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Abstract

Yeasts are prevalent in the open ocean, yet we have limited understanding of their ecophysiological adaptations, including their re-
sponse to nitrogen availability, which can have a major role in determining the ecological potential of other planktonic microbes. In
this study, we characterized the nitrogen uptake capabilities and growth responses of marine-occurring yeasts. Yeast isolates from
the North Atlantic Ocean were screened for growth on diverse nitrogen substrates, and across a concentration gradient of three envi-
ronmentally relevant nitrogen substrates: nitrate, ammonium, and urea. Three strains grew with enriched nitrate while two did not,
demonstrating that nitrate utilization is present but not universal in marine yeasts, consistent with existing knowledge of nonma-
rine yeast strains. Naganishia diffluens MBA_F0213 modified the key functional trait of cell size in response to nitrogen concentration,
suggesting yeast cell morphology changes along chemical gradients in the marine environment. Meta-analysis of the reference DNA
barcode in public databases revealed that the genus Naganishia has a global ocean distribution, strengthening the environmental
applicability of the culture-based observations. This study provides novel quantitative understanding of the ecophysiological and
morphological responses of marine-derived yeasts to variable nitrogen availability in vitro, providing insight into the functional ecol-

ogy of yeasts within pelagic open ocean environments.
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Introduction

Marine yeasts are a group of heterotrophic microbial eukaryotes
active throughout diverse marine environments including the
open ocean (Grossart et al. 2019). The term yeast unites fungi
capable of unicellular growth, which occur exclusively within
the phyla Ascomycota and Basidiomycota, but do not form a
monophyletic group (El Baidouri et al. 2021). Environmental
DNA-based surveys show that fungal community composition
varies between marine ecosystems (Amend et al. 2019). Open
ocean fungal communities are dominated by the Ascomycota
and Basidiomycota at the surface (Wang et al. 2014) and in the
deep ocean (Bass et al. 2007). The Chytridiomycota show high
relative contributions in coastal waters (Taylor and Cunliffe 2016,
Debeljak and Baltar 2023), in association with sea ice in the Arctic
Ocean (Hassett and Gradinger 2016), and with low salinity in
the Baltic Sea (Rojas-Jimenez et al. 2019). Early diverging groups
also represent a major fraction of fungal diversity in coastal
sediments (Picard 2017) and deep-sea sediments (Nagahama et
al. 2011). Despite rich morphological and taxonomic diversity
across marine ecosystems, yeasts dominate planktonic fungal
diversity at the global scale (Hassett et al. 2020).

Yeasts are saprotrophs, releasing extracellular enzymes to
break down high molecular weight organic matter into smaller

compounds, which can then be taken up by osmotrophy, a
nutritional strategy shared with marine bacteria (Worden et
al. 2015). Cunliffe et al. (2017) identified active saprotrophs of
phytoplankton-derived organic carbon in a coastal ecosystem,
including Malassezia (Basidiomycota), which contains unicellular
yeast species found throughout pelagic marine environments
(Amend 2014, Boekhout et al. 2022). In addition to saprotrophy,
marine yeasts are associated with other trophic interactions,
including predation by zooplankton (Cleary et al. 2016), and
parasitism of phytoplankton (Li et al. 2016) and zooplankton
(Seki and Fulton 1969). Marine yeast abundances have been
shown to fluctuate by several orders of magnitude over rela-
tively short time-scales during a spring phytoplankton bloom
(Priest et al. 2021), while interannual recurrence patterns of
yeast-containing taxa further suggest a dynamic role for yeasts
in marine plankton communities (Taylor and Cunliffe 2016,
Chrismas et al. 2023). Absolute abundances of marine yeast
taxa have been significantly positively correlated with envi-
ronmental concentrations of nitrogen-containing compounds
(Taylor and Cunliffe 2016, Priest et al. 2021), but quantitative
data describing marine yeast responses to nitrogen availability
are currently lacking in contrast with other major plankton
groups.
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Phytoplankton ecophysiology and community composition are
driven by the concentration and chemical forms of nitrogen
available (Glibert et al. 2016). Large diatoms dominate produc-
tive, nitrate-rich surface waters (e.g. Kudela and Dugdale 2000),
whereas smaller phytoplankton such as Cyanobacteria dominate
when reduced forms including ammonium and urea are the pri-
mary nitrogen sources (e.g. Berg et al. 2003). Despite strong links
to seasonal bloom events, nitrate utilization is not a universal
trait in marine phytoplankton, e.g. some ecotypes of the glob-
ally abundant picocyanobacterium Prochlorococcus lack the capac-
ity for nitrate uptake (Moore et al. 2002). Nitrate assimilation is
also restricted to a subset of yeast genera not including the model
fission yeast genus Schizosaccharomyces (Siverio 2002), which had
the highest relative sequence abundance of identified fungal gen-
era across most oceanographic regions in a global metagenomic
dataset (Hassett et al. 2020). In the marine water column, nitrate
utilization could offer some yeasts a distinct advantage, espe-
cially when high-nitrate conditions trigger rapid diatom growth,
providing ready supplies of both nitrogen and a suitable diatom-
derived organic carbon substrate (Cunliffe et al. 2017). Efficient
growth on ammonium and/or urea could sustain marine yeasts
that are (a) unable to take up nitrate, or (b) in low-nitrate condi-
tions, where microbial remineralization of reduced nitrogen fu-
els microbial production (Dugdale and Goering 1967, Glibert et
al. 2016). To date, it has been difficult to address ecological hy-
potheses regarding marine yeast nitrogen dynamics, due to in-
sufficient knowledge of their nitrogen uptake capabilities, specifi-
cally which nitrogen substrates can be used and whether nitrogen
limits yeast growth at concentrations relevant to pelagic marine
environments.

