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Abstract

Canto, A., Herrera, C.M., Garcia, I.M., Garcia, M., Bazaga, P. 2015.
Comparative effects of two species of floricolous Metschnikowia yeasts
on nectar. Anales Jard. Bot. Madrid 72(1): e019

Nectar yeast communities in southern Spain are dominated by two
closely-related species, Metschnikowia reukaufii Pitt & M.W. Mill. and
M. gruessii Gim.-Jurado (Ascomycota, Saccharomycetales), although
they tend to be distributed differentially across different host plants. We
explore here the possibility that the two yeasts play different functional
roles in floral nectar by differing in their impact on sugar concentra-
tion and composition of nectar. Experiments were undertaken under
controlled conditions using bumblebees caught foraging on the flowers
of two different host plants each of which is known to harbor pre-
dominantly one of the two yeasts. Bumblebees were used as sources of
inocula to obtain two groups of samples from the nectar of Helleborus
foetidus L. (Ranunculaceae): nectar samples inoculated with M. gruessii
and samples inoculated with M. reukaufii. Metschnikowia gruessii was
poorly represented in nectar samples, while M. reukaufii was by far the
most common and had the highest cell density. Although the two yeasts
caused relatively similar changes in nectar sugar composition, which
involved increasing fructose and decreasing sucrose proportions, they
marginally differed in their quantitative impact on total nectar sugar
concentration. Results suggest that differential yeast occurrence across
host plants may lead to yeast specialization and modify the outcomes
of the plant-pollinator interface.

Key words: Bombus terrestris, fructose, Helleborus foetidus, nectar-living
yeasts, Rosmarinus officinalis, sucrose

INTRODUCTION

Floral nectar is a sugar-dominated secretion that plants
offer to floral visitors in exchange for pollination services
(Simpson & Neff, 1983). Nectar is a suitable growing medium
for microorganisms that is often colonized by nectar-living
yeasts frequently harbored in the pollinator’s mouth parts.
Vegetative yeast cells are transported to nectaries attached
to the mouth parts of floral visitors. For example, European
bumblebees harbor particular yeasts that are phylogeneti-
cally related and which avidly proliferate and chemically
change the floral nectar of bumblebee-visited plants (Brysch-
Herzberg, 2004; Canto & al., 2008; Herrera & al., 2008). In
southern Spain, nectar yeast communities are dominated by
Metschnikowia reukaufii and M. gruessii (Pozo & al., 2011;
Alvarez-Perez & Herrera, 2013), which tend to be distrib-
uted differentially across host plant species. A survey con-
ducted by Pozo & al. (2011) showed that M. reukaufii was
more common than M. gruessiz in the floral nectar of 16 plant

* Corresponding author.

Resumen
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Las comunidades de levaduras asociadas al néctar en el sur de Espafia son
dominadas por dos especies, Metschnikowia reukaufii Pitt & M.W. Mill. y
M. gruessii Gim.-Jurado (Ascomycota, Saccharomycetales). Ambas levadu-
ras son especies muy cercanas entre si, pero se distribuyen diferencialmente
entre las especies de plantas cuyo néctar las hospeda. En este trabajo se
explora la posibilidad de que las levaduras tengan funciones distintas
impactando diferencialmente la concentracion y composicion del néctar.
Para esto se realizaron experimentos bajo condiciones controladas usando
individuos de abejorros que fueron capturados cuando visitaban flores que
albergan predominantemente una de las dos posibles levaduras menciona-
das. Los abejorros fueron utilizados como agentes inoculantes naturales en
el néctar de Helleborus foetidus L. para obtener dos grupos de muestras,
unas con M. reukaufii'y otras con M. gruessii. Los resultados mostraron que
M. gruessii estuvo pobremente representada en las muestras; en contraste,
M. reukaufii fue la mas frecuente y de mayor densidad en el néctar. Aun
cuando ambas levaduras tuvieron un efecto similar en la composicién pro-
porcional de los azlicares en el néctar, aumento de la fructosa y decremento
de la sacarosa, las dos especies difieren marginalmente en su impacto en la
concentracion total de azlcares. Los resultados sugieren que la ocurrencia
diferencial de las especies de levaduras entre sus plantas hospederas, puede
conducir a una modificacién en las interacciones entre las plantas y sus visi-
tantes florales y también a una especializacién de levaduras por hospedero.

