Mie
Prefecture, Japan. Antonie Van Leeuwenhoek 2020, 113, 321-329. [CrossRef]

de Santos, A.R.O,; Lee, D.K,; Ferreira, A.G.; Carmo, M.C.; Rondelli, V.M.; Barros, K.O.; Hsiang, T.; Rosa, C.A.; Lachance, M. The
Yeast Community of Conotelus Sp. (Coleoptera: Nitidulidae) in Brazilian Passionfruit Flowers (Passiflora Edulis) and Description
of Metschnikowia amazonensis sp. nov., a Large-spored Clade Yeast. Yeast 2020, 37, 253-260. [CrossRef]

Lachance, M.; Starmer, W.; Rosa, C.; Bowles, J.; Barker, J.; Janzen, D. Biogeography of the Yeasts of Ephemeral Flowers and Their
Insects. FEMS Yeast Res. 2001, 1, 1-8. [CrossRef]

Lachance, M.-A.; Fedor, A.N. Catching Speciation in the Act: Metschnikowia bowlesiae sp. nov., a Yeast Species Found in Nitidulid
Beetles of Hawaii and Belize. Antonie Leeuwenhoek 2014, 105, 541-550. [CrossRef]

Lachance, M.-A.; Ewing, C.P,; Bowles, ].M.; Starmer, W.T. Metschnikowia hamakuensis sp. nov., Metschnikowia kamakouana sp. nov.
and Metschnikowia mauinuiana sp. nov., Three Endemic Yeasts from Hawaiian Nitidulid Beetles. Int. ]. Syst. Evol. Microbiol. 2005,
55,1369-1377. [CrossRef]

de Vega, C.; Guzman, B.; Lachance, M.-A; Steenhuisen, S.-L.; Johnson, S.D.; Herrera, C.M. Metschnikowia proteae Sp. Nov., a
Nectarivorous Insect-Associated Yeast Species from Africa. Int. |. Syst. Evol. Microbiol. 2012, 62, 2538-2545. [CrossRef]

de Vega, C.; Guzman, B.; Steenhuisen, S.-L.; Johnson, S.D.; Herrera, C.M.; Lachance, M.-A. Metschnikowia drakensbergensis Sp. Nov.
and Metschnikowia caudata Sp. Nov., Endemic Yeasts Associated with Protea Flowers in South Africa. Int. |. Syst. Evol. Microbiol.
2014, 64, 3724-3732. [CrossRef]

Rosa, C.A.; Lachance, M.-A ; Teixeira, L.C.R.S.; Pimenta, R.S.; Morais, P.B. Metschnikowia cerradonensis Sp. Nov., a Yeast Species
Isolated from Ephemeral Flowers and Their Nitidulid Beetles in Brazil. Int. |. Syst. Evol. Microbiol. 2007, 57, 161-165. [CrossRef]
[PubMed]

Boby, V.U.; Balakrishna, A.N.; Bagyaraj, D.J. Interaction between Glomus mosseae and Soil Yeasts on Growth and Nutrition of
Cowpea. Microbiol. Res. 2008, 163, 693-700. [CrossRef] [PubMed]

Rodrigues, A.; Cable, R.N.; Mueller, U.G.; Bacci, M.; Pagnocca, F.C. Antagonistic Interactions between Garden Yeasts and
Microfungal Garden Pathogens of Leaf-Cutting Ants. Antonie Leeuwenhoek 2009, 96, 331-342. [CrossRef] [PubMed]

Herrera, C.M.; Garcia, LM.; Pérez, R. Invisible floral larcenies: Microbial communities degrade floral nectar of bumble bee-
pollinated plants. Ecology 2008, 89, 2369-2376. [CrossRef] [PubMed]

de Vega, C.; Herrera, C.M.; Johnson, S.D. Yeasts in Floral Nectar of Some South African Plants: Quantification and Associations
with Pollinator Type and Sugar Concentration. S. Afr. J. Bot. 2009, 75, 798-806. [CrossRef]

Hong, S.G.; Bae, K.S.; Herzberg, M.; Titze, A.; Lachance, M.-A. Candida kunwiensis Sp. Nov., a Yeast Associated with Flowers and
Bumblebees. Int. |. Syst. Evol. Microbiol. 2003, 53, 367-372. [CrossRef]

Freitas, L.F.D.; Barriga, E.].C.; Barahona, P.P.; Lachance, M.-A.; Rosa, C.A. Kodamaea transpacifica f.a., Sp. Nov., a Yeast Species
Isolated from Ephemeral Flowers and Insects in the Galdpagos Islands and Malaysia: Further Evidence for Ancient Human
Transpacific Contacts. Int. J. Syst. Evol. Microbiol. 2013, 63, 4324—4329. [CrossRef]

Fidalgo-Jimenez, A.; Daniel, H.-M.; Evrard, P.; Decock, C.; Lachance, M.-A. Metschnikowia cubensis Sp. Nov., a Yeast Species
Isolated from Flowers in Cuba. Int. J. Syst. Evol. Microbiol. 2008, 58, 2955-2961. [CrossRef]

Herrera, C.M.; Pozo, M.I.; Medrano, M. Yeasts in Nectar of an Early-Blooming Herb: Sought by Bumble Bees, Detrimental to
Plant Fecundity. Ecology 2013, 94, 273-279. [CrossRef]

Lachance, M.-A.; Bowles, ].M.; Starmer, W.T. Metschnikowia santaceciliae, Candida hawaiiana, and Candida kipukae, Three New Yeast
Species Associated with Insects of Tropical Morning Glory. FEMS Yeast Res. 2003, 3, 97-103. [CrossRef]

Félix, C.R.; Navarro, HM.C.; Paulino, G.V.B.; Almeida, ].H.; Landell, M.F. Behind the Nectar: The Yeast Community in Bromeliads
Inflorescences after the Exudate Removal. Mycol. Prog. 2021, 20, 1191-1202. [CrossRef]


http://doi.org/10.1111/1574-6941.12245
http://doi.org/10.1099/00207713-51-5-1927
http://doi.org/10.1016/j.ympev.2013.04.003
http://doi.org/10.1099/ijs.0.02470-0
http://doi.org/10.1139/w97-148
http://doi.org/10.1099/00207713-48-4-1431
http://www.ncbi.nlm.nih.gov/pubmed/9828447
http://doi.org/10.1099/ijsem.0.002784
http://www.ncbi.nlm.nih.gov/pubmed/29688165
http://doi.org/10.1007/s10482-019-01340-1
http://doi.org/10.1002/yea.3453
http://doi.org/10.1016/S1567-1356(00)00003-9
http://doi.org/10.1007/s10482-013-0106-z
http://doi.org/10.1099/ijs.0.63615-0
http://doi.org/10.1099/ijs.0.040790-0
http://doi.org/10.1099/ijs.0.068445-0
http://doi.org/10.1099/ijs.0.64624-0
http://www.ncbi.nlm.nih.gov/pubmed/17220460
http://doi.org/10.1016/j.micres.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17324563
http://doi.org/10.1007/s10482-009-9350-7
http://www.ncbi.nlm.nih.gov/pubmed/19449210
http://doi.org/10.1890/08-0241.1
http://www.ncbi.nlm.nih.gov/pubmed/18831156
http://doi.org/10.1016/j.sajb.2009.07.016
http://doi.org/10.1099/ijs.0.02200-0
http://doi.org/10.1099/ijs.0.052282-0
http://doi.org/10.1099/ijs.0.2008/001198-0
http://doi.org/10.1890/12-0595.1
http://doi.org/10.1111/j.1567-1364.2003.tb00144.x
http://doi.org/10.1007/s11557-021-01728-2

J. Fungi 2022, 8, 984 15 0f 19

42.