Nitrate (NOs™) is typically the most abundant form of fixed
nitrogen in the ocean and nitrate concentration increases with
depth in near-surface waters (Gruber 2008). Ammonium (NH;")
tends to be present at much lower apparent concentrations due
to rapid microbial cycling in the water column (Glibert and Gold-
man 1981). Across the Atlantic Ocean, euphotic zone nitrate fluc-
tuates by several orders of magnitude (0.005-33 pumol 1-1), while
ammonium is much less variable (0.109 + 0.150 pmol 17, max-
imum 5.2 pmol 171) (Rees et al. 2006). Urea concentrations in
the euphotic Atlantic are typically 0.15-0.35 pmol 17, sometimes
reaching 1.72 pmol 1-* (Painter et al. 2008), representing an impor-
tant source of dissolved nitrogen for phytoplankton, particularly
Prochlorococcus in the subtropical North Atlantic (Casey et al. 2007,
Painter et al. 2008).

Phytoplankton nutrient utilization traits exhibit allometric
scaling relationships across species and across major taxonomic
groups, e.g. biomass-scaled nutrient affinities tend to decrease
with increasing cell volume (Edwards et al. 2012). As cell size con-
strains microbial physiology and microbe-microbe interactions, it
is considered a key functional trait regulating marine plankton
biogeography (Barton et al. 2013). Allometric relationships have
been investigated among filamentous marine fungi (Fuentes et al.
2015, Aguilar-Trigueros et al. 2017) and between major cell types
of marine fungi (Thomas et al. 2022), but trait variations across
marine yeast taxa, or within taxa under changing conditions are
not well-documented. Twwo Pacific Ocean yeast isolates showed
variable growth rates and cell volumes along a salinity gradient
and the responses were strain-specific (Hernandez-Saavedra et al.
1995). Ecophysiological and morphological trait data covering a
wider range of taxa and environmental conditions are needed to
explore possible size-scaling relationships in marine yeasts and
more broadly how yeast traits relate to their ecological function
within marine plankton communities.

Culture-based approaches reveal that marine-derived yeast
growth responds to abiotic environmental parameters such
as temperature, salinity, and pH (Norkrans 1966, Hernandez-
Saavedra et al. 1995, Breyer et al. 2023) and that carbon sub-
strate preferences vary between marine fungal taxa (Thomas et al.
2022, Breyer et al. 2023). These studies have begun to describe the
physiological and morphological characteristics of marine yeast
growth in vitro, but trait-based data remain scarce, particularly
responses to nutrient availability and in relation to open ocean
ecosystems. To address these gaps in understanding of planktonic
marine yeast ecophysiology, this study quantifies the growth of
open ocean yeast isolates under variable nutrient conditions in
laboratory culture. Five strains isolated from the North Atlantic
as part of the Marine Biological Association Fungal Culture Col-
lection, were assessed with a phenotype microarray for the abil-
ity to use a diversity of nitrogen-containing compounds as the
primary nitrogen source. One model strain, Naganishia diffluens
MBA_F0213, was here exposed to nitrogen concentrations span-
ning several orders of magnitude in three environmentally rel-
evant chemical forms: ammonium, nitrate, and urea. Observa-
tions of cell density, growth substrate uptake, and cell morphology
are used to describe N. diffluens MBA_F0213 responses to nitrogen
form and concentration. Meta-analysis of the reference DNA bar-
code in public databases is used to explore the marine biogeo-
graphic distribution of the genus Naganishia, to contextualize the
nitrogen dynamics observed in vitro with N. diffluens MBA_F0213
cultures.

Methods

Cultures and growth media

Five yeast and yeast-like cultures were selected from the Ma-
rine Biological Association Fungal Culture Collection (Table 1).
All strains were isolated from the North Atlantic Ocean at
the Porcupine Abyssal Plain Sustained Observatory (PAP-SO)
(Supplementary material) in June 2019. Cultures were maintained
on Wickerham’s yeast malt medium (WYM) or potato dextrose
medium (PDM) agar plates at either 10°C or 15°C depending on
the isolation depth (Table 1).

For all experiments, liquid cultures were prepared in seawa-
ter £/2 medium (Guillard 1975) with minor modifications as fol-
lows. Glucose was added to filtered natural seawater at 1.8 g1-*
and autoclaved. Sodium phosphate (NaH,PO4-H,0), trace metals,
and vitamin solutions were filter-sterilized (0.22 pm) and added to
the autoclaved seawater at concentrations in line with the stan-
dard £/2 protocol (Guillard 1975). Chloramphenicol was added at
0.2 g1=1. The form and concentration of nitrogen substrates added
varied depending on experimental treatment (see below). As natu-
ral seawater forms the base for this growth medium, background
dissolved nutrient concentrations depend on the environmental
source. Autoclaved filtered natural seawater as used here was
shown to contain ~3.4 pmol 17! nitrate and ~0.9 pmol 17! am-
monium (Supplementary material). Urea concentration could not
be determined in this analysis. Any nitrogen substrate additions
to the f/2 medium are therefore considered nitrogen enrichments
to these background concentrations.

Diversity of nitrogen substrate use

The diversity of nitrogen substrate use was screened using 96-
well culture plates containing 95 different nitrogen sources and a
negative control (BIOLOG PM3B Phenotype MicroArray). This com-
mercially produced assay is designed to test for microbial utiliza-
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Table 1. Yeast strains used in this study. Marine Biological Association Fungal Culture Collection strain codes with species identification,
water depth of isolation, agar media formulation of isolation/maintenance, and temperature of culture maintenance.