Palabras clave: Bombus terrestris, fructosa, Helleborus foetidus, levaduras
nectaricolas, Rosmarinus officinalis, sacarosa

species while the reverse was true for 7 host species. Under
controlled laboratory conditions, commercial Bombus terres-
tris L. workers are able to discriminate between nectars con-
taining the two yeast species, being more attracted to nectars
containing M. reukaufii than those containing M. gruessii
(Herrera & al., 2013). These two yeast species are distinct
phenotypically, differing in cell and ascus morphology and
physiology, e.g., assimilation of trehalose, osmotolerance
range and maximum temperature for growth (Barnett & al.,
2000; Giménez-Jurado, 1992; Lachance 2011).

Together, these observations suggest that M. reukaufis
and M. gruessii may play different functional roles in floral
nectar composition, an aspect that has not previously been
explored. As an initial approach, we explore here whether
the two dominant nectar yeasts M. reukaufii and M. gruessii
differ in their impact on floral nectar sugar concentration
and composition under controlled conditions. To this end,
experiments were undertaken using bumblebees caught for-
aging on the flowers of two simultaneously flowering host
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plants, each of which is known to harbor predominantly
one of the two yeasts. Metschnikowia reukaufit is frequently
found in the nectar of Helleborus foetidus, whereas M. grues-
szz is common in the nectar of Rosmarinus officinalis L.
(Pozo & al., 2011). Using the natural vector for inoculate
nectar made it possible to maintain the natural variation of
yeast-cell quantity that bumble bees carry to nectaries. We
specifically addressed whether the two yeasts differed in
their effects on nectar sugars composition and total nectar
sugar concentration, and in the population density reached
in floral nectar.

MATERIALS AND METHODS

Study site and nectar source

This study was conducted during February-March 2008
in the Cazorla-Segura-Las Villas Natural Park in Jaén prov-
ince, southeastern Spain, an area characterized by well-pre-
served pine-oak montane forests and woodlands. Natural
nectar was obtained from nectaries of Helleborus foetidus
(Ranunculaceae), a perennial, bumblebee-pollinated herb
widely distributed in western and southwestern Europe
(Weber & Ebel, 1994). Nectar was collected from plants
growing naturally on woodland slopes surrounding the
Roblehondo field station, where the species flowers dur-
ing January-March. When this study was undertaken, a
large number of plants were in bloom in the area and thus
available for nectar collection. Each flower generally con-
tains between one and eight individual nectaries, derived
from reduced and modified petals. These nectaries have
a flattened horns morphology and are placed deeply hid-
den inside the greenish perianth, forming a ring between
the stamens and sepals (Herrera & al., 2001). Each nec-
tary produces on average 2 pL of nectar which has high
sugar concentrations, with an overall value of 59.7+19.4 g
100 mL™". Nectar is sucrose-dominated (98.5%) with low
percentages of glucose (0.2%) and fructose (1.3 %; Canto
& al., 2011).

Sampling methods

Nectar was obtained from ten spatially separated plants
of H. foetidus that were covered with tulle fabric when their
inflorescences were in bud to exclude pollinators. During
flowering, two or three freshly opened flowers with nectar-
ies full of nectar were collected from each plant, pooled in a
container and kept refrigerated following the procedure of
Canto & al. (2008). From these, a random sample of flowers
was used in the inoculation experiments, generally within a
few hours after collection. Since the two yeast species are
delivered to floral nectar by bumblebees introducing their
proboscis into nectaries in search of nectar (Canto & al,,
2008), in order to obtain the desired yeast, individuals of
Bombus terrestris were hand-netted while they were visit-
ing one of two flower sources: flowers of H. foetidus to
acquire cells of M. reukaufii or flowers of R. officinalis to
obtain cells of M. gruessii. The two plant species grow in
different environments and for this study, these two flower
sources were approximately 10 km apart in a mountain
range to avoid overlapping between the two bees popula-
tions. Trapped bees were used as source of inocula to obtain