43.

44.

45.

46.
47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang, G.-S.; Zhou, Y.; Xue, L.; Li, A.-H.; Wangmu; Wang, Q.-M. Teunia rosae Sp. Nov. and Teunia rudbeckiae Sp. Nov. (Crypto-
coccaceae, Tremellales), Two Novel Basidiomycetous Yeast Species Isolated from Flowers. Int. J. Syst. Evol. Microbiol. 2020, 70,
5394-5400. [CrossRef] [PubMed]

Jacquemyn, H.; Pozo, M.L; Alvarez-Pérez, S.; Lievens, B.; Fukami, T. Yeast-Nectar Interactions: Metacommunities and Effects on
Pollinators. Curr. Opin. Insect. Sci. 2021, 44, 35—-40. [CrossRef] [PubMed]

Roy, R.; Schmitt, A.J.; Thomas, J.B.; Carter, C.J. Review: Nectar Biology: From Molecules to Ecosystems. Plant Sci. 2017, 262,
148-164. [CrossRef] [PubMed]

Mitchell, R.J.; Irwin, R.E.; Flanagan, R.J.; Karron, ].D. Ecology and Evolution of Plant-Pollinator Interactions. Ann. Bot. 2009, 103,
1355-1363. [CrossRef]

Jones, G.D.; Jones, S.D. The Uses of Pollen and Its Implication for Entomology. Neotrop. Entomol. 2001, 30, 314-349. [CrossRef]
Cusumano, A.; Bella, P; Peri, E.; Rostas, M.; Guarino, S.; Lievens, B.; Colazza, S. Nectar-Inhabiting Bacteria Affect Olfactory
Responses of an Insect Parasitoid by Altering Nectar Odors. Microb. Ecol. 2022, 1-13. [CrossRef]

Schaeffer, R.N.; Rering, C.C.; Maalouf, I.; Beck, ].J.; Vannette, R.L. Microbial Metabolites Elicit Distinct Olfactory and Gustatory
Preferences in Bumblebees. Biol. Lett. 2019, 15, 20190132. [CrossRef]

Wehner, J.; Mittelbach, M.; Rillig, M.C.; Verbruggen, E. Specialist Nectar-Yeasts Decline with Urbanization in Berlin. Sci. Rep.
2017, 7, 45315. [CrossRef]

Percival, M.S. Types of Nectar in Angiosperms. New Phytol. 1961, 60, 235-281. [CrossRef]

Bernardello, G. A Systematic Survey of Floral Nectaries. In Nectaries and Nectar; Springer: Dordrecht, The Netherlands, 2007;
pp- 19-128.

Anton, S.; Denisow, B. Nectar Production and Carbohydrate Composition across Floral Sexual Phases: Contrasting Patterns in
Two Protandrous Aconitum Species (Delphinieae, Ranunculaceae). Flora Morphol. Distrib. Funct. Ecol. Plants 2014, 209, 464-470.
[CrossRef]

Canto, A.; Perez, R.; Medrano, M.; Castellanos, M.C.; Herrera, C.M. Intra-Plant Variation in Nectar Sugar Composition in Two
Aquilegia Species (Ranunculaceae): Contrasting Patterns under Field and Glasshouse Conditions. Ann. Bot. 2006, 99, 653—660.
[CrossRef] [PubMed]

Herrera, C.M.; Perez, R.; Alonso, C. Extreme Intraplant Variation in Nectar Sugar Composition in an Insect-Pollinated Perennial
Herb. Am. J. Bot. 2006, 93, 575-581. [CrossRef]

Nicolson, S.W.; Thornburg, R.-W. Nectar Chemistry. In Nectaries and Nectar; Springer: Dordrecht, The Netherlands, 2007;
pp- 215-264.

Alvarez-Pérez, S.; Tsuji, K.; Donald, M.; van Assche, A.; Vannette, R.L.; Herrera, C.M.; Jacquemyn, H.; Fukami, T.; Lievens, B.
Nitrogen Assimilation Varies Among Clades of Nectar- and Insect-Associated Acinetobacters. Microb. Ecol. 2021, 81, 990-1003.
[CrossRef] [PubMed]

Goulson, D. Foraging Strategies of Insects for Gathering Nectar and Pollen, and Implications for Plant Ecology and Evolution.
Perspect. Plant Ecol. Evol. Syst. 1999, 2, 185-209. [CrossRef]

Herrera, C.M. Scavengers That Fit beneath a Microscope Lens. Ecology 2017, 98, 2725-2726. [CrossRef]

Palmer-Young, E.C; Farrell, LW.; Adler, L.S.; Milano, N.J.; Egan, P.A.; Junker, R R; Irwin, R.E.; Stevenson, P.C. Chemistry of
Floral Rewards: Intra- and Interspecific Variability of Nectar and Pollen Secondary Metabolites across Taxa. Ecol. Monogr. 2019,
89, e01335. [CrossRef]

Pozo, M.L; Jacquemyn, H. Addition of Pollen Increases Growth of Nectar-Living Yeasts. FEMS Microbiol. Lett. 2019, 366, fnz191.
[CrossRef]

Pozo, M.L; Herrera, C.M.; van den Ende, W.; Verstrepen, K; Lievens, B.; Jacquemyn, H. The Impact of Nectar Chemical Features
on Phenotypic Variation in Two Related Nectar Yeasts. FEMS Microbiol. Ecol. 2015, 91, fiv055. [CrossRef]

Zambon, V.; Agostini, K.; Nepi, M.; Rossi, M.L.; Martinelli, A.P; Sazima, M. The Role of Nectar Traits and Nectary Morphoanatomy
in the Plant-Pollinator Interaction between Billbergia Distachia (Bromeliaceae) and the Hermit Phaethornis Eurynome (Trochili-
dae). Bot. J. Linn. Soc. 2020, 192, 816-827. [CrossRef]

Dmitruk, M.; Strzatkowska-Abramek, M.; Bozek, M.; Denisow, B. Plants Enhancing Urban Pollinators: Nectar Rather than Pollen
Attracts Pollinators of Cotoneaster Species. Urban Urban Green 2022, 74, 127651. [CrossRef]