Isolation depth Temperature
Strain Species (m) Media (°Q)
MBA_F0175 Holtermanniella festucosa 1000 WYM 10
MBA_F0181 Aureobasidium pullulans 500 PDM 10
MBA_F0213 Naganishia diffluens 8 PDM 15
MBA_F0294 Rhodotorula mucilaginosa 30 PDM 15
MBA_F0295 Sporobolomyces roseus 30 PDM 15

tion of a diverse array of nitrogen sources, including ammonia,
nitrate and urea, as well as various amino acids, amines and nu-
cleobases (Fig. 1A). Nitrogen enrichments are between 1 and 5 mM,
except amino acids, purines, and pyrimidines, which are included
at 20-200 pM (BIOLOG, personal communication). Late exponen-
tial phase cultures were washed and resuspended in modified {/2
medium (see above) with no nitrogen enrichment. Washed cell
suspensions were diluted to ~10* cells m1~*, added at 100 pl per
well and incubated at 15°C for 4 days. Triplicate plates were inocu-
lated for each strain. Optical density at 600 nm (ODggo) Was mea-
sured daily using a microplate reader (CLARIOstar) and used to
calculate growth rates. Relative growth rate is the growth rate on
each substrate normalized by the maximum growth rate of that
strain on any substrate as measured in the BIOLOG microarray
(Supplementary material). A substrate diversity index was used
to quantify the range of substrates used by each strain based on
the number of substrates yielding positive growth rates (Thomas
et al. 2022) (Supplementary material).

Nitrogen concentration range

Growth responses of N. diffluens MBA_F0213 to ammonium
((NHy)2SOy), nitrate (NaNOs), or urea (CO(NH,),) were assessed
in batch culture experiments with initial media enrichments of
0.1, 1, 10, 100, 1000, or 9000 pmol 1=* N. The dissolved carbon
source of 1.8 g 17! glucose corresponds to 10 mmol 1-! glucose
or 60 mmol 1= carbon. The uppermost N addition of 9 mmol 1-*
was derived from this carbon concentration using a C:N ratio of
~108:16 representing the average composition of marine organic
matter (Redfield 1934). The lowest initial N concentration tested
here (with 0.1 pmol 17! added N) is ~4.6 pmol 1= N, accounting
for dissolved inorganic nitrogen present in the natural seawater
(Supplementary material). The lower [N] range, therefore encom-
passes nitrogen concentrations relevant in the open ocean e.g.
surface [NO3~] < 10 pmol 1= at PAP-SO (Hartman et al. 2015).

Liquid batch cultures of 40 ml in vented polystyrene flasks
(Sarstedt T-25) were incubated at 15°C, orbitally shaken at
100 r/m and lit by a 14:10 h light-dark cycle. Naganishia difflu-
ens MBA_F0213 cells were acclimated to each treatment condi-
tion for at least three subcultures (each ~5 days) prior to experi-
ments. Fresh growth media were inoculated in triplicate with late-
exponential phase cultures to a cell density of ~10* cells ml~! to
initiate experiments. Experiments were terminated when incuba-
tions reached stationary phase, indicated by no significant differ-
ence in cell density between consecutive daily time points.

Cell density was monitored with daily cell counts on an Im-
proved Neubauer hemocytometer (Hawksley) and Leica DM1000
LED microscope. Specific growth rate values were obtained in trip-
licate for each treatment. A modified logistic model was fit to log-
transformed cell density data (Zwietering et al. 1990) or where
the data fit the model poorly, estimated as the maximum gra-
dient between individual time points in the exponential phase

(Supplementary material). A growth rate value of 0 was assigned
when there was no significant difference in means (n = 3) between
the final and initial cell densities.

Media subsamples of 1 ml were taken daily, centrifuged at
16000 x g for 5 min and the supernatant stored at —20°C. p-
glucose concentrations were determined using a glucose oxidase
assay (Invitrogen Amplex Red A222189). Glucose uptake was cal-
culated as the difference between the final and initial media glu-
cose concentrations.

At each time point, at least 10 cells per sample were imaged
using Leica LAS EZ software. Cell morphometry was quantified
using image analysis software (ImageJ). Ellipses were manually
fit to 10 cells per sample, outputting mean measurements of the
major and minor elliptical axes. Cell dimensions were used to es-
timate cell eccentricity [a measure of ellipsoidal shape elonga-
tion i.e. how much the cell deviates from being circular, which
could have a role in the efficiency of nutrient uptake (Yan et
al. 2021)] and cell surface area to volume ratio (equations in
Supplementary material).

Naganishia DNA barcode meta-analysis

Strain MBA_F0213 was previously identified as the basidiomycete
yeast N. diffluens (order Filobasidiales) by DNA sequencing of the
ITS region. According to an integrated phylogenetic classification
(Liu et al. 2015), all type strains of species within the Filobasidiales
were queried against the NCBI nucleotide database (Sayers et al.
2022) to identify all available 185 rRNA encoding gene reference
sequences. A phylogenetic tree was generated by pairwise 18S se-
quence alignments using the NCBI BLAST Tree View tool (Altschul
et al. 1990). AliView software was used to generate a MAFFT
alignment of the reference sequences, from which the 18S rRNA
gene hypervariable V9 regions were identified (Supplementary
material). The V9 regions were compared to assess the taxonomic
resolution of potential metabarcode sequences from the Filobasidi-
ales in the Tara Oceans eukaryote 18S V9 database (De Vargas et al.
2015). The 18S rRNA gene reference sequence NG_062944.1 from
N. diffluens CBS 160 type material was queried against the Tara
Oceans database using the Ocean Barcode Atlas web portal (Ver-
nette et al. 2021). Operational taxonomic units (OTUs) with >97%
identity to reference sequence NG_062944.1 were selected to rep-
resent Naganishia at the genus level. The marine geographic distri-
bution of Naganishia OTUs was analysed using the Ocean Barcode
Atlas. Relative abundance data represent OTU counts as a fraction
of total metabarcode reads in each sample.

