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One sentence summary: The variation of nectar chemistry across plant species affects nectar consumers, such as pollinators. We have found here that
nectar chemistry also affects nectarivorous yeasts. There is a large variation in yeast phenotype according to the host plant from which they are

isolated, and some nectar chemical traits, such as sugar concentration and fructose content, help to explain that phenotypic landscape.
Editor: Ian Anderson

ABSTRACT

Floral nectars become easily colonized by microbes, most often species of the ascomycetous yeast genus Metschnikowia.
Although it is known that nectar composition can vary tremendously among plant species, most probably corresponding to
the nutritional requirements of their main pollinators, far less is known about how variation in nectar chemistry affects
intraspecific variation in nectarivorous yeasts. Because variation in nectar traits probably affects growth and abundance of
nectar yeasts, nectar yeasts can be expected to display large phenotypic variation in order to cope with varying nectar
conditions. To test this hypothesis, we related variation in the phenotypic landscape of a vast collection of nectar-living
yeast isolates from two Metschnikowia species (M. reukaufii and M. gruessii) to nectar chemical traits using non-linear
redundancy analyses. Nectar yeasts were collected from 19 plant species from different plant families to include as much
variation in nectar chemical traits as possible. As expected, nectar yeasts displayed large variation in phenotypic traits,
particularly in traits related to growth performance in carbon sources and inhibitors, which was significantly related to the
host plant from which they were isolated. Total sugar concentration and relative fructose content significantly explained
the observed variation in the phenotypic profile of the investigated yeast species, indicating that sugar concentration and
composition are the key traits that affect phenotypic variation in nectarivorous yeasts.
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INTRODUCTION

Nectar is the most common reward that plants offer to their
mutualistic counterparts (Simpson and Neff 1983). Although
some nectar traits (e.g. sugar concentration) are subject to en-
vironmental variation, nectar characteristics of pristine nectar
are genetically determined and bear a strong phylogenetic im-
print (Nicolson and Thornburg 2007). As a result, several nec-
tar traits, including sugar concentration, sugar composition,
pH and amino acid content, have been shown to vary widely
among species (Herrera 2014; Herrera, Pozo and Bazaga 2012;
Herrera, Pozo and Bazaga 2014). Moreover, interspecific varia-
tion in nectar traits is strongly related to pollinator guilds (Baker
and Baker 1983; Petanidou 2005; Petanidou et al. 2006; Nicolson
2007). For example, the spectrum of flower-visiting animals and
nectar consumers, many of which act as pollinators, is strongly
determined by nectar sugar concentration (total sugars) and
composition (ratio of sucrose and its monosaccharides fructose
and glucose). The strong association between nectar traits and
pollinator guilds can be best explained from the animal perspec-
tive, since plant products that are secreted to attract animal pol-
linators should match their nutritional requirements, or at least
be in concordance with their physiological constraints (Nicol-
son 2007). For instance, the high frequency of hexose-rich nectar
has been related to the lack of invertase in many nectar feeders
(Napier et al. 2013).

Most nectars are, however, not exclusively consumed by mu-
tualistic partners and in most floral nectars simple microbial
communities have been shown also to exploit this resource (Her-
rera, Garcia and Perez 2008: Pozo, Herrera and Bazaga 2011; Peay,
Belisle and Fukami 2012). In most cases, nectar microbial com-
munities are dominated by yeasts, which can reach very high
densities in floral nectar (up to 10° cells mm~3) (Herrera et al.
2009). Quite often, yeasts and bacteria co-inhabit floral nectaries
(Fridman et al. 2012; Alvarez-Pérez, Herrera and de Vega 2013).
Irrespective of the host plant species, the most common nec-
tarivorous yeasts are members of the genus Metschnikowia (Pozo,
Herrera and Bazaga 2011). Many species of this genus appear
to be specialized in the flower-insect interphase (Lachance and
Starmer 1998; Lachance et al. 2011) and are transferred from
flower to flower by pollinators, most often insects (de Vega, Her-
rera and Johnson 2009; Herrera et al. 2009), but sometimes also
by birds (Belisle, Peay and Fukami 2012) or ants (de Vega and
Herrera 2013). The high preponderance of Metschnikowia in floral
nectar has been related to their ability to exploit a wide diversity
of variable resources efficiently (Herrera, Pozo and Bazaga 2012).
Nevertheless, intrinsic host plant features may impose severe
constraints on nectar colonization (Herrera, Pozo and Bazaga
2012; Herrera, Pozo and Bazaga 2014), and favour or be detrimen-
tal to the establishment of certain strains (Pozo, Lachance and
Herrera 2012).