two groups of nectar samples with their respective control
samples. Immediately after being captured, bees were indi-
vidually placed in sterile containers and anaesthetized by
cooling them at 4 °C. The glossa of each individual bum-
blebee was carefully extended beyond the tip of the maxil-
lary galeae and briefly introduced into a nectary of one of
the previously selected flowers of H. foetidus containing
its own naturally produced nectar. Another nectary in the
same flower was marked and left untouched as the control
reference for microbial growth. This method was repeated
for 30 bumblebees and 30 individual flowers, in order to
obtain 15 inoculated nectar samples with M. reukaufii and
15 with M. gruessii and 30 control samples. Inoculated and
control samples were incubated at 25 °C during 48 h, after
which the nectar contained in each nectary was divided into
three subsamples: the first (0.5 pL) was examined under a
microscope at x400 and x1000 using a Neubauer chamber
to verify microbial presence and estimate directly yeast cell
density (cells pL™") according to the methods by Herrera
& al. (2009). The second subsample (0.5 pL) was placed
into a 1.5 mL sterile vial, diluted with HPLC-grade water to
1 mL of volume and kept frozen until the high-performance
liquid chromatography (HPLC) analysis was performed to
determine its sugar composition. Finally, the third subsam-
ple was used to verify the presence of yeasts and obtaining
isolates for molecular species identification. The sample was
streaked onto Yeast Malt agar plates (1.0% glucose, 0.5%
peptone, 0.3 % malt extract, 0.3% yeast extract, 2.0% agar,
pH=6.0) with 0.01% chloramphenicol, and incubated at
25 °C for two weeks. 1-5 single colonies were picked up from
each culture agar plate and re-cultured for isolation, and
then strains were identified by DNA sequencing (Herrera
& al., 2010). For HPLC analyses each nectar-containing vial
was treated according to the procedure described in Canto
& al. (2011). Only sucrose, glucose, and fructose appeared
regularly in nectar subsamples, and their proportions were
estimated by integrating areas under chromatogram peaks.
To calculate sugar concentration for single nectar subsam-
ples calibration curves were constructed using linear regres-
sions between sugar concentration of standard solutions of
the three sugars and the integrated area in the correspond-
ing chromatograms. Resulting concentrations were then
summed and corrected according to initial sampling volume
(0.5 pL) to obtain the total sugar concentration (g 100 mL™")
per subsample.

Statistical analyses

To test for differences in microbial cell density (log trans-
formed) and total sugar concentration (arcsine transformed)
between inoculated and control nectar samples, and between
yeast species, a linear mixed model and contrast tests were
performed with the MIXED procedure of the SAS statis-
tical program (SAS Institute, Cary, North Carolina, USA).
Because the experiment was conducted using pairs of nec-
taries within flowers (inoculated and control nectary in the
same flower), the flower level was included in the model
as a random effect. To test the respective differences in
the composition of nectar sugar and the correlative asso-
ciation among sugar proportions, a MANOVA analysis was
performed together with a Pearson’s correlation coefficient
calculation.
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RESULTS

Examination under a microscope showed that M. reu-
kaufii developed in 14 of the 15 inoculated nectar samples.
In 12 samples it was the only yeast present, while in the
remaining two samples it developed along with M. gruessii
and Hanseniaspora sp (one instance each). There was no
microbial development at all in one sample. In the two sam-
ples with two yeast species, the numerically dominant yeast
was M. reukaufii, as confirmed by their predominance in
several isolates identified from each sample.

Metschnikowia gruessii was the only yeast developed in
5 of the 15 inoculated samples, Candida bombi developed
in one sample, and no co-occurrence of yeast species was
detected. No bacteria were microscopically observed in nec-
tar samples, but PCR amplification failure of fungal primers
on DNA from one of the colonies assayed could perhaps
reflect that they were bacteria rather than yeasts. Cell density
was higher in the samples containing M. reukaufii than in
those with M. gruessii (mean=SD: 52 148+48 728 cells pL ™'
versus 7 1292 772 cells uL s t=11.29, df=21, p<0.0001).