Statistical analyses and data availability

Growth data were processed and visualized using GraphPad
Prism 9.5.1. DNA sequences were aligned and visualized using
AliView. Statistical analyses were carried out in Minitab 20.3.
The Kruskal-Wallis test was used to test for differences between
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Naganishia diffluens MBA_F0213
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Rhodotorula mucilaginosa MBA_F0294
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Holtermanniella festucosa MBA_F0175

Figure 1. (A) Growth rates of five marine yeast and yeast-like fungal strains on 95 nitrogen sources, normalized to the maximum growth rate achieved
by each strain. Colour indicates relative growth rate. White space indicates no significant growth above the non-nitrogen-enriched f/2 medium control.
Nitrogen enrichments are between 1 and 5 mM, except amino acids, purines, and pyrimidines, which are included at 20-200 uM (BIOLOG, personal
communication). (B) Growth rates with enrichment of ammonia, nitrate, or urea (expanded from A). (C) Substrate diversity index based on the number
of nitrogen substrates yielding positive growth rates. Plotted values and labels indicate the mean (n = 3). Error bars indicate the standard deviation.
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treatments with significance reported at P < .05 unless other-
wise stated. Graph error bars represent the standard deviation.
All raw data used in this study are available as a spreadsheet file
(Supplementary material).

Results

Nitrogen substrate use diversity

The five marine yeast and yeast-like fungal isolates can grow us-
ing a range of nitrogen-containing compounds as the primary ni-
trogen source (Fig. 1A). All strains grew with enriched ammonia
and urea, but only N. diffluens MBA_F0213, Aureobasidium pullulans
MBA_F0181 and Sporobolomyces roseus MBA_F0295 grew with en-
riched nitrate (Fig. 1B). There were strain-specific differences in
nitrogen substrate use diversity (P = .047) (Fig. 1C). Naganishia dif-
fluens MBA_F0213 grew on the broadest diversity of nitrogen sub-
strates, yielding the highest substrate diversity index (2.96 + 0.19)
of the five strains.

Physiological responses of N. diffluens to nitrogen
substrate and concentration

The final cell density (i.e. yield) of N. diffluens MBA_F0213 in-
creased with increasing nitrogen enrichment between 0.1 and
9000 umol 17? for all three nitrogen substrates (P < .007) (Fig. 2A)
and peaked at 9.67 + 0.64 x 10° cells ml~* (9000 pmol 1= added
ammonium treatment). Below 10 pmol 1-* added N, final cell den-
sity was lower on nitrate than on urea (P = .027), suggesting that
N. diffluens MBA_F0213 population size is controlled by nitrogen
speciation under low nitrogen conditions.

Specific growth rate increased between 1 and 100 umol 17*
added nitrate (P = .004) but was unaffected by the concentration
of ammonium or urea (Fig. 2B). Growth rates were below detec-
tion at 0.1-1 pmol 17 added nitrate (no significant difference be-
tween final and initial cell densities). At 9000 pmol 1= added N,
specific growth rate was higher on ammonium (3.02 + 0.13 d7})
than on nitrate (1.92 £ 0.02 d~1) (P = .007), suggesting N. diffluens
MBA_F0213 grows more efficiently on reduced inorganic nitrogen
than on oxidized inorganic nitrogen at high concentrations.

Total glucose uptake increased with increasing nitrogen enrich-
ment for all three nitrogen substrates between 10 and 1000 pumol
17! N (P < .009) (Fig. 2C) and peaked at 8.39 + 0.05 mmol 17*
(9000 pmol 1! added nitrate treatment).

Morphological responses of N. diffluens to
nitrogen substrate and concentration

Cell length increased with increasing nitrogen enrichment be-
tween 0.1-100 pmol 17! nitrate (P < .001), 1-100 umol 1=* ammo-
nium (P < .001), and 100-9000 pumol 1= urea-N (P = .002) (Fig. 2D).
Below 10 pmol 17! added N, cell length was lower on nitrate than
on ammonium or urea (P < .001). Above 10 umol 1= added N, cell
length was higher on ammonium than on nitrate or urea (P <.002).
Cell length varied from a maximum of 5.38 + 0.26 pm (9000 pmol
1-* added ammonium) down to 3.18 + 0.56 um (0.1 pmol 1-* added
nitrate), suggesting that N. diffluens MBA_F0213 cells reduce in
length by up to ~40% in response to nitrogen scarcity.

Cell eccentricity (a measure of ellipsoidal shape elongation)
increased with increasing nitrogen enrichment between 100-
1000 pmol 171 ammonium (P = .002), 10-9000 pmol 1-* nitrate
(P = .004) and 10-9000 pmol 1= urea-N (P < .001) (Fig. 2E), rang-
ing from 0.435 + 0.054 (1 pmol 1= added urea-N) to 0.620 + 0.044
(9000 umol 1-! added urea-N). The reverse trend was observed un-
der low nitrate enrichment with cell eccentricity decreasing be-
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tween 1-10 pmol 17! added nitrate (P = .008). Below 10 pmol 1=! N
enrichment, cells were more eccentric on nitrate than on ammo-
nium or urea (P < .023), suggesting N. diffluens MBA_F0213 changes
cell shape, as well as length (see above), under variable nitrogen
conditions.

Cell surface area to volume ratio decreased with increasing ni-
trogen enrichment between 1 and 100 pmol 17! nitrate (P < .001)
and 1-100 pmol 17t ammonium (P < .001), but increased slightly
between 1 and 100 umol 17! added urea (P = .004) (Fig. 2F). The
minimum cell surface area to volume ratio of 1.31 + 0.06 um~1,
observed in the 1000 pmol 1= added ammonium treatment, was
lower than for nitrate or urea at the same concentration (P < .001).
At0.1-10 umol 1-* added N, cell surface area to volume was higher
on nitrate than on ammonium or urea (P < .003), indicating that
the changesin celllength and shape under low nitrate enrichment
(cells became smaller and more elongated) had the combined re-
sult of increasing cell surface area to volume. In combination with
the physiological data (i.e. no growth detected below 10 pmol 1-?
added nitrate), this suggests a morphological stress response to
nitrogen limitation in N. diffluens MBA_F0213.