While for animal pollinators floral nectar merely represents
a feeding resource, for nectar-dwelling microorganisms nectar
is the vital environment in which they have to survive. Natu-
ral variation in the chemical properties of floral nectar should
therefore impose strong selective forces that might have a large
influence on the phenotypic landscape of nectarivorous yeasts.
High sugar concentration has been shown to represent a major
constraint for microbial growth, as it decreases water activity
and could result in cell rupture and death (Lievens et al. 2015).
Besides sugar concentration, sugar composition may also rep-
resent an important environmental constraint, as yeast perfor-
mance largely depends on the carbon sources that are available
(Kurtzman, Fell and Boekhout 2011; Herrera, Pozo and Bazaga

2012). From the perspective of nectar-living organisms, this im-
plies that floral nectars produced by different host plants are not
equivalent in terms of their quality as microhabitats. As a re-
sult, natural plant communities should be seen as highly hetero-
geneous environments that determine the specific conditions
where a certain phenotype proliferates. Therefore, it can be hy-
pothesized that nectar yeasts may be organized in phenotypic
clusters, which are highly determined by the host plant species
from which they were isolated (Herrera, Pozo and Bazaga 2012;
Pozo, Lachance and Herrera 2012).

To test this hypothesis, a large collection of M. reukaufii and
M. gruessii strains from different origins was subjected to a wide
variety of phenotypic assays that are relevant in the context
of nectar-associated yeasts. Preliminary research using a lim-
ited number of yeast isolates has shown that two co-occurring
species of the genus Metschnikowia (M. reukaufii and M. grues-
sii) exhibited considerable interspecific divergence (M.I. Pozo
et al., unpublished results), most probably explaining their co-
existence in floral nectar. Moreover, the two species also dis-
played substantial intraspecific variation in phenotypic traits,
but it was unclear to what extent this intraspecific variation
was mediated by the host plant species, and which nectar traits
were most important in determining phenotypic variation. To
address these questions, we significantly extended our exist-
ing yeast collection to include yeast isolates from additional
plant species. More specifically, we determined natural varia-
tion in floral nectar properties across 19 plant species and tested
whether intraspecific phenotypic variation was related to host
plant species. Secondly, we tested whether host-specific nectar
properties were related to phenotypic variation in nectar yeast
isolates.

MATERIALS AND METHODS
Study species

Metschnikowia reukaufii and M. gruessii are ascomycetous yeasts
belonging to the Saccharomycetales clade. Both species are
closely associated with floral surfaces, floral nectar and flower-
visiting insects such as bumble-bees (Brysch-Herzberg 2004).
The yeasts are transferred to the flowers by foraging insects,
most often solitary and social bees (Brysch-Herzberg 2004; Her-
rera et al. 2010; Pozo, Lachance and Herrera 2012). Vegetative cells
found in flowers are diploid and proliferate profusely by mul-
tilateral budding, reaching densities in floral nectar >5 x 10*
cells mm~3 within 2-4 days after colonization.

Nectar chemistry

To assess variation in total sugar concentration, sugar composi-
tion and nectar pH, pristine (i.e. free of microbes) nectar samples
were collected from 19 different host plant species belonging to
seven plant families. All samples were collected in the Sierra de
Cazorla-Segura-Las Villas Natural Park, a well preserved moun-
tainous region in south-eastern Spain. Between two and 23 in-
dividual plants per plant species were selected at the beginning
of the blooming season, depending on the availability of well-
preserved plant populations in the region (Table 1). To avoid
microbial nectar contamination, visiting insects were excluded
from flowers by bagging the inflorescences with a 0.1 mm? mesh
(Pozo, Lachance and Herrera 2012). Open flowers, if any, were
removed before bagging. Every 2 days, plants were checked in
order to record open flowers. At an intermediate flower age (de-
pending on the plant species), flowers were collected in the field
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very early in the morning and carried inside a cooler to the lab
where flowers were immediately processed.

For each flower, nectar was extracted with sterile 5
ul calibrated glass microcapillaries (IntraMARK BLAUBRAND,
Wertheim, Germany). Because a volume of up to 5 ul per sample
was needed to assess sterility, sugar concentration, nectar pH
and sugar composition, up to 10 flowers per plant were collected
for plants with small flowers and smaller volumes of nectar and
pooled afterwards. In this way, 4-102 nectar samples were ob-
tained for each plant species (see Table 1). Once the necessary
amount of nectar was collected, the total volume was divided
in a sequential workflow. First, we ensured that nectar samples
were not contaminated by yeasts. To do so, 4.5 ul of the stain-
ing product Lactophenol cotton blue was added to 0.5 ul of each
nectar sample and inspected under the microscope using x40
magnification (Herrera et al. 2009). Once sterility was confirmed,
nectar was deposited on a hand refractometer (Bellingham &
Stanley Ltd, Tunbridge Wells, UK) to measure total sugar concen-
tration, which was expressed as percentage sucrose equivalents
(grams of sucrose per 100 g of solution). Nectar pH was estimated
to the nearest 0.5 unit using a universal pH indicator (range 1-
14; Panreac, VWR). The composition of the main nectar sug-
ars was determined by high-performance anion-exchange chro-
matography (Thermo Fisher Scientific Dionex, Sunnyvale, CA,
USA) with pulsed amperometric detection (HPAEC-PAD). To this
end, a part of the previously gathered nectar sample was stored
in Whatman No. 1 filter-paper wicks (Dafni 1992; Galetto and
Bernardello 2005). Wicks were dried with silica gel and stored at
room temperature prior to analysis. Nectar was recovered from
the filter paper by static elution at 5°C with 500 ml of milliQ wa-
ter during 24 h. Once recovered, the samples were filtered by
a polyvinylidene fluoride membrane 0.45 yum filter. In the par-
ticular case of Helleborus foetidus and Atropa baetica, samples for
HPAEC-PAD analyses were stored using capillaries of 1 ul that
were diluted in 500 ul of milliQ water and kept at -80°C. Prior
to analysis, nectar samples were diluted with milliQ water and
analysed as outlined earlier (Vergauwen, Van den Ende and Van
Laere 2000; Herrera, Pérez and Alonso 2006). The concentrations
of the different sugars in each analysed sample were estimated
by comparing the area under the chromatogram peaks with
standards using Chromeleon software (Thermo Fisher Scientific
Dionex). The percentage of fructose, glucose and sucrose was
determined and expressed as w/w of total sugars determined
by HPAEC-PAD. Only sucrose, glucose and fructose appeared in
the analyses.