Peay, K.G.; Belisle, M.; Fukami, T. Phylogenetic Relatedness Predicts Priority Effects in Nectar Yeast Communities. Proc. R. Soc. B
Biol. Sci. 2012, 279, 749-758. [CrossRef] [PubMed]

Bogo, G.; Fisogni, A.; Rabassa-Juvanteny, J.; Bortolotti, L.; Nepi, M.; Guarnieri, M.; Conte, L.; Galloni, M. Nectar Chemistry Is Not
Only a Plant’s Affair: Floral Visitors Affect Nectar Sugar and Amino Acid Composition. Oikos 2021, 130, 1180-1192. [CrossRef]
Brzosko, E.; Bajguz, A.; Chmur, M.; Burzyniska, J.; Jermakowicz, E.; Mirski, P; Zielifiski, P. How Are the Flower Structure and
Nectar Composition of the Generalistic Orchid Neottia Ovata Adapted to a Wide Range of Pollinators? Int. J. Mol. Sci. 2021,
22,2214. [CrossRef] [PubMed]

Silva, FA.; Chatt, E.C.; Mahalim, S.-N.; Guirgis, A.; Guo, X.; Nettleton, D.S.; Nikolau, B.J.; Thornburg, R.-W. Metabolomic Profiling
of Nicotiana spp. Nectars Indicate That Pollinator Feeding Preference Is a Stronger Determinant Than Plant Phylogenetics in
Shaping Nectar Diversity. Metabolites 2020, 10, 214. [CrossRef]

Ryniewicz, J.; Sktodowski, M.; Chmur, M.; Bajguz, A.; Roguz, K.; Roguz, A.; Zych, M. Intraspecific Variation in Nectar Chemistry
and Its Implications for Insect Visitors: The Case of the Medicinal Plant, Polemonium caeruleum L. Plants 2020, 9, 1297. [CrossRef]


http://doi.org/10.1099/ijsem.0.004423
http://www.ncbi.nlm.nih.gov/pubmed/33275546
http://doi.org/10.1016/j.cois.2020.09.014
http://www.ncbi.nlm.nih.gov/pubmed/33065340
http://doi.org/10.1016/j.plantsci.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28716410
http://doi.org/10.1093/aob/mcp122
http://doi.org/10.1590/S1519-566X2001000300001
http://doi.org/10.1007/s00248-022-02078-6
http://doi.org/10.1098/rsbl.2019.0132
http://doi.org/10.1038/srep45315
http://doi.org/10.1111/j.1469-8137.1961.tb06255.x
http://doi.org/10.1016/j.flora.2014.07.001
http://doi.org/10.1093/aob/mcl291
http://www.ncbi.nlm.nih.gov/pubmed/17259227
http://doi.org/10.3732/ajb.93.4.575
http://doi.org/10.1007/s00248-020-01671-x
http://www.ncbi.nlm.nih.gov/pubmed/33404822
http://doi.org/10.1078/1433-8319-00070
http://doi.org/10.1002/ecy.1874
http://doi.org/10.1002/ecm.1335
http://doi.org/10.1093/femsle/fnz191
http://doi.org/10.1093/femsec/fiv055
http://doi.org/10.1093/botlinnean/boz107
http://doi.org/10.1016/j.ufug.2022.127651
http://doi.org/10.1098/rspb.2011.1230
http://www.ncbi.nlm.nih.gov/pubmed/21775330
http://doi.org/10.1111/oik.08176
http://doi.org/10.3390/ijms22042214
http://www.ncbi.nlm.nih.gov/pubmed/33672302
http://doi.org/10.3390/metabo10050214
http://doi.org/10.3390/plants9101297

J. Fungi 2022, 8, 984 16 of 19

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Gongalves, C.; Marques, M.; Gongalves, P. Contrasting Strategies for Sucrose Utilization in a Floral Yeast Clade. mSphere 2022,
7,€00035-22. [CrossRef]

Gongalves, C.; Ferreira, C.; Gongalves, L.G.; Turner, D.L.; Leandro, M.].; Salema-Oom, M.; Santos, H.; Gongalves, P. A New
Pathway for Mannitol Metabolism in Yeasts Suggests a Link to the Evolution of Alcoholic Fermentation. Front. Microbiol. 2019,
10, 2510. [CrossRef]

Gongalves, C.; Wisecaver, J.H.; Kominek, J.; Oom, M.S.; Leandro, M.J.; Shen, X.-X.; Opulente, D.A.; Zhou, X.; Peris, D,;
Kurtzman, C.P; et al. Evidence for Loss and Reacquisition of Alcoholic Fermentation in a Fructophilic Yeast Lineage. Elife 2018,
7,33034. [CrossRef]

Amorim, ]J.C.; Schwan, R.F,; Duarte, W.F. Sugar Cane Spirit (Cachaga): Effects of Mixed Inoculum of Yeasts on the Sensory and
Chemical Characteristics. Food Res. Int. 2016, 85, 76-83. [CrossRef]

Arrizon, J.; Fiore, C.; Acosta, G.; Romano, P.; Gschaedler, A. Fermentation Behaviour and Volatile Compound Production by
Agave and Grape Must Yeasts in High Sugar Agave Tequilana and Grape Must Fermentations. Antonie Van Leeuwenhoek 2006, 89,
181-189. [CrossRef] [PubMed]

Perrusquia-Luévano, S.; Cano-Herrera, M.S.; Guigon-Lopez, C.; del Avitia-Talamantes, M.C.; Torres-Torres, C.; Villalpando, I.
Microbiology of high-sugar must fermentation by novel yeasts from the chihuahuan desert. FEMS Yeast Res. 2018, 19, foy(099.
[CrossRef] [PubMed]

Brat, D.; Weber, C.; Lorenzen, W.; Bode, H.B.; Boles, E. Cytosolic Re-Localization and Optimization of Valine Synthesis and
Catabolism Enables Increased Isobutanol Production with the Yeast Saccharomyces cerevisiae. Biotechnol. Biofuels 2012, 5, 65.
[CrossRef]

Dzialo, M.C.; Park, R.; Steensels, J.; Lievens, B.; Verstrepen, K.J. Physiology, Ecology and Industrial Applications of Aroma
Formation in Yeast. FEMS Microbiol. Rev. 2017, 41, S95-5128. [CrossRef] [PubMed]

Ida, K.; Ishii, J.; Matsuda, F; Kondo, T.; Kondo, A. Eliminating the Isoleucine Biosynthetic Pathway to Reduce Competitive
Carbon Outflow during Isobutanol Production by Saccharomyces cerevisiae. Microb. Cell Fact. 2015, 14, 62. [CrossRef] [PubMed]
Kruis, A.J.; Levisson, M.; Mars, A.E.; van der Ploeg, M.; Garcés Daza, F; Ellena, V.; Kengen, S.W.M.; van der Oost, J.; Weusthuis,
R.A. Ethyl Acetate Production by the Elusive Alcohol Acetyltransferase from Yeast. Metab. Eng. 2017, 41, 92-101. [CrossRef]
Romano, P; Suzzi, G. Origin and Production of Acetoin during Wine Yeast Fermentation. Appl. Environ. Microbiol. 1996, 62,
309-315. [CrossRef]

Seo, H.; Giannone, R.J.; Yang, Y.-H.; Trinh, C.T. Proteome Reallocation Enables the Selective de Novo Biosynthesis of Non-Linear,
Branched-Chain Acetate Esters. Metab. Eng. 2022, 73, 38-49. [CrossRef]

Pacini, E.; Nepi, M. Nectar Production and Presentation. In Nectaries and Nectar; Springer: Dordrecht, The Netherlands, 2007;
pp. 167-214.