Growth rate, cell length and cell surface area to volume are
all affected by nitrogen enrichment in the form of nitrate, which
could be explained by allometric relationships between physio-
logical processes and cell size in N. diffluens MBA_F0213, whereby
decreasing size would be expected to increase nutrient affinity. In
contrast with nitrate, urea enrichment does not affect growth rate,
nor does it result in decreasing cell surface area to volume, de-
spite increasing cell length. The changes in cell shape but lack of
growth rate response to urea or ammonium enrichment suggest
that N. diffluens MBA_F0213 adapts cell morphology while main-
taining physiological rates across variable nutrient conditions in
some cases.

Distribution of Naganishia in the global ocean
There are 19 species within order Filobasidiales with a type strain
18S rRNA encoding gene reference sequence available on NCBI,
including five from the genus Naganishia (Fig. 3A). Using the V9 re-
gion of the 185 rRNA gene type strain reference sequence alone, N.
diffluens is not distinguishable from two other Naganishia species
(N. adeliensis and N. uzbekistanensis) but differs from all other Filoba-
sidiales tested (Fig. 3B). Querying the Tara Oceans eukaryote 185V9
metabarcode database yielded five OTUs with >97% (genus level)
identity to the N. diffluens reference sequence, totalling 15659
reads (Fig. 4, inset). Pooled relative abundances of the five selected
OTUs demonstrate that genus Naganishia is widely distributed in
the global ocean, including at open ocean locations (Fig. 4).

Discussion

Here we have shown that marine yeasts can use a broad diversity
of nitrogen substrates, that varies between strains, possibly due
to differing enzymatic capabilities in different species. It is impor-
tant to reiterate that the concentrations used in the BIOLOG assay
(Fig. 1) are higher than observed in the open ocean and, therefore
we are not considering any concentration dependent factors in
this part of our study. Some of the nitrogen substrates in the BI-
OLOG assay could also have potential toxic effects on some yeasts,
such as nitrite (Kubisi et al. 1996). Yeasts use membrane trans-
porters (permeases) to take up nitrogenous compounds and ad-
ditional enzymes to convert different molecules into a form that
is readily assimilated, commonly ammonium (Villers et al. 2017).
All marine yeasts in this study were able to grow with ammonium
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Figure 2. Physiological and morphological responses of N. diffluens MBA_F0213 to nitrogen enrichment in three different forms: ammonium, nitrate
and urea. (A) Cell density at the final time point. (B) Specific growth rate based on cell density measurements. (C) Total glucose uptake from culture
media. (D) Cell size (major elliptical axis). (E) Cell shape (elliptical eccentricity). (F) Estimated cell surface area to volume ratio based on measurements
of major and minor elliptical axes. Morphological data (D)—(F) include measurements from all time points before stationary phase (5-9 days). Plotted
values indicate the mean (n = 3 for A-C, n >15 for D-F). Error bars indicate standard deviation.

or urea as the primary nitrogen source. Although urea (CO(NH,),)
is a reduced form of nitrogen, cells must catalyse the hydrolytic
cleavage of urea to release ammonium. Some ascomycete yeasts
and unicellular green algae use ATP-dependent urea amidolyase
to degrade urea, while other fungi, microalgae, and bacteria use
nickel-containing ureases (Bekheet and Syrett 1977, Navarathna
etal. 2010). The only ascomycete yeast-like fungus in this study, A.
pullulans MBA_F0181, has been shown to produce urease (Federici
1982), while the four other strains are basidiomycetes, which uni-
versally possess genes encoding urease and an associated nickel
transporter (Zhang et al. 2009, Navarathna et al. 2010). Marine
yeast assimilation of urea using urease would impose a nickel de-
pendency, which could potentially become nickel-nitrogen colim-
itation, as demonstrated in cultures of the marine diatom Tha-
lassiosira weissflogii (Price and Morel 1991) and marine cyanobac-
terium Synechococcus (Dupont et al. 2008), as well as natural phyto-
plankton communities in offshore Pacific surface waters (Dupont
etal. 2010). Urea-utilizing marine yeasts may therefore contribute

to the biological drawdown of nickel, which results in characteris-
tic nutrient depth profiles of marine nickel concentrations (Sclater
et al. 1976).

To convert nitrate to ammonium, some yeasts use nitrate
and nitrite reductases (Siverio 2002), with an analogous path-
way in photosynthetic eukaryotes (Sanz-Luque et al. 2015). Here,
we found that marine isolates N. diffluens MBA_F0213, A. pullu-
lans MBA_F0181, and S. roseus MBA_F0295 are able to grow with
nitrate as the primary nitrogen source, in agreement with pre-
vious studies on nonmarine isolates of these species (Ali and
Hipkin 1985, Zheng et al. 2008, Fotedar et al. 2018). Rhodotorula
mucilaginosa MBA_F0294 and Holtermanniella festucosa MBA_F0175
did not grow with enriched nitrate, in agreement with evidence
for an incomplete nitrate assimilation pathway in R. mucilaginosa
(Sen et al. 2019) and the absence of nitrate assimilation through-
out genus Holtermanniella (Wuczkowski et al. 2011). Sporobolomyces
and Rhodotorula (phylum Basidiomycota, subdivision Pucciniomy-
cotina) were both identified by 18S rRNA gene tag sequencing
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during a coastal spring phytoplankton bloom, with cell counts and
biomass of Pucciniomycotina significantly positively correlating
with nitrate concentration (Priest et al. 2021), suggesting related
marine yeast growth responds to nitrate availability in pelagic ma-
rine environments.