Yeast sampling

Yeasts were isolated from several nectar samples that were col-
lected over different years (2008, 2009 and 2013) from the same
19 plant species. Yeasts were isolated using the methods de-
scribed in Pozo, Herrera and Bazaga (2011). Briefly, isolation
consisted of spread-plating nectar onto Yeast Extract Glucose
Chloramphenicol (YGC hereafter; Sigma Aldrich) agar plates, fol-
lowed by incubation, purification and identification of the ob-
tained isolates (one isolate per colony morphotype). In total, this
resulted in 600 M. reukaufii and 76 M. gruessii isolates (Supple-
mentary Table S1). Divergence in sample size is due to the higher
frequency of M. reukaufii in some plant species that were inves-
tigated, such as Helleborus foetidus. Isolates were identified on
the basis of both morphological characteristics and two-way se-
quencing of the variable D1/D2 domain of the large subunit (26S)
rRNA gene using primers NL1 and NL4 (O’Donnell 1993). Consen-
sus sequences were compared with the type strain sequences

(CBS 7657 for M. gruessii and CBS 5834 for M. reukaufii) obtained
from GenBank (accession nos U45737 and U44825, respectively).
The isolates were stored in Microbank™ preservation system
vials at -80°C. For this study, isolates were transferred to 96-well
plates with 40% glycerol in sterile deionized water in which they
were stored at -80°C until further use.

Phenotypic profiling and preparation of media

For this study, 46 phenotypic tests were used, including standard
tests used in yeast systematics (Kurtzman, Fell and Boekhout
2011) and a number of tests developed for phenotypic character-
ization of nectar yeasts [see Pozo, Lachance and Herrera (2012)
for further details]. Selected assays represented tests related
to assimilation of carbon (27 parameters) and nitrogen (3), os-
motolerance (3), halotolerance (2), resistance to inhibitors (8),
growth on a high pH medium, growth on a vitamin-free medium
and hydrolysis of Tween-80 (Supplementary Table S2). Solute
concentrations are presented on a weight to weight percent ba-
sis.

For inhibitor and halotolerance tests, YM agar (0.5% peptone,
0.3% yeast extract, 0.3% malt extract, 1% glucose, 2% agar) was
used as basic medium, supplemented with the test compound
(for tested concentrations, see Supplementary Table S2). Osmo-
tolerance was evaluated using 50% glucose, 50% fructose and
50% sucrose, supplemented with 1% yeast extract. For halotoler-
ance, we used two concentrations of NaCl (5% and 10%), whereas
for carbon source assimilation we tested 1% of each compound
in Yeast Nitrogen Base (YNB), with YNB-Glucose 1% and YNB as
the positive and negative reference plates, respectively. To test
nitrogen assimilation, we tested 0.06% of every selected nitrogen
source in Yeast Carbon Base (YCB), while growth in YCB medium
without added nitrogen source was used as reference.

Allingredients used in the preparation of the test media were
purchased from Sigma Aldrich. Carbon and nitrogen sources
were autoclaved separately to avoid Maillard reactions and for-
mation of inhibitory compounds, and mixed when the tempera-
ture had decreased to ~50°C. Some ingredients such as ethanol,
deoxycholic acid, Na,CO3; and HCl were added after autoclaving.

Phenotypic profiling

In order to maximize throughput and reproducibility, a high-
density array robot (Singer ROTOR HDA, Singer Instruments,
Roadwater, Somerset, UK) was used to produce and replicate the
selected yeast strains on the different test media. More specifi-
cally, the 96-well plates containing the stored isolates were first
thawed, spotted on YGC agar (2.0% glucose, 0.5% yeast extract,
2.0% agar and 0.01% chloramphenicol) and incubated at 24°C for
2 days. Next, 96-well plates containing 150 ul of medium YM
broth (YMB) (1.0% glucose, 0.5% peptone, 0.3% malt extract and
0.3% yeast extract) in each well were inoculated with the strains
using the robot and incubated overnight at 24°C on a microplate
shaking platform (Heidolph, Germany) at 900 rpm. Then, the op-
tical density at 600 nm (ODgoo) of all wells was measured using a
microplate reader (Molecular Devices, USA), yielding values that
were consistently 1, with 0.9 and 1.9 being the most disparate
values obtained. In those cases, the cell density was manually
adjusted to ODggg ~1.0 in a second 96-well microtitre plate using
sterile deionized water. This plate was used as the source plate
for spotting those cell suspensions immediately onto the test
media plates with the HDA rotor. After spotting, all agar plates
were sealed using parafilm (Pechiney Plastic Packaging Com-
pany, USA) and incubated at 24°C. After 2 days of incubation,



all plates were scanned using a high-definition scanner (Seiko
Epson, Nagano, Japan). To evaluate osmotolerance, plates were
incubated for 12 days and regularly scanned (after 2, 4 and
12 days