Overall, total sugar concentration differed significantly
between inoculated and control nectar samples (F, ,=54,
p<0.0001). Average sugar concentration in the inoculated
samples was less than half that of the control samples
(32+16 versus 60+19 g 100 mL™"), which shows a consider-
able reduction in sugar content induced by yeasts over a rel-
atively short experimental period. No differences in sugar
concentration were observed between samples containing
different yeast species (F; ,,=0.15, p=0.70). However, the
average sugar concentration of samples inoculated with
M. reukaufii (29+16 g 100 mL™") was slightly lower than of
samples with M. gruessii (36+16 g 100 mL™"), which suggest
a more extensive sugar depletion by the former species.

Sugar composition differed significantly between con-
trol and inoculated samples (Wilks” A=0.09, F, ,,=414.04,
£<0.0001). While control samples were sucrose-dominated
with similar proportions of glucose and fructose, inoculated
samples, irrespective of the yeast species, were fructose-
dominated with dissimilar proportions of glucose and sucrose
(Fig. 1). Although the difference in sugar composition between

Fig. 1. Differences in sugar composition in nectar samples of Helleborus
foetidus as a result of the yeast-inoculation experiment using the two
nectar-dwelling yeasts Metschnikowia reukaufii and M. gruessii. Average
percentage of each sugar in nectar is shown for inoculated and control
samples.

nectar samples with M. gruessii and M. reukaufii was not sig-
nificant (Wilks” A=0.99, F, ,,=0.06, p=0.81), nectar samples
with M. reukaufii tended to have proportionally more fructose
and lower sucrose than those with M. gruesszi (Fig. 1). After
inoculation with yeasts, proportions of those sugars were
inversely related: as fructose increased, sucrose decreased
by the same magnitude (r=—1, p<0.0001, N=46), but glu-
cose proportion in nectar remained unchanged (r=0, p>0.05,
N=46; Fig. 1).

DISCUSSION

Although inadvertent inoculation of bacteria along with
predominant yeasts cannot be entirely ruled out, circum-
stantial evidence tends to suggest that, if at all present in
our inoculated nectar samples, the density of bacteria should
have been negligible. Firstly, bacteria were never detected in
our microscopical (x400 and x1000 magnification) observa-
tions of both inoculated and control samples. And secondly,
prior culture-based assessment of yeast and bacteria abun-
dance in H. foetidus and R. officinalis has shown that, even
when present, bacteria are generally an unimportant com-
ponent of the microbial communities in the nectar of these
species (Alvarez-Pérez & Herrera, 2013). Furthermore, the
presence of yeasts other than M. reukaufii and M. gruessii in
inoculated samples was too occasional to have any impor-
tant effect on our results. For instance, C. bombi had not
effect on nectar in the single sample where it was the only
yeast, and changes in sugar composition observed in the two
samples where M. reukaufii developed together with either
M. gruessii or Hanseniaspora sp. were similar to changes in
samples where M. reukaufii was the only yeast present.

There is a possibility that the handling technique used in
flowers (see Sampling methods), could have triggered chem-
ical changes in nectar before the inoculation procedure in
such a way, that the actual effects of yeast on nectar could
be hiding. This inoculation method was previously used by
Canto & al. (2008) and Canto & al. (2011), having quali-
tatively similar results when flowers were inoculated with
yeasts, no matter whether the flowers were left in plants or
handled in lab conditions, or yeasts were inoculated to arti-
ficial sugar solutions mimicking floral nectar of H. foetidus.
Moreover, flowers used here were cut from plants when nec-
taries were already full of nectar and processed soon after
collection, avoiding a possible chemical changes. We are
therefore confident that the results reported in this study are
not influenced by the presence of other microbes in experi-
mental nectar samples, or by chemical changes triggered by
the experimental manipulation of flowers, mainly reflecting
the impact of M. reukaufii and M. gruessii on nectar.