Ammonium is the energetically favoured nitrogen source
within cells given its direct synthesis into glutamate and sub-
sequently macromolecules (Sanz-Luque et al. 2015, Villers et al.
2017), but dissolved ammonium is typically a scarce nutrient in
marine surface waters due to rapid microbial assimilation (Glib-
ert and Goldman 1981). The ability to use nitrate could give some
yeasts a competitive advantage over microbes reliant on reduced
nitrogen, particularly in nitrate-rich marine waters found com-
monly at depth and sporadically in the surface open ocean due to
upwelling or vertical mixing events. This potential benefit could
be amplified where high nitrate coincides with an abundance of
bioavailable organic carbon, such as the biogeochemically impor-
tant phytoplankton-derived polysaccharide laminarin (Becker et
al. 2020), which fungal plankton including basidiomycete yeasts
assimilate in coastal ecosystems (Cunliffe et al. 2017). Initial ev-
idence for nitrate-supported marine yeast growth comes from
Helgoland Roads in the German Bight, where peak yeast abun-
dance (3.3 x 10° cells 171) coincided with relatively high nitrate
(23.02 pmol 171) compared to ammonia (1.26 pmol 17*) during
a spring phytoplankton bloom dominated by pennate diatoms
(Priest et al. 2021). At concentrations below 10 umol 17! nitrate
[0.1 and 1 pmol 1! nitrate enrichments equate to media con-
centrations of ~3.5 pmol 1=! and ~4.4 umol 1! nitrate, respec-
tively (Supplementary material)], which are typical in the North
Atlantic Ocean (Hartman et al. 2015), the lack of detectable pop-
ulation growth in N. diffluens MBA_F0213 suggests a possible sur-
vival trade-off between cellular energy investments in nitrate up-
take versus reproduction by cell division.

It should be noted that the upper range of ammonium, nitrate
and urea concentrations explored in the N. diffluens MBA_F0213
culture experiments (100-9000 umol 1=! N) are unrealistic in the
marine environmental context. Also, because we used natural
seawater containing ~3.4 pmol 1-? nitrate and ~0.9 pmol 1-! am-
monium, nitrogen substrate additions are enrichments. Across
the euphotic Atlantic Ocean, peak concentrations of 5.2 pmol 1-?
ammonium, 33 pmol 1-! nitrate, and 1.72 umol 1-! urea have been
observed (Rees et al. 2006, Painter et al. 2008). The lowest media
glucose concentration across the experiment was still >1 mmol
171, corresponding to >6 mmol 17! DOC, in excess of typical envi-
ronmental DOC concentrations. Annual mean DOC in the West-
ern English Channel off Plymouth is ~0.07 umol 17! (Hochman
et al. 1995), which is ~10° times lower than the most glucose-
depleted media at the end of this experiment. Despite low average
concentrations, nutrient availability in the marine water column
is heterogeneous at the microscale (Stocker 2012), with nitrogen
substrate concentrations sometimes orders of magnitude higher
around marine aggregates (Shanks and Trent 1979). Therefore, the
responses of N. diffluens MBA_F0213 to high nitrogen could bear
some relevance to marine yeast ecophysiology at the microscale.

Pelagic osmotrophs face a trait trade-off between nutrient up-
take and predator defence, with smaller cells having a competi-
tive advantage in diffusive nutrient uptake, while larger cells avoid
predation by small, abundant, and fast-growing zooplankton (e.g.
Acevedo-Trejos et al. 2015). The smaller cell sizes of N. diffluens
MBA_F0213 under low nitrogen enrichment could be explained by
size-dependent nutrient acquisition in marine yeasts. Applying al-
lometric parameters empirically determined in phytoplankton by
Edwards et al. (2012), a 40% decrease in cell length (as observed

in N.diffluens MBA_F0213) would increase biomass-scaled nitro-
gen affinity 2.6-fold. Under high nutrient conditions, larger cell
sizes could reduce grazing pressure in pelagic ecosystems (Liirling
2021). Larger marine yeasts may also have greater capacity for in-
tracellular storage of nonlimiting resources, as has been shown
in heterotrophic bacteria, with excess glucose causing carbon-
rich cell inclusions (Thingstad et al. 2005). Diverse microbial eu-
karyotes are capable of intracellular nitrogen storage (Kamp et
al. 2015) including yeasts, which sustain growth using internally
accumulated nitrogen when external nitrogen is depleted (Gutiér-
rez et al. 2016). Increased internal storage of glucose or nitrogen
could explain why N. diffluens MBA_F0213 increases cell size with
increasing nitrogen concentrations but this would require valida-
tion through macromolecular analysis.

Cell surface area to volume ratio (a product of cell size and
shape), affects phytoplankton nutrient uptake potential and sink-
ing (Lewis Jr 1976). Yeasts have low surface area to volume ratios
relative to filamentous fungi, reducing contact with the extracel-
lular environment and potentially affecting yeast nutrient uptake
and sedimentation rates in aquatic ecosystems (El Baidouri et al.
2021). By increasing cell surface area to volume under low nitro-
gen availability, N. diffluens MBA_F0213 could theoretically achieve
more efficient dissolved nutrient uptake per unit cell volume, as
described in phytoplankton ecology (Edwards et al. 2012). Again, it
isimportant to state the higher nitrate concentrations used in this
study when the surface area-to-volume ratio stops changing (i.e.
> 100 umol 1-1) are unrealistic in the marine environmental con-
text. There was no response in the surface area-to-volume ratio
of N. diffluens MBA_F0213 under increasing ammonium and urea
concentrations. It is possible that neither of these two reduced
dissolved nitrogen species are common sources of nutrient for the
yeast in the open ocean, perhaps because other plankton such as
bacteria are better adapted for ammonium and urea assimilation.
Future studies could consider nutrient uptake competition exper-
iments between marine yeasts and bacteria.