To obtain the phenotypic profiles of the strains, the colony
area of each strain on each test plate was measured. Scanned
images of the test plates were processed using Image]J (Abramoff,
Magalhaes and Ram 2004), combined with the ScreenMill soft-
ware especially developed for this purpose (Dittmar, Reid and
Rothstein 2010). For carbon and nitrogen assimilation, the rel-
ative growth after 2 days of incubation was calculated as the
growth in a certain condition (‘test condition’) relative to the
growth on the control medium. Strains yielding colony areas of
<100 pixels on the reference YNB-Glucose plate after 2 days of
incubation were discarded from the analysis (30 M. reukaufii iso-
lates were discarded from the initial n = 600). To evaluate osmo-
tolerance, the growth rate was calculated as r = (In Af — In Ag)/t,
where A is the initial colony area, A¢ is the final colony area
after growth and t is the number of days between the first and
last measurement. Growth was assessed after t = 10 days for
sucrose and t = 8 days for glucose and fructose. As resistance
to inhibitors was independent of the reference plates (data not
shown), we recorded the actual growth there.

Statistical analyses

Multivariate analyses of variance were used to compare pheno-
typic profiles between isolates of the two yeast species sepa-
rately. Those isolates were isolated from different plant species
(19 plant species for M. reukaufii and 9 for M. gruessii) and
plant families (7 and 6, respectively). As the data were not nor-
mally distributed and therefore did not fit to the assumptions
of a classic multivariate analysis of variance (MANOVA), a non-
parametric variant (PERMANOVA) implemented in the ‘adonis’
(multivariate analysis of variance based on dissimilarity matri-
ces) function in the R package ‘vegan’ (Anderson 2001; Oksanen
etal. 2013; Majetic, Levin and Raguso 2014) was used. In this anal-
ysis, the impact of sampling year was treated as a random ef-
fect. For all tests, dissimilarity matrices between isolates were
calculated based on the Bray-Curtis distance using the ‘vegdist’
function from the ‘vegan’ package, except when evaluating the
osmotolerance data set, where Gower distances were used. Due
to small sample sizes for some host plant species, four and 12
plant species were retained in the analyses for M. gruessii and
M. reukaufii, respectively. Additionally, separate PERMANOVASs
were performed without the host species H. foetidus for the M.
reukaufii data set, due to the fact that this plant species was over-
represented in that data set.

Univariate analyses (PROC UNIVARIATE, SAS Institute Inc.,
2012) indicated that variables related to nectar chemistry (sugar
concentration, pH and the relative percentages of fructose, glu-
cose and sucrose) were not normally distributed; therefore, non-
parametric Wilcoxon and Kruskal-Wallis tests (NPAR1WAY, SAS
Institute Inc., 2012) were used to see whether nectar variables
differed between plant species or between plant families. Hierar-
chical variance partitions using restricted maximum likelihood
(REML) were performed to assess the percentage variation be-
tween plant families and between plant species within families.

We used automatic stepwise model building procedures to
assess the amount of intraspecific variation in the phenotypic
data in two yeast species that can be attributed to the nectar
chemical data. A forward stepwise approach was applied as im-
plemented in the ‘ordistep’ function (vegan package) in R: vari-
ables were added step by step into the model and, at each turn,

Pozoetal. | 5

the variable with the highest portion of variance explained was
kept, until no other variable significantly increased the portion
of the variance explained (P < 0.05). The significance of the vari-
ables was tested by 9999 permutations. We did these analy-
ses for the overall set of test parameters, and also for param-
eters grouped by test type separately (see Supplementary Table
S2): carbon sources, nitrogen sources, water activity, hydrolysis,
pH and vitamin test, and inhibitors. The whole variable selec-
tion procedure was run for each yeast species and parameter
type separately, leading to different sets of variables for the two
species and parameters.

Finally, to visualize general trends in phenotypic variation,
results from non-metric multidimensional scaling (nMDS) anal-
yses (Clarke and Warwick 2001; Majetic, Levin and Raguso 2014)
were plotted on top of interpolated and smoothed environ-
mental surfaces. nMDS analyses were conducted for each yeast
species and parameter type separately, based on Bray-Curtis
dissimilarities, except for low water activity parameters, where
the Gower distance was used. For the set of statistically signifi-
cant nectar variables selected earlier, two-dimensional thinplate
spline surfaces were fitted between nectar variables and pheno-
typic traits using the ‘ordisurf’ function implemented in the ‘ve-
gan’ package. This function fits an environmental surface using
thinplate splines in a Generalized Additive Model (GAM; Wood
2006) and then uses results from the GAM to predict and plot
the surface on a regularized grid (Oksanen et al. 2013). GAM au-
tomatically selects the degree of smoothing by cross-validation.
In the GAM equation the environmental variable is the depen-
dent variable, and is equal to the sum of the products of the
thinplate spline, and the first and second dimensions of the or-
dination results, respectively. As nectar variables were not nor-
mally distributed, to fit the GAM we assumed a Gamma family
with log as link function and REML as method. Although max-
imum, minimum and mean total sugar concentration could be
significantly fitted into some ordinations, we just represented
the maximum, as the three variables followed a similar pattern
(results not shown).