Badotti, F; Dario, M.G.; Alves, S.L.; Cordioli, M.L.A.; Miletti, L.C.; de Araujo, P.S.; Stambuk, B.U. Switching the Mode of Sucrose
Utilization by Saccharomyces cerevisiae. Microb. Cell Fact. 2008, 7, 4. [CrossRef]

Serra Colomer, M.; Funch, B.; Solodovnikova, N.; Hobley, T.].; Forster, J. Biotransformation of Hop Derived Compounds by
Brettanomyces Yeast Strains. . Inst. Brew. 2020, 126, 280-288. [CrossRef]

Ecroyd, C.E,; Franich, R.A.; Kroese, H.W.; Steward, D. Volatile Constituents of Dactylanthus Taylorii Flower Nectar in Relation to
Flower Pollination and Browsing by Animals. Phytochemistry 1995, 40, 1387-1389. [CrossRef]

Cabaroglu, T.; Selli, S.; Canbas, A.; Lepoutre, ].-P.; Giinata, Z. Wine Flavor Enhancement through the Use of Exogenous Fungal
Glycosidases. Enzyme Microb. Technol. 2003, 33, 581-587. [CrossRef]

Jerkovi¢, I; Prdun, S.; Marijanovié, Z.; Zeki¢, M.; Bubalo, D.; Sve¢njak, L.; Tuberoso, C. Traceability of Satsuma mandarin (Citrus
Unshiu Marc.) Honey through Nectar/Honey-Sac/Honey Pathways of the Headspace, Volatiles, and Semi-Volatiles: Chemical
Markers. Molecules 2016, 21, 1302. [CrossRef]

Primante, C.; Détterl, S. A Syrphid Fly Uses Olfactory Cues to Find a Non-Yellow Flower. J. Chem. Ecol. 2010, 36, 1207-1210.
[CrossRef] [PubMed]

Rering, C.C.; Beck, ].J.; Hall, G.W.; McCartney, M.M.; Vannette, R.L. Nectar-inhabiting Microorganisms Influence Nectar Volatile
Composition and Attractiveness to a Generalist Pollinator. New Phytol. 2018, 220, 750-759. [CrossRef]

Wu, D.; Li, X; Sun, J.; Cai, G.; Xie, G.; Lu, ]. Effect of Citrulline Metabolism in Saccharomyces cerevisiae on the Formation of Ethyl
Carbamate during Chinese Rice Wine Fermentation. |. Inst. Brew. 2018, 124, 77-84. [CrossRef]

Pérez, A.G.; Cert, A.; Rios, ].].; Olias, ].M. Free and Glycosidically Bound Volatile Compounds from Two Banana Cultivars: Valery
and Pequefia Enana. . Agric. Food Chem. 1997, 45, 4393—4397. [CrossRef]

Aurore, G.; Ginies, C.; Ganou-parfait, B.; Renard, C.M.G.C.; Fahrasmane, L. Comparative Study of Free and Glycoconjugated
Volatile Compounds of Three Banana Cultivars from French West Indies: Cavendish, Frayssinette and Plantain. Food Chem. 2011,
129, 28-34. [CrossRef]

Krammer, G.; Winterhalter, P.; Schwab, M.; Schreier, P. Glycosidically Bound Aroma Compounds in the Fruits of Prunus Species:
Apricot (P. Armeniaca, L.), Peach (P. Persica, L.), Yellow Plum (P. Domestica, L. Ssp. Syriaca). J. Agric. Food Chem. 1991, 39, 778-781.
[CrossRef]

Jakubska-Busse, A.; Czelusniak, I.; Kobytka, M.]J.; Hojniak, M. Why Does an Obligate Autogamous Orchid Produce Insect
Attractants in Nectar? A Case Study on Epipactis Albensis (Orchidaceae). BMC Plant. Biol. 2022, 22, 196. [CrossRef]


http://doi.org/10.1128/msphere.00035-22
http://doi.org/10.3389/fmicb.2019.02510
http://doi.org/10.7554/eLife.33034
http://doi.org/10.1016/j.foodres.2016.04.014
http://doi.org/10.1007/s10482-005-9022-1
http://www.ncbi.nlm.nih.gov/pubmed/16534541
http://doi.org/10.1093/femsyr/foy099
http://www.ncbi.nlm.nih.gov/pubmed/30202936
http://doi.org/10.1186/1754-6834-5-65
http://doi.org/10.1093/femsre/fux031
http://www.ncbi.nlm.nih.gov/pubmed/28830094
http://doi.org/10.1186/s12934-015-0240-6
http://www.ncbi.nlm.nih.gov/pubmed/25925006
http://doi.org/10.1016/j.ymben.2017.03.004
http://doi.org/10.1128/aem.62.2.309-315.1996
http://doi.org/10.1016/j.ymben.2022.05.003
http://doi.org/10.1186/1475-2859-7-4
http://doi.org/10.1002/jib.610
http://doi.org/10.1016/0031-9422(95)00403-T
http://doi.org/10.1016/S0141-0229(03)00179-0
http://doi.org/10.3390/molecules21101302
http://doi.org/10.1007/s10886-010-9871-6
http://www.ncbi.nlm.nih.gov/pubmed/20924654
http://doi.org/10.1111/nph.14809
http://doi.org/10.1002/jib.473
http://doi.org/10.1021/jf9704524
http://doi.org/10.1016/j.foodchem.2011.01.104
http://doi.org/10.1021/jf00004a032
http://doi.org/10.1186/s12870-022-03563-3

J. Fungi 2022, 8, 984 17 of 19

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

dos Santos, A.C.; Biluca, F.C.; Braghini, F.; Gonzaga, L.V.,; Costa, A.C.O.; Fett, R. Phenolic Composition and Biological Activities of
Stingless Bee Honey: An Overview Based on Its Aglycone and Glycoside Compounds. Food Res. Int. 2021, 147, 110553. [CrossRef]
[PubMed]

Cna’ani, A.; Shavit, R.; Ravid, J.; Aravena-Calvo, J.; Skaliter, O.; Masci, T.; Vainstein, A. Phenylpropanoid Scent Compounds in
Petunia x Hybrida Are Glycosylated and Accumulate in Vacuoles. Front. Plant Sci. 2017, 8, 1898. [CrossRef] [PubMed]