According to a size-based classification of all pelagic marine
life (Andersen et al. 2016), at ~3-6 pm cell length, N. diffluens
MBA_F0213 falls within the characteristic size range of unicellu-
lar phototrophs. Considering trophic strategies, marine yeasts are
more closely comparable to osmo-heterotrophic bacteria, which
also use organic carbon but are typically an order of magnitude
smaller in size (Andersen et al. 2016). The common trophic strate-
gles and distinct cell sizes of marine yeasts and heterotrophic
bacteria could have important implications for understanding the
fate of organic carbon in marine ecosystems. If marine yeasts are
truly functionally distinct from other plankton, they likely medi-
ate flows of energy and nutrients not currently represented in eco-
logical models, given that cell size and trophic mode are key traits
used to define plankton functional groups (Barton et al. 2013).

Based on Tara Oceans sampling locations, the yeast genus Na-
ganishia has a wide marine distribution, suggesting species within
this genus are adapted for survival in a broad spectrum of oceano-
graphic conditions. This evidence adds weight to the idea that the
morphology, reproduction, and dispersal strategies of unicellular
budding yeasts make them well suited to a planktonic mode of
life (E1 Baidouri et al. 2021). Sampling of Naganishia-assigned OTUs
at low-latitude open ocean locations where surface nitrogen con-
centrations commonly limit microbial productivity (Moore et al.
2013), suggests Naganishia species encounter low nitrogen avail-
ability in natura, but OTU counts alone do not allow the environ-
mental trait variability of this genus to be explored. Given its iso-
lation from the surface North Atlantic, the adaptive physiologi-
cal and morphological responses of N. diffluens MBA_F0213 to low
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nitrogen availability in vitro provide insight into the possible
mechanisms of yeast survival in surface ocean nutrient condi-
tions. We postulate that marine yeast traits, and therefore ecolog-
ical functions, vary across environmental gradients such as dis-
solved nitrogen availability in the open ocean.

To develop a functional understanding of marine yeast ecol-
ogy, future research will need to incorporate observations of cell
physiology and morphology in natura, to complement culture-
and DNA-based approaches. Quantification of yeast popula-
tion/biomass dynamics in open ocean environments, as previ-
ously demonstrated for a coastal ecosystem (Priest et al. 2021),
would improve the scalability of yeast trait observations to pelagic
ecosystems more broadly. We advocate for the application of trait-
based approaches to characterizing marine-occurring yeasts and
marine fungi in general, as a way to unify principles from fungal
and plankton ecology and to advance our understanding of the
structure and function of pelagic ecosystems.

Author contributions

Poppy Diver (Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing — original draft), Ben A. Ward
(Conceptualization, Project administration, Supervision, Writing —
review & editing), and Michael Cunliffe (Conceptualization, Fund-
ing acquisition, Project administration, Supervision, Writing — re-
view & editing)

Supplementary data
Supplementary data is available at FEMSEC journal online.

Conflict of interest: None declared.

Funding

PD. was supported by the Natural Environment Research
Council INSPIRE Doctoral Training Partnership (grant number
NE/S007210/1). P.D. and M.C. were supported by the European Re-
search Council project MYCO-CARB (grant number 772584). B A.W.
was funded by a Royal Society University Research Fellowship.

References

Acevedo-Trejos E, Brandt G, Bruggeman ] et al. Mechanisms shaping
size structure and functional diversity of phytoplankton commu-
nities in the ocean. Sci Rep 2015;5:1-8.

Aguilar-Trigueros CA, Rillig MC, Crowther TW. Applying allometric
theory to fungi. ISME ] 2017;11:2175-80.

Ali A, Hipkin C. Nitrate assimilation in the basidiomycete yeast
Sporobolomyces roseus. Microbiology 1985;131:1867-74.

Altschul SF, Gish W, Miller W et al. Basic local alignment search tool.
J Mol Biol 1990;215:403-10.

Amend A. From dandruff to deep-sea vents: malassezia-like fungi
are ecologically hyper-diverse. PLoS Pathog 2014;10:e1004277.
Amend A, Burgaud G, Cunliffe M et al. Fungi in the marine
environment: open questions and unsolved problems. mBio

2019;10:e01189-18

Andersen KH, Berge T, Gongalves R] et al. Characteristic sizes of life in
the oceans, from bacteria to whales. Ann Rev Mar Sci 2016;8:217-
41.

Barton AD, Pershing AJ, Litchman E et al. The biogeography of marine
plankton traits. Ecol Lett 2013;16:522-34.

Diveretal. | 9

Bass D, Howe A, Brown N et al. Yeast forms dominate fungal diversity
in the deep oceans. Proc Biol Sci 2007;274:3069-77.

Becker S, Tebben J, Coffinet S et al. Laminarin is a major molecule in
the marine carbon cycle. Proc Natl Acad Sci 2020;117:6599-607.
Bekheet I, Syrett P. Urea-degrading enzymes in algae. Brit Phycol ]

1977;12:137-43.

Berg GM, Balode M, Purina I et al. Plankton community composition
in relation to availability and uptake of oxidized and reduced ni-
trogen. Aquat Microb Ecol 2003;30:263-74.

Boekhout T, Amend AS, El Baidouri F et al. Trends in yeast diversity
discovery. Fung Diver 2022;114:491-537.

Breyer E, Espada-Hinojosa S, Reitbauer M et al. Physiological prop-
erties of three pelagic fungi isolated from the Atlantic Ocean. ]
Fungi 2023;9:439.