All analyses were computed in the R statistical comput-
ing framework version 3.1.1 (R Development Core Team 2014,
http://www.cran.r-project.org) and SAS 9.1.3 (SAS Institute, Cary,
NC, USA).

RESULTS

Variation in nectar chemical traits

Significant differences in nectar features were found between
plant species and families (Table 1; see test values in Supple-
mentary Table S3). Plant families and plant species within fam-
ilies explained between 45.3% (pH) and 87.2% (relative percent-
age of glucose) of the total variance. For pH, and the relative per-
centages of the three main sugars, plant species accounted for a
statistically significant fraction of the total variance, explaining
>40% of the explained variance (Z = 1.91, 2.35, 2.81 and 2.22 for
nectar pH, and the relative percentages of glucose, fructose and
sucrose, respectively). Variance in total sugar concentration, on
the other hand, was mainly the result of differences between
plant families, which accounted for 86.5% of the explained
variance.

Phenotypic variation within yeast species

Isolates from the two yeast species explored a broad phenotypic
landscape, as shown by their disparity in the nMDS ordinations
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Figure 1. nMDS ordination plots of M. reukaufii (left panel) and M. gruessii (right panel) isolates. Symbol shapes indicate the plant family from which each isolate was
recovered. The gradient of the maximum total sugar concentration is fitted into the ordination diagrams using thinplate splines and is indicated by the green contour
lines. Upper panel: all tests. The fit statistics were: R?(adj) = 0.35 (left) and 0.31 (right), P < 0.0001. Middle panel: carbon sources. R?(adj) = 0.23 and 0.23, P < 0.0001,
for the left and right figure, respectively. Bottom panel: inhibitors. Fit statistics were R?(adj) = 0.30 and 0.15, P < 0.0001 and P = 0.001, for the left and right figure,

respectively.

(Fig. 1). The stress values of the nMDS ordinations were similar
and below 0.20 for all ordinations.

For M. reukaufii, the overall phenotypic profile of the isolates
depended significantly on the origin of the sample, measured
either by plant family (Pseudo-F = 11.67, df = 6, P = 0.001) or
by plant species (Pseudo-F = 7.39, df = 12, P = 0.001). These dif-
ferences were still significant when the H. foetidus observations
were removed (n = 212, Pseudo-F = 2.02, df = 6, P = 0.017 and
Pseudo-F = 3.76, df = 11, P = 0.001 for plant family and plant
species, respectively). Phenotypic variation among H. foetidus
isolates was partially explained by population of origin and col-
lection date (results not shown). Analyses for every parame-
ter type separately further showed significant differences in the
phenotypic profile of isolates from different hosts (Table 2). Only
in the case of hydrolysis, pH and vitamin supplementation was
there no significant effect of plant family or species on the phe-
notypic profile (Table 2).

Only a significant effect of host plant species was found in
M. gruessii for their response to nitrogen sources parameters
(Table 2). However, we found a significant effect of the plant fam-
ily of origin in the overall phenotypic profile (Pseudo-F = 2.51,
df = 5, P = 0.05), and also for carbon sources and inhibitors
(Table 2).

Importance of nectar features as environmental
constraints

The forward selection procedure showed that for both yeast
species, the total sugar concentration in nectar (maximum val-
ues per plant species) explained the largest portion of the
variance in the overall phenotypic profile of the investigated
strains. In both cases, the effect of sugar concentration was
highly significant (Pseudo-F = 29.43 and 4.35, P = 0.01 for M.
reukaufii and M. gruessii, respectively). Another nectar trait that
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Table 2. Intraspecific differences in test performance within the studied yeast species (M. reukaufii and M. gruessii), according to the environ-

mental origin of these species.

M. reukaufii M. gruessii

Plant family (df = 6) Plant species (df = 18) Plant family (df = 5) Plant species (df = 3)
Category
(no. of parameters tested) Pseudo-F P-value Pseudo-F P Pseudo-F P-value Pseudo-F P-value
Carbon sources (27) 7.32 0.001 5.86 0.001 2.22 0.012 1.48 0.070
Inhibitors (8) 11.74 0.001 7.42 0.001 2.51 0.048 1.56 0.479
Various?® (4) 1.62 0.647 1.14 0.906 1.38 0.634 4.80 0.068
Low water activity (4) 3.45 0.033 4.26 0.002 0.56 0.447 0.85 0.240
Nitrogen sources (3) 6.75 0.007 8.82 0.001 1.63 0.559 3.31 0.009

For these analyses, phenotypic tests were grouped into five main categories.
2Comprises alkaline pH, vitamin, and hydrolysis (see Supplementary Table S2).