Hampel, D.; Robinson, A.L.; Johnson, A.].; Ebeler, S.E. Direct Hydrolysis and Analysis of Glycosidically Bound Aroma Compounds
in Grapes and Wines: Comparison of Hydrolysis Conditions and Sample Preparation Methods. Aust. ]. Grape Wine Res. 2014, 20,
361-377. [CrossRef]

Liang, Z.; Fang, Z.; Pai, A.; Luo, J.; Gan, R.; Gao, Y.; Lu, J.; Zhang, P. Glycosidically Bound Aroma Precursors in Fruits: A
Comprehensive Review. Crit. Rev. Food Sci. Nutr. 2022, 62, 215-243. [CrossRef]

Yazaki, K.; Arimura, G.; Ohnishi, T. 'Hidden’ Terpenoids in Plants: Their Biosynthesis, Localization and Ecological Roles. Plant
Cell Physiol. 2017, 58, 1615-1621. [CrossRef]

Lehnen, M.; Ebert, B.E.; Blank, L.M. A Comprehensive Evaluation of Constraining Amino Acid Biosynthesis in Compartmented
Models for Metabolic Flux Analysis. Metab. Eng. Commun. 2017, 5, 34—44. [CrossRef] [PubMed]

Yang, S.; Chen, X.; Xu, N.; Liu, L.; Chen, J. Urea Enhances Cell Growth and Pyruvate Production in Torulopsis glabrata. Biotechnol.
Prog. 2014, 30, 19-27. [CrossRef]

Broadhead, G.T.; Raguso, R.A. Associative Learning of Non-Sugar Nectar Components: Amino Acids Modify Nectar Preference
in a Hawkmoth. J. Exp. Biol. 2021, 224, 234633. [CrossRef]

Nepi, M. Beyond Nectar Sweetness: The Hidden Ecological Role of Non-Protein Amino Acids in Nectar. J. Ecol. 2014, 102,
108-115. [CrossRef]

Dhami, M.K.; Hartwig, T.; Fukami, T. Genetic Basis of Priority Effects: Insights from Nectar Yeast. Proc. R. Soc. B Biol. Sci. 2016,
283, 20161455. [CrossRef]

Eleutério dos Santos, C.M.; de Pietrowski, G.A.M.; Braga, C.M.; Rossi, M.].; Ninow, J.; Machado dos Santos, T.P.; Wosiacki, G.;
Jorge, RM.M.; Nogueira, A. Apple Aminoacid Profile and Yeast Strains in the Formation of Fusel Alcohols and Esters in Cider
Production. J. Food Sci. 2015, 80, C1170-C1177. [CrossRef] [PubMed]

Pereira, C.; Mendes, D.; Dias, T.; Garcia, R.; da Silva, M.G.; Cabrita, M.]. Revealing the Yeast Modulation Potential on Amino Acid
Composition and Volatile Profile of Arinto White Wines by a Combined Chromatographic-Based Approach. J. Chromatogr. A
2021, 1641, 461991. [CrossRef] [PubMed]

Baker, H.G.; Baker, I. The Occurrence and Significance of Amino Acids in Floral Nectar. Plant Syst. Evol. 1986, 151, 175-186.
[CrossRef]

Nepi, M.; von Aderkas, P.; Wagner, R.; Mugnaini, S.; Coulter, A.; Pacini, E. Nectar and Pollination Drops: How Different Are
They? Ann. Bot. 2009, 104, 205-219. [CrossRef]

Zych, M.; Stpiczyniska, M.; Roguz, K. Reproductive Biology of the Red List Species Polemonium caeruleum (Polemoniaceae). Bot. J.
Linn. Soc. 2013, 173, 92-107. [CrossRef]

Ardo, Y. Flavour Formation by Amino Acid Catabolism. Biotechnol. Adv. 2006, 24, 238-242. [CrossRef]

Filannino, P; di Cagno, R.; Gambacorta, G.; Tlais, A.Z.A.; Cantatore, V.; Gobbetti, M. Volatilome and Bioaccessible Phenolics
Profiles in Lab-Scale Fermented Bee Pollen. Foods 2021, 10, 286. [CrossRef]

Chua, J.-Y; Tan, S.J.; Liu, 5.-Q. Understanding the Interaction of Isoleucine Paired with Other Amino Acids in Soy Whey Alcohol
Fermentation Using Torulaspora delbrueckii. Int. ]. Food Microbiol. 2020, 333, 108802. [CrossRef]

Sobhy, LS.; Baets, D.; Goelen, T.; Herrera-Malaver, B.; Bosmans, L.; van den Ende, W.; Verstrepen, K.J.; Wackers, F.; Jacquemyn, H.;
Lievens, B. Sweet Scents: Nectar Specialist Yeasts Enhance Nectar Attraction of a Generalist Aphid Parasitoid Without Affecting
Survival. Front. Plant Sci. 2018, 9, 1009. [CrossRef]

Fairbairn, S.; McKinnon, A.; Musarurwa, H.T.; Ferreira, A.C.; Bauer, EF. The Impact of Single Amino Acids on Growth and
Volatile Aroma Production by Saccharomyces cerevisiae Strains. Front. Microbiol. 2017, 8, 2554. [CrossRef]

Vranova, V.; Rejsek, K.; Skene, K.R.; Formanek, P. Non-Protein Amino Acids: Plant, Soil and Ecosystem Interactions. Plant Soil
2011, 342, 31-48. [CrossRef]

Hébert, A.; Forquin-Gomez, M.-P; Roux, A.; Aubert, ]J.; Junot, C.; Heilier, J.-F; Landaud, S.; Bonnarme, P.; Beckerich, J.-M.
New Insights into Sulfur Metabolism in Yeasts as Revealed by Studies of Yarrowia lipolytica. Appl. Environ. Microbiol. 2013, 79,
1200-1211. [CrossRef] [PubMed]

Andersen, G.; Andersen, B.; Dobritzsch, D.; Schnackerz, K.D.; Piskur, J. A Gene Duplication Led to Specialized y-Aminobutyrate
and f3-Alanine Aminotransferase in Yeast. FEBS J. 2007, 274, 1804-1817. [CrossRef] [PubMed]

Linder, T. Phenotypical Characterisation of a Putative w-Amino Acid Transaminase in the Yeast Scheffersomyces stipitis. Arch.
Microbiol. 2019, 201, 185-192. [CrossRef]

Lega, ].M,; Pereira, V.; Miranda, A.; Vilchez, J.L.; Malfeito-Ferreira, M.; Marques, J.C. Impact of Indigenous Non-Saccharomyces
Yeasts Isolated from Madeira Island Vineyards on the Formation of Ethyl Carbamate in the Aging of Fortified Wines. Processes
2021, 9, 799. [CrossRef]

Nielsen, J. Yeast Cells Handle Stress by Reprogramming Their Metabolism. Nature 2019, 572, 184-185. [CrossRef]