Our results suggest that, despite their phylogenetic relat-
edness, M. reukaufii and M. gruessii are not functionally
equivalent in terms of their effects on floral nectar impact
and in the cell densities reached when tested on the same
nectar. Although the two species quite rarely occur together
in nectar of H. foetidus, they do co-occur in nectars of
other plant species across the study area (Pozo & al., 2011).
According to Lachance (2011), the physiological distinc-
tion between the two yeast species is not clear-cut based
on growth performance in artificial culture media. For
example, growth on trehalose is absent in M. gruessi, but it
ranges from absent to slow in M. reukaufii. Assimilation of
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methyl-a-D-glucoside is absent in M. gruessii whereas
the response for M. reukaufii is weak to slow. Growth on
2-keto-D-gluconate, D-glucosamine, and hexadecane, as
well as the hydrolysis of gelatin and casein hydrolysis and
growth in the presence of 50% glucose, varied from weak
to strong in both species. From this relative physiologi-
cal similarity, therefore, the two yeasts would be expected
to have roughly comparable effects on nectar traits. Our
results indicate, however, that they differed in their ability
to proliferate in H. foetidus nectar. This suggests that the
two species of nectar-living yeasts differed in their growth
rate in nectar. It is important to note, however, that our
experimental design did not allow controlling for initial
differences in cell densities in inoculated nectar samples, a
factor that could perhaps have also contributed to observed
interspecific differences in final cell densities.

Despite their overall similarity in physiological attributes
noted above, the two yeast species differ in cell morphol-
ogy, maximum temperature for growth and the ability to
grow at extreme osmotic pressures (Giménez-Jurado, 1992;
Barnett & al., 2000). In this study M. reukaufii grew in all
inoculated nectar samples and presented the highest cell
density; in contrast, M. gruessii grew very little and only in
a few samples. Both yeasts grew in culture media at 50%
w/w glucose (Barnett & al., 2000; Pozo & al., 2012), but at
60% glucose M. gruessii is inhibited, whereas M. reukaufii
is capable of growing rapidly (Giménez-Jurado, 1992). The
nectar samples of H. foetidus used in this study had an aver-
age sugar concentration of 60%. Consequently, M. gruessii
cells had to cope after inoculation with an extreme osmotic
pressure, which would explain its poor growth in the nec-
tar samples. The floral nectar of R. officinalis was nearly
as sucrose-dominated as that of H. foetidus (75% sucrose;
C. M. Herrera, unpublished), but its average sugar concen-
tration, measured in 13 flowers from plants growing at the
study site, was considerably lower (34% w/w). Therefore,
the strains of M. gruessi studied here originated from envi-
ronments where osmotic pressure was considerably less
adverse than those faced later in the experiment using nec-
tar of H. foetidus. On the other hand, the two yeasts induced
similar qualitative changes in terms of nectar sugar composi-
tion. Sugar proportions changed following similar patterns
in all inoculated nectar samples irrespective of yeast species.
Therefore, the marginal trend for M. reukafii increasing the
relative fructose content to a greater extent than M. gruessiz,
needs to be corroborated by including nectar samples of R.
officinalis. Because the low volume of nectar produced by
flowers of R. officinalis we failed obtaining the three nectar
aliquots required to conduct chemical analysis, cell count-
ing method and microbial culturing. Notwithstanding this
experimental limitation, the results are compatible with the
notion that floral niche differentiation between these two
yeasts species is made possible by a differential ability to
exploit nectar because of differences in osmotolerance.

Metschnikowia reukaufii has important levels of pheno-
typic plasticity that allow it to colonize a broad range of nec-
tar types, including some representing extreme environments
(Herrera & al., 2011; 2012). For example, H. foetidus nectar
imposes harsh conditions for microbial growth because of the
high sugar concentration and presence of antimicrobial sub-
stances (Herrera & al., 2006; Canto & al., 2011). Under such
conditions M. reukaufii usually reaches considerably higher

cell densities than M. gruessii. Differential responses to toxic
substances in nectar may also contribute to growth differ-
ences between yeast species, as they may act as barriers against
yeast colonization (Escalante-Pérez & Heil, 2013). The pres-
ence of protoanemonin, an antifungal lactone (Canto A &
Herrera CM unpublished results), in H. foetidus nectar might
have influenced M. reukaufii and M. gruessii differentially,
but this hypothesis remains to be explored. Irrespective of
the underlying mechanisms, however, differences between
the two yeast species in their development and occurrence in
nectar documented in this paper can account for the differ-
ent responses of pollinators to their presence (Herrera & al.,
2013) and ultimately lead to differential effects on pollination.
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