Table 3. Pseudo-F values of relevant nectar variables selected by additive RDA models (P < 0.05) explaining variance at every parameter type,

per yeast species.

Parameter type per Min total Mean total Max total

Min Mean Max

Sum of relevant % variance

yeast species sugar conc sugar conc sugarconc pH pH pH % Sucrose % Fructose % Glucose variables explained
M. reukaufii
Overall 3.81 29.43 2.68 3.40 9.93 6.60%
Carbon sources 4.85 6.77 31.64 6.42 9.90 11.63 9.15%
Inhibitors 3.82 29.46 2.32 3.04 6.68 6.68%
Various 13.91 13.91 2.40%
M. gruessii
Overall 3.33 4.35 5.86 4.72 16.84%
Carbon sources 3.33 3.47 5.74 14.36 14.36%
Inhibitors 4.15 4.76 4.61 16.84 16.84%
Nitrogen 3.43 2.89 3.70 1.95 7.69%
Various 2.62 3.60 2.85 2.35 9.16%

Bold fonts reveal those tests with P < 0.01.
Zero variables were selected in M. reukaufii nitrogen parameters.

significantly explained the overall phenotypic profile within
both yeast species was the percentage of fructose in nectar
(Table 3). The final model showed that in both yeast species
the overall phenotypic profile was significantly related to the
maximum total sugar concentration and mean fructose con-
tent (Pseudo-F values for the overall model: 16.05 and 5.25 for M.
reukaufii and M. gruessii, respectively, P = 0.005). Maximum total
sugar concentration and relative fructose content also signifi-
cantly explained intraspecific variance in carbon sources and in-
hibitors for the two yeast species (Table 3). For nitrogen sources,
low water activity and hydrolysis parameters, we did not find
any common set of nectar features successfully explaining the
phenotypic variance encountered within the two yeast species.
While nectar pH explained a significant part of the variance in
growth performance of M. reukaufii in different carbon sources
and low water activity media, the mean relative percentage of
glucose significantly explained differences in performance for
the overall phenotypic tests, carbon sources and inhibitors. No
such relationships were observed for M. gruessii.

Fitting significant nectar variables into the phenotypic nMDS
ordinations (overall versus by parameter type) confirmed the im-
portance of nectar traits in explaining the phenotypic variation
of the nectar isolates of the two yeast species. Graphical repre-
sentations indicate that the main influence of nectar variables
was along nMDS axis 1 for M. gruessii and along axis 2 for M.
reukaufii ordinations (Figs 1 and 2). In M. gruessii, isolates located
at the right hand side of the graph were from plants with high
total sugar concentration. For M. reukaufii, strains isolated from

plants with high sugar concentration values were located at the
lower side of the graph (Fig. 1). Similar trends were observed for
sugar composition. For both species, relative fructose content
was significantly related to growth performance in all growth
media and in carbon source media alone. Isolates located in the
upper part of the graph came from plant species with low fruc-
tose percentages in their nectar (Fig. 2, upper panel), and the
most distant phenotypes regarding carbon sources parameters
were isolated from plant species with the most extreme val-
ues of fructose concentrations (Fig. 2, middle panel). The oppo-
site trend was obtained in the case of inhibitor ordination in M.
reukaufii (Fig. 2, bottom panel).

DISCUSSION

Intraspecific variation in phenotypic profile

In this study, we used a large set of physiological tests to char-
acterize intraspecific variation in the phenotypic profile of two
common nectarivorous yeasts. The majority of physiological
tests that were used here focused on carbon sources, as nec-
tar is mainly comprised of mono- and disaccharides (Percival
1961; Nicolson 2007). However, because the presence of nectar
proteins, organic acids and plant secondary compounds in flo-
ral nectar has been interpreted as evidence for a putative de-
fence mechanism against microbes (Adler 2000; Heil 2011), we
also tested yeast inhibitors.
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Figure 2. nMDS ordination plots of M. reukaufii (left panel) and M. gruessii (right panel) isolates. Symbol shapes indicate the plant family from which each isolate was
recovered. The gradient of the mean relative percentage of fructose in nectar is fitted into the ordination diagrams using thinplate splines and is indicated by the blue
contour lines. Upper panel: all tests. The fit statistics were: R?(adj) = 0.12 (left) and 0.26 (right), P < 0.0001. Middle panel: carbon sources. R?(adj) = 0.15 and 0.14, P <
0.0001 and P = 0.04, for the left and right figure, respectively. Bottom panel: inhibitors. Fit statistics were R?(adj) = 0.10 (P < 0.0001) and 0.02, P = 0.20, for the left and

right figure, respectively.