Ji, H,; Lu, X,; Zong, H.; Zhuge, B. y-Aminobutyric Acid Accumulation Enhances the Cell Growth of Candida glycerinogenes under
Hyperosmotic Conditions. J. Gen. Appl. Microbiol. 2018, 64, 84-89. [CrossRef]


http://doi.org/10.1016/j.foodres.2021.110553
http://www.ncbi.nlm.nih.gov/pubmed/34399530
http://doi.org/10.3389/fpls.2017.01898
http://www.ncbi.nlm.nih.gov/pubmed/29163617
http://doi.org/10.1111/ajgw.12087
http://doi.org/10.1080/10408398.2020.1813684
http://doi.org/10.1093/pcp/pcx123
http://doi.org/10.1016/j.meteno.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/29188182
http://doi.org/10.1002/btpr.1817
http://doi.org/10.1242/jeb.234633
http://doi.org/10.1111/1365-2745.12170
http://doi.org/10.1098/rspb.2016.1455
http://doi.org/10.1111/1750-3841.12879
http://www.ncbi.nlm.nih.gov/pubmed/25920613
http://doi.org/10.1016/j.chroma.2021.461991
http://www.ncbi.nlm.nih.gov/pubmed/33640805
http://doi.org/10.1007/BF02430273
http://doi.org/10.1093/aob/mcp124
http://doi.org/10.1111/boj.12071
http://doi.org/10.1016/j.biotechadv.2005.11.005
http://doi.org/10.3390/foods10020286
http://doi.org/10.1016/j.ijfoodmicro.2020.108802
http://doi.org/10.3389/fpls.2018.01009
http://doi.org/10.3389/fmicb.2017.02554
http://doi.org/10.1007/s11104-010-0673-y
http://doi.org/10.1128/AEM.03259-12
http://www.ncbi.nlm.nih.gov/pubmed/23220962
http://doi.org/10.1111/j.1742-4658.2007.05729.x
http://www.ncbi.nlm.nih.gov/pubmed/17355287
http://doi.org/10.1007/s00203-018-1608-x
http://doi.org/10.3390/pr9050799
http://doi.org/10.1038/d41586-019-02288-y
http://doi.org/10.2323/jgam.2017.08.002

J. Fungi 2022, 8, 984 18 of 19

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

Palavecino-Ruiz, M.; Bermudez-Moretti, M.; Correa-Garcia, S. Unravelling the Transcriptional Regulation of Saccharomyces
cerevisite UGA Genes: The Dual Role of Transcription Factor Leu3. Microbiology 2017, 163, 1692-1701. [CrossRef]

PARK, M.; KANG, K,; PARK, S.; BACK, K. Conversion of 5-Hydroxytryptophan into Serotonin by Tryptophan Decarboxylase in
Plants, Escherichia coli, and Yeast. Biosci. Biotechnol. Biochem. 2008, 72, 2456-2458. [CrossRef]

Bierla, K.; Bianga, J.; Ouerdane, L.; Szpunar, J.; Yiannikouris, A.; Lobinski, R. A Comparative Study of the Se/S Substitution in
Methionine and Cysteine in Se-Enriched Yeast Using an Inductively Coupled Plasma Mass Spectrometry (ICP MS)-Assisted
Proteomics Approach. J. Proteom. 2013, 87, 26-39. [CrossRef]

Sideri, T.C.; Willetts, S.A.; Avery, S.V. Methionine Sulphoxide Reductases Protect Iron-Sulphur Clusters from Oxidative Inactiva-
tion in Yeast. Microbiology 2009, 155, 612—623. [CrossRef] [PubMed]

Muniz-Calvo, S.; Bisquert, R.; Fernandez-Cruz, E.; Garcia-Parrilla, M.C.; Guillamén, ].M. Deciphering the Melatonin Metabolism
in Saccharomyces cerevisiae by the Bioconversion of Related Metabolites. J. Pineal. Res. 2019, 66, €12554. [CrossRef]

Yilmaz, C.; Gokmen, V. Formation of Amino Acid Derivatives in White and Red Wines during Fermentation: Effects of Non-
Saccharomyces Yeasts and Oenococcus oeni. Food Chem. 2021, 343, 128415. [CrossRef]

Banwart, W.L.; Bremner, ]. M. Formation of Volatile Sulfur Compounds by Microbial Decomposition of Sulfur-Containing Amino
Acids in Soils. Soil Biol. Biochem. 1975, 7, 359-364. [CrossRef]

Boutroux L Conservation Des Ferments Alcooliques Dans La Nature. Ann. Sci. Nat. 1884, 17, 144-209.

Herrera, C.M.; de Vega, C.; Canto, A.; Pozo, M.I. Yeasts in Floral Nectar: A Quantitative Survey. Ann. Bot. 2009, 103, 1415-1423.
[CrossRef]

Kevan, P.G.; Eisikowitch, D.; Fowle, S.; Thomas, K. Yeast-Contaminated Nectar and Its Effects on Bee Foraging. J. Apic. Res. 1988,
27,26-29. [CrossRef]

Sandhu, D.K.; Waraich, M.K. Yeasts Associated with Pollinating Bees and Flower Nectar. Microb. Ecol. 1985, 11, 51-58. [CrossRef]
Ljunggren, J.; Borrero-Echeverry, F.; Chakraborty, A.; Lindblom, T.U.T.; Hedenstrom, E.; Karlsson, M.; Witzgall, P.; Bengtsson,
M. Yeast Volatomes Differentially Affect Larval Feeding in an Insect Herbivore. Appl. Environ. Microbiol. 2019, 85, e01761-19.
[CrossRef]

Crowley-Gall, A ; Rering, C.C.; Rudolph, A.B.; Vannette, R.L.; Beck, J.J. Volatile Microbial Semiochemicals and Insect Perception
at Flowers. Curr. Opin. Insect. Sci. 2021, 44, 23-34. [CrossRef]

Zakir, A.; Khallaf, M.A.; Hansson, B.S.; Witzgall, P.; Anderson, P. Herbivore-Induced Changes in Cotton Modulates Reproductive
Behavior in the Moth Spodoptera littoralis. Front. Ecol. Evol. 2017, 5, 49. [CrossRef]

Blackwell, M. Made for Each Other: Ascomycete Yeasts and Insects. Microbiol. Spectr. 2017, 5, 945-962. [CrossRef] [PubMed]
Stefanini, I. Yeast-Insect Associations: It Takes Guts. Yeast 2018, 35, 315-330. [CrossRef]

Eisdcowitch, D.; Kevan, P.G.; Lachance, M.-A. The nectar-inhabiting yeasts and their effect on pollen germination in common
milkweed, Asclepias syriaca L. Isr. ]. Bot. 1990, 39, 217-225. [CrossRef]

Eisikowitch, D.; Lachance, M.A.; Kevan, P.G.; Willis, S.; Collins-Thompson, D.L. The Effect of the Natural Assemblage of
Microorganisms and Selected Strains of the Yeast Metschnikowia reukaufii in Controlling the Germination of Pollen of the Common
Milkweed Asclepias syriaca. Can. ]. Bot. 1990, 68, 1163-1165. [CrossRef]

de Vega, C.; Herrera, C.M. Relationships among Nectar-Dwelling Yeasts, Flowers and Ants: Patterns and Incidence on Nectar
Traits. Oikos 2012, 121, 1878-1888. [CrossRef]