CaseyJR, Lomas MW, Mandecki] et al. Prochlorococcus contributes to
new production in the Sargasso Sea deep chlorophyll maximum.
Geophys Res Lett 2007;34:L10604.

Chrismas N, Allen R, Allen MJ et al. A 17-year time-series of fungal en-
vironmental DNA from a coastal marine ecosystem reveals long-
term seasonal-scale and inter-annual diversity patterns. Proc R
Soc B Biol Sci 2023;290:20222129.

Cleary AC, Durbin EG, Rynearson TA et al. Feeding by Pseudo-
calanus copepods in the Bering Sea: trophic linkages and a po-
tential mechanism of niche partitioning. Deep Sea Res Part II
2016;134:181-9.

Cunliffe M, Hollingsworth A, Bain C et al. Algal polysaccharide
utilisation by saprotrophic planktonic marine fungi. Fung Ecol
2017;30:135-8.

De Vargas C, Audic S, Henry N et al. Eukaryotic plankton diversity in
the sunlit ocean. Science 2015;348. https://doi.org/10.1126/scienc
e.126160.

Debeljak P, Baltar F. Fungal diversity and community composition
across ecosystems. J Fungi 2023;9:510.

Dugdale R, Goering J. Uptake of new and regenerated forms of nitro-
gen in primary productivity 1. Limnol Oceanogr 1967;12:196-206.

Dupont CL, Barbeau K, Palenik B. Ni uptake and limitation in marine
Synechococcus strains. Appl Environ Microbiol 2008;74:23-31.

Dupont CL, Buck KN, Palenik B et al. Nickel utilization in phytoplank-
ton assemblages from contrasting oceanic regimes. Deep Sea Res
Part 12010;57:553-66.

Edwards KF, Thomas MK, Klausmeier CA et al. Allometric scaling and
taxonomic variation in nutrient utilization traits and maximum
growth rate of phytoplankton. Limnol Oceanogr 2012;57:554-66.

El Baidouri F, Zalar P, James TY et al. Evolution and physiology of
amphibious yeasts. Annu Rev Microbiol 2021;75:337-57.

Federici F. Extracellular enzymatic activities in Aureobasidium pullu-
lans. Mycologia 1982;74:738-43.

Fotedar R, Kolecka A, Boekhout T et al. Naganishia qatarensis sp. nov., a
novel basidiomycetous yeast species from a hypersaline marine
environment in Qatar. Int J Syst Evol Microbiol 2018;68:2924-9.

Fuentes ME, Quifiones RA, Gutiérrez MH et al. Effects of temperature
and glucose concentration on the growth and respiration of fun-
gal species isolated from a highly productive coastal upwelling
ecosystem. Fung Ecol 2015;13:135-49.

Glibert PM, Goldman JC. Rapid ammonium uptake by marine phyto-
plankton. Mar Biol Lett 1981;2:25-31.

Glibert PM, Wilkerson FP, Dugdale RC et al. Pluses and minuses of am-
monium and nitrate uptake and assimilation by phytoplankton
and implications for productivity and community composition,
with emphasis on nitrogen-enriched conditions. Limnol Oceanogr
2016;61:165-97.

Grossart H-P, Van den Wyngaert S, Kagami M et al. Fungi in aquatic
ecosystems. Nat Rev Microbiol 2019;17:339-54.

202 ABIN Z| U0 15aNB Aq LG8EY9//€509€1/S/00 L /A[0IUE/9SWaY/W0d dNo"dlWapedE//:sdny Wouj papeojumoq


https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae053#supplementary-data
https://doi.org/10.1126/science.126160

10 | FEMS Microbiology Ecology, 2024, Vol. 100, No. 5

Gruber N. The marine nitrogen cycle: overview and challenges. Nitrog
Mar Environ 2008;2:1-50.0

Guillard RR. Culture of Phytoplankton for Feeding Marine Invertebrates.
Culture of Marine Invertebrate Animals. Berlin: Springer, 1975, 29—
60.

Gutiérrez A, Sancho M, Beltran G et al. Replenishment and mobi-
lization of intracellular nitrogen pools decouples wine yeast ni-
trogen uptake from growth. Appl Microbiol Biotechnol 2016;100:
3255-65.

Hartman S, Jiang Z-P, Turk D et al. Biogeochemical variations at the
Porcupine Abyssal Plain sustained Observatory in the northeast
Atlantic Ocean, from weekly to inter-annual timescales. Biogeo-
sciences 2015;12:845-53.

Hassett B, Gradinger R. Chytrids dominate arctic marine fungal com-
munities. Environ Microbiol 2016;18:2001-9.

Hassett BT, Vonnahme TR, Peng X et al. Global diversity and
geography of planktonic marine fungi. Botan Mar 2020;63:
121-39.

Hernandez-Saavedra NY, Ochoa JL, Vazquez-Dulhalt R. Osmotic ad-
justment in marine yeast. ] Plankton Res 1995;17:59-69.

Hochman HT, Walsh JJ, Carder KL et al. 1995 Analysis of ocean color
components within stratified and well-mixed waters of the west-
ern English Channel. ] Geophys Res 100:10777-87.

Kamp A, Hggslund S, Risgaard-Petersen N et al. Nitrate storage and
dissimilatory nitrate reduction by eukaryotic microbes. Front Mi-
crobiol 2015;6:1492.

Kubisi AL, Ali AH, Hipkin CR. Nitrite assimilation by the yeast Candida
nitratophila. New Phytol 1996;132:313-6.

Kudela R, Dugdale R. Nutrient regulation of phytoplankton pro-
ductivity in Monterey Bay, California. Deep Sea Res Part II
2000;47:1023-53.

Lewis WM. Surface/volume ratio: implications for phytoplankton
morphology. Science 1976;192:885-7.

Li Q, Wang X, Liu X et al. Diversity of parasitic fungi associated
with phytoplankton in