In M. gruessii, wide intraspecific phenotypic variation was ob-
served in a sample of 76 isolates subjected to the physiological
tests. Phenotypic variation involved heterogeneity in several test
categories, mainly including growth responses to carbon sources
and inhibitors. Similar results were found for M. reukaufii, for
which the sample size was much larger (570 tested isolates).
These two species are found in a large proportion of nectaries in
several plant species in south-eastern Spain. Differences in sam-
ple size are due to the more widespread distribution and larger
population sizes of M. reukaufii in nectaries in our study area (M.I.
Pozo et al., unpublished results). Due to unequal sample size,
however, tests have been run separately for each yeast species,
and the generalizations that are made throughout the text by
using the results of the two yeast species must be treated with
caution. Interestingly, our results are in agreement with previous
studies on the phenotypic profile of industrial yeast strains (Sac-
charomyces) isolated from different environments, such as winer-
ies and breweries (Salinas et al. 2010; Camarasa et al. 2012; Bar-

bosa et al. 2014; Mukherjee et al. 2014). As reported by these stud-
ies, we also found that isolates that originate from the same or
similar sources tend to show more similar phenotypes. It is chal-
lenging to compare our results with previous research on natural
populations of non-conventional yeasts, as work on phenotypic
features of these species has mainly focused on a few isolates,
and intraspecific variability has been generally obliterated by av-
eraging data with the purpose of obtaining diagnostic features
for species delimitation (Barnett 1977; Barnett 2004; Kurtzman,
Fell and Boekhout 2011). Moreover, growth rates used to be com-
puted on a qualitative scale.

Plant species produce nectars with different quality as
yeast substrate

For this study, M. gruessii and M. reukaufii were isolated from the
flowers of different insect-pollinated plant species belonging to
six and seven different plant families, respectively. It is already



known that nectar sugar concentration and composition are to
a large extent genetically determined (Nicolson and Thornburg
2007). Our results confirmed that nectar features varied widely
across plant species. More specifically, we have found that plant
species, and even plant families, might be characterized by a
given range of nectar sugar concentration, although this feature
is also subject to the effects of environmental variation (Cor-
bet et al. 1979). Further, all the plant species surveyed tended
to produce sucrose-rich nectar, but they differed in the relative
amounts of sucrose, fructose and glucose. Although nectar pH
has been measured less frequently, it has been shown that it
can vary greatly between the plant species involved, ranging be-
tween 3 and 10 across plant species (Nicolson and Thornburg
2007). Although some extreme values might be due to the ac-
tion of nectar-living microbes (Peay, Belisle and Fukami 2012), we
have observed a similarly broad pH range in pristine nectar (pH
4-9; see also Herrera 2014). This variation may arise from vari-
able concentrations in nectar of minor solutes such as organic
acids or nectar proteins (Herrera 2014).

The nature of the carbon sources available, along with pH
and water activity in the yeast environment are known to in-
fluence yeast growth (Kurtzman, Fell and Boekhout 2011). Vari-
ation in nectar chemical traits may therefore have given rise to
specific adaptations and consequently may explain the perva-
sive effect of host plant species on the phenotypic landscape ex-
plored by the two studied yeast species. Recently, Herrera (2014)
studied the growth exhibited by individual strains of M. reukaufii
inoculated in pristine nectar of different plant species, and con-
cluded that different nectars vary in their quality as substrate
for yeast growth. Interestingly, H. foetidus nectar represented
the most favourable growth medium for all strains tested. This
plant species produces large amounts of 40% concentrated—on
average—and sucrose-rich nectar, in which small amounts of
protoanemonin are present (C.M. Herrera, unpublished results).
In our case, strains that were isolated from this plant species
generally tended to cluster around a similar phenotype. Accord-
ing to Herrera (2014), floral nectar from Digitalis (Plantaginaceae)
and Lonicera (Caprifoliaceae) were the most limiting habitats
for yeast growth. Also in our study, Plantaginaceae nectar pro-
vided the most dissimilar phenotypes for the two yeast species.
Other factors may also explain differences in nectar quality as a
growth substrate for yeasts. For instance, the nitrogen content in
nectar is very low, and consequentially nectar amino acid con-
tent and composition might impact yeast survival in nectar de-
cisively. When yeasts were present, the concentration of several
amino acids significantly decreased in Mimulus aurantiacus flo-
ral nectar (Peay, Belisle and Fukami 2012). In addition, the pres-
ence of secondary compounds might also affect yeast growth
(Adler 2000; Pozo, Lievens and Jacquemyn 2014), and therefore
they might be also investigated regarding their potential at driv-
ing the microevolutionary forces in nectar microbes.