Zhou, J; Jin, Q.; Peng, H.; Ye, H.; Qi, Q.; Zhu, T. Delaying the Decline of Germination Ability of Pecan Pollen by Yeast Pichia
fermentans 15B1. Sci. Hortic. 2022, 304, 111301. [CrossRef]

Colda, A.; Bossaert, S.; Verreth, C.; Vanhoutte, B.; Honnay, O.; Keulemans, W.; Lievens, B. Inoculation of Pear Flowers with
Metschnikowia reukaufii and Acinetobacter nectaris Enhances Attraction of Honeybees and Hoverflies, but Does Not Increase Fruit
and Seed Set. PLoS ONE 2021, 16, €0250203. [CrossRef]

de Vega, C.; Albaladejo, R.G,; Alvarez-Pérez, S.; Herrera, C.M. Contrasting Effects of Nectar Yeasts on the Reproduction of
Mediterranean Plant Species. Am. J. Bot. 2022, 109, 393—405. [CrossRef]

Cooney, M.].; Marison, LW.; van Gulik, WM.; von Stockar, U. Calorimetric and Stoichiometric Analysis of Growth of Kluyveromices
fragilis in Continuous Culture: Nitrogen Limitation Imposed upon Carbon-Limited Growth. Appl. Microbiol. Biotechnol. 1996, 44,
643-653. [CrossRef]

Lamprecht, I. Calorimetry and Thermodynamics of Living Systems. Thermochim. Acta 2003, 405, 1-13. [CrossRef]

Herrera, C.M.; Pozo, M.I. Nectar Yeasts Warm the Flowers of a Winter-Blooming Plant. Proc. R. Soc. B Biol. Sci. 2010, 277,
1827-1834. [CrossRef] [PubMed]

van der Kooi, C.J.; Kevan, P.G.; Koski, M.H. The Thermal Ecology of Flowers. Ann. Bot. 2019, 124, 343-353. [CrossRef] [PubMed]
IndustryARCTM—Market Research Reports, Business Consulting Services & Analytics. Available online: https://www.
industryarc.com/ (accessed on 19 August 2022).

Acetaldehyde Market Value Worldwide 2015-2029 | Statista. Available online: https://www.statista.com /statistics /1244409 /
global-market-value-acetaldehyde/ (accessed on 19 August 2022).

Martins, G.M.; Bocchini-Martins, D.A.; Bezzerra-Bussoli, C.; Pagnocca, F.C.; Boscolo, M.; Monteiro, D.A.; da Silva, R.; Gomes, E.
The Isolation of Pentose-Assimilating Yeasts and Their Xylose Fermentation Potential. Braz. ]. Microbiol. 2018, 49, 162-168.
[CrossRef]


http://doi.org/10.1099/mic.0.000560
http://doi.org/10.1271/bbb.80220
http://doi.org/10.1016/j.jprot.2013.05.010
http://doi.org/10.1099/mic.0.022665-0
http://www.ncbi.nlm.nih.gov/pubmed/19202110
http://doi.org/10.1111/jpi.12554
http://doi.org/10.1016/j.foodchem.2020.128415
http://doi.org/10.1016/0038-0717(75)90050-4
http://doi.org/10.1093/aob/mcp026
http://doi.org/10.1080/00218839.1988.11100777
http://doi.org/10.1007/BF02015108
http://doi.org/10.1128/AEM.01761-19
http://doi.org/10.1016/j.cois.2020.10.004
http://doi.org/10.3389/fevo.2017.00049
http://doi.org/10.1128/microbiolspec.FUNK-0081-2016
http://www.ncbi.nlm.nih.gov/pubmed/28597823
http://doi.org/10.1002/yea.3309
http://doi.org/10.1080/0021213X.1990.10677145
http://doi.org/10.1139/b90-147
http://doi.org/10.1111/j.1600-0706.2012.20295.x
http://doi.org/10.1016/j.scienta.2022.111301
http://doi.org/10.1371/journal.pone.0250203
http://doi.org/10.1002/ajb2.1834
http://doi.org/10.1007/BF00172498
http://doi.org/10.1016/S0040-6031(03)00123-0
http://doi.org/10.1098/rspb.2009.2252
http://www.ncbi.nlm.nih.gov/pubmed/20147331
http://doi.org/10.1093/aob/mcz073
http://www.ncbi.nlm.nih.gov/pubmed/31206146
https://www.industryarc.com/
https://www.industryarc.com/
https://www.statista.com/statistics/1244409/global-market-value-acetaldehyde/
https://www.statista.com/statistics/1244409/global-market-value-acetaldehyde/
http://doi.org/10.1016/j.bjm.2016.11.014

J. Fungi 2022, 8, 984 19 of 19

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Ethanol Market Size, Share & Trends Report, 2020-2027. Available online: https://www.grandviewresearch.com/industry-
analysis/ethanol-market (accessed on 19 August 2022).

Golonka, A.; Johnson, B.; Freeman, J.; Hinson, D.W. Impact of Nectarivorous Yeasts on Silene Caroliniana’s Scent. East. Biol. 2014,
3, 1-26.

2-Ethyl Hexanol Market | 2022—27 | Industry Share, Size, Growth—Mordor Intelligence. Available online: https://www.
mordorintelligence.com/industry-reports/2-ethyl-hexanol-market (accessed on 19 August 2022).

Quintana-Rodriguez, E.; Ramirez-Rodriguez, A.G.; Ramirez-Chavez, E.; Molina-Torres, J.; Camacho-Coronel, X.; Esparza-Claudio, J.;
Heil, M.; Orona-Tamayo, D. Biochemical Traits in the Flower Lifetime of a Mexican Mistletoe Parasitizing Mesquite Biomass.
Front Plant. Sci. 2018, 9, 1031. [CrossRef]

Janisiewicz, W.].; Tworkoski, T.J.; Kurtzman, C.P. Biocontrol Potential of Metchnikowia pulcherrima Strains Against Blue Mold of
Apple. Phytopathology 2001, 91, 1098-1108. [CrossRef]

Sanzani, S.M.; Sgaramella, M.; Mosca, S.; Solfrizzo, M.; Ippolito, A. Control of Penicillium expansum by an Epiphytic Basidiomyce-
tous Yeast. Horticulturae 2021, 7, 473. [CrossRef]

Kurtzman, C.P; Droby, S. Metschnikowia Fructicola, a New Ascosporic Yeast with Potential for Biocontrol of Postharvest Fruit
Rots. Syst. Appl. Microbiol. 2001, 24, 395-399. [CrossRef]

Rering, C.C.; Gaffke, A.M.; Rudolph, A.B.; Beck, ].].; Alborn, H.T. A Comparison of Collection Methods for Microbial Volatiles.
Front. Sustain. Food Syst. 2020, 4, 598967. [CrossRef]

Sobhy, L.S.; Goelen, T.; Herrera-Malaver, B.; Verstrepen, K.J.; Wackers, F; Jacquemyn, H.; Lievens, B. Associative Learning and
Memory Retention of Nectar Yeast Volatiles in a Generalist Parasitoid. Anim. Behav. 2019, 153, 137-146. [CrossRef]

Patrignani, F.; Vannini, L.; Gardini, F; Guerzoni, M.E.; Lanciotti, R. Variability of the Lipolytic Activity and Volatile Molecules
Production by a Strain of Yarrowia lipolytica in Pork Fat and Its Dependence on Environmental Conditions. Meat. Sci. 2011, 89,
21-26. [CrossRef] [PubMed]

Zhao, Q.; Wang, Z; Yang, L.; Zhang, S.; Jia, K. YALIOC22088g from Yarrowia lipolytica Catalyses the Conversion of L-methionine
into Volatile Organic Sulfur-containing Compounds. Microb. Biotechnol. 2021, 14, 1462-1471. [CrossRef] [PubMed]

Yang, M.; Deng, G.-C.; Gong, Y.-B.; Huang, S.-Q. Nectar Yeasts Enhance the Interaction between Clematis akebioides and Its
Bumblebee Pollinator. Plant Biol. 2019, 21, 732-737. [CrossRef] [PubMed]

Peach, D.A .H.; Carroll, C.; Meraj, S.; Gomes, S.; Galloway, E.; Balcita, A.; Coatsworth, H.; Young, N.; Uriel, Y.; Gries, R.; et al.
Nectar-Dwelling Microbes of Common Tansy Are Attractive to Its Mosquito Pollinator, Culex pipiens L. BMC Ecol. Evol. 2021,
21, 29. [CrossRef]

Lee, L.W,; Tay, G.Y.; Cheong, M.W.; Curran, P; Yu, B.; Liu, S.Q. Modulation of the Volatile and Non-Volatile Profiles of Coffee
Fermented with Yarrowia lipolytica: 1. Green Coffee. LWT 2017, 77, 225-232. [CrossRef]

Gul Jan, F; Hamayun, M.; Hussain, A.; Jan, G.; Igbal, A.; Khan, A_; Lee, I.-]. An Endophytic Isolate of the Fungus Yarrowia lipolytica
Produces Metabolites That Ameliorate the Negative Impact of Salt Stress on the Physiology of Maize. BMC Microbiol. 2019, 19, 3.
[CrossRef]

Stegmann, P.; Londo, M.; Junginger, M. The Circular Bioeconomy: Its Elements and Role in European Bioeconomy Clusters.
Resour. Conserv. Recycl. X 2020, 6, 100029. [CrossRef]

Alvarez-Pérez, S.; Dhami, M.K.; Pozo, M.L; Crauwels, S.; Verstrepen, K.J.; Herrera, C.M.; Lievens, B.; Jacquemyn, H. Genetic
Admixture Increases Phenotypic Diversity in the Nectar Yeast Metschnikowia reukaufii. Fungal. Ecol. 2021, 49, 101016. [CrossRef]
Lievens, B.; Hallsworth, J.E.; Pozo, M.L; ben Belgacem, Z.; Stevenson, A.; Willems, K.A.; Jacquemyn, H. Microbiology of
Sugar-Rich Environments: Diversity, Ecology and System Constraints. Environ. Microbiol. 2015, 17, 278-298. [CrossRef]

Pozo, M.L; Lachance, M.-A.; Herrera, C.M. Nectar Yeasts of Two Southern Spanish Plants: The Roles of Immigration and
Physiological Traits in Community Assembly. FEMS Microbiol. Ecol. 2012, 80, 281-293. [CrossRef] [PubMed]

Pozo, M.I; Herrera, C.M.; Lachance, M.-A.; Verstrepen, K.; Lievens, B.; Jacquemyn, H. Species Coexistence in Simple Microbial
Communities: Unravelling the Phenotypic Landscape of Co-Occurring Metschnikowia Species in Floral Nectar. Environ. Microbiol.
2016, 18, 1850-1862. [CrossRef] [PubMed]

Giehl, A.; Scapini, T.; Treichel, H.; Alves, S.L., Jr. Production of Volatile Organic Compounds by Yeasts in Biorefineries: Ecological,
Environmental, And Biotechnological Outlooks. In Ciéncias Ambientais e da Savide na Atualidade: Insights para Alcangar os Objetivos
para o Desenvolvimento Sustentdvel; Instituto de Inteligéncia em Pesquisa e Consultoria Cientifica Ltd.: Concérdia, SC, Brazil, 2022;
pp- 64-78.

Geijer, C.; Ledesma-Amaro, R.; Tomés-Pejo, E. Unraveling the Potential of Non-Conventional Yeasts in Biotechnology. FEMS
Yeast Res. 2022, 22, foab071. [CrossRef] [PubMed]


https://www.grandviewresearch.com/industry-analysis/ethanol-market
https://www.grandviewresearch.com/industry-analysis/ethanol-market
https://www.mordorintelligence.com/industry-reports/2-ethyl-hexanol-market
https://www.mordorintelligence.com/industry-reports/2-ethyl-hexanol-market
http://doi.org/10.3389/fpls.2018.01031
http://doi.org/10.1094/PHYTO.2001.91.11.1098
http://doi.org/10.3390/horticulturae7110473
http://doi.org/10.1078/0723-2020-00045
http://doi.org/10.3389/fsufs.2020.598967
http://doi.org/10.1016/j.anbehav.2019.05.006
http://doi.org/10.1016/j.meatsci.2011.03.015
http://www.ncbi.nlm.nih.gov/pubmed/21497447
http://doi.org/10.1111/1751-7915.13796
http://www.ncbi.nlm.nih.gov/pubmed/33793081
http://doi.org/10.1111/plb.12957
http://www.ncbi.nlm.nih.gov/pubmed/30636362
http://doi.org/10.1186/s12862-021-01761-5
http://doi.org/10.1016/j.lwt.2016.11.047
http://doi.org/10.1186/s12866-018-1374-6
http://doi.org/10.1016/j.rcrx.2019.100029
http://doi.org/10.1016/j.funeco.2020.101016
http://doi.org/10.1111/1462-2920.12570
http://doi.org/10.1111/j.1574-6941.2011.01286.x
http://www.ncbi.nlm.nih.gov/pubmed/22224447
http://doi.org/10.1111/1462-2920.13037
http://www.ncbi.nlm.nih.gov/pubmed/26337395
http://doi.org/10.1093/femsyr/foab071
http://www.ncbi.nlm.nih.gov/pubmed/35040953

	Introduction 
	Yeasts at Work: Nectar Fermentation and VOC Production 
	Nectar Composition 
	Main Metabolic Routes for Nectar-Based VOC Production 
	Carbohydrate Metabolism 
	What Else, Besides Sugar, May Nectaries Offer to Yeast-Based VOC Production? 


	Double Agent Yeasts 
	Prospecting Yeasts for Biotechnological Purposes 
	Conclusions 
	References