Phenotypic traits and nectar chemistry

Total sugar concentration and the relative percentage of fruc-
tose in nectar were the most relevant nectar features explaining
dissimilarities in phenotypes among the vast collection of nec-
tar samples that were screened. Even if we remove a large pro-
portion of the total sample, i.e. the M. reukaufii isolates coming
from H. foetidus, we get consistent results in redundancy analy-
sis and subsequent variable selection analyses (unpublished re-
sults). Therefore, we are confident that those findings are not the
result of statistical artefacts. These results are in line with find-
ings of Herrera, Pozo and Bazaga (2012), who showed that the
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growth of M. reukaufii isolates decreased above 40% sugar (w/w),
although some isolates still showed measurable growth at 50—
55% (w/w). The mean value of the total sugar concentration ob-
tained here for the majority of plant species (<45%) still repre-
sents a favourable medium for the growth of these two species
(Pozo, Lachance and Herrera 2012). Maximum values of total
sugar concentration might thus be considered the main con-
straint on yeast growth in the nectar of several plant species, as
the maximum concentration recorded, often >55%, represents
a habitat with a low water activity (Lievens et al. 2015). Regard-
ing carbon sources, Herrera, Pozo and Bazaga (2012) also demon-
strated that Metschnikowia shows a higher growth rate using su-
crose as the carbon source compared with its monosaccharides
glucose and fructose. Moreover, fructose is the sugar for which
those yeasts showed by far a slower and weaker growth (Her-
rera, Garcia and Perez 2008). The fact that H. foetidus nectar was
found to the most favourable habitat for yeast growth also agrees
with this finding, as H. foetidus nectar consists of a 40% concen-
trated solution of almost pure sucrose. The effect of nectar pH on
nectar microbes was first suggested by Brysch-Herzberg (2004),
who aimed at explaining the species composition of nectar yeast
communities occurring in temperate Western European regions.
Although species differed in optimal pH, the optimal range for
Saccharomyecetales, such as Metschnikowia, was found to vary
from slightly acid to neutral, depending on the temperature and
the presence of oxygen. Unfortunately, there is a paucity of lit-
erature on the physiological basis of a preferred pH range for
yeasts, but a plausible explanation is that it is due to the opti-
mum pH value for activity of plasma membrane-bound proteins,
including enzymes and transport proteins (Narendranath and
Power 2005). In the particular case of M. reukaufii and M. grues-
sii, it has been shown that neither low (4) nor high (9) pH values
seriously affect the growth of these organisms (M.I. Pozo et al.,
unpublished results). Likewise, we did not find any variation in
this feature to be relevant for explaining intraspecific variation
in yeast phenotype. We have consistently found that the phe-
notypic variation exhibited by nectar yeasts regarding nitrogen
sources can be significantly explained by the plant species from
which those isolates were retrieved. Interestingly, none of our
nectar features could explain this variation in the particular case
of M. reukauffii. In M. gruessii, we could explain ~8% of the phe-
notypic variation regarding nitrogen sources by combining the
effect of pH and sugar concentration. We hypothesize that the
natural variation in total amino acid concentration and com-
position in pristine nectar among plant species could help to
explain phenotypic dissimilarities in nectar yeasts (Baker and
Baker 1983), and we therefore advise the inclusion of this nectar
feature for future research.

Mechanisms underlying phenotypic variation

We found that the two yeast species studied were able to live and
proliferate under highly divergent conditions, represented by
the gradient of pristine nectar conditions of a group of host plant
species that flower, with a few exceptions, in the same period
(May-June). Metschnikowia relies on foraging insects to be vec-
tored from one flower to another, but individual nectaries repre-
sent the main reservoir of cells. Given the patchy and ephemeral
nature of nectaries as habitat, those yeast communities func-
tion as metacommunities. In the wild, clonal lineages from these
two yeast species explore different niches during their life cycle
(nectar from different plant species). Such a life cycle in turn
imposes additional pressure on the ability of these microorgan-
isms to cope with a broad range of nectar environments and thus
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requires the ability to adapt rapidly to different nectar condi-
tions. Consequently, it might be highly favourable for these or-
ganisms to keep broad ecological niches and show high levels
of phenotypic plasticity (Roughgarden 1972; Sultan and Spencer
2002; Baythavong 2011).

However, habitat heterogeneity may drive more permanent
adaptive responses in yeasts, with higher evolutionary poten-
tial. Although clonal reproduction is the dominant reproduction
mode of these two yeast species, they possess a high genotypic
diversity. Moreover, genotypes are not randomly sorted in na-
ture, and it has therefore been shown that different genotypes
are favoured by the action of diversifying selection on contrast-
ing microenvironments (Herrera, Pozo and Bazaga 2011; Her-
rera, Pozo and Bazaga 2014). A link between genotype and iso-
lation source was also observed for Brettanonmyces bruxellensis,
a yeast species important to both the brewing and wine indus-
try (Crauwels et al. 2014). Furthermore, epigenetic changes that
occur as a result of DNA methylation have been shown to con-
tribute to population niche width by enhancing phenotypic plas-
ticity. In M. reukaufii, genome-wide DNA methylation patterns
underlaid the ability of this fugitive species to exploit a broad
resource range in its heterogeneous and patchy environment,
mimicked experimentally by increasing concentrations of su-
crose, glucose and fructose (Herrera, Pozo and Bazaga 2012).

Overall, our results highlight the importance of assessing the
degree of intraspecific variation in order to obtain more real-
istic information on the phenotypic profile exhibited by yeast
species. This wide intraspecific variance might be explained by
the natural origin of the isolates, in this case represented by nec-
tar from different plant host species. We have shown that the
variation exhibited across plant species in total sugar concen-
tration and sugar composition (especially the relative amount
of fructose) relevantly accounted for the differences found in the
yeast phenotypes according to their origin. We thus hypothesize
that both nectar properties and the plant host species of origin
might predict the yeast phenotypes that will occur in wild pop-
ulations of nectar yeasts.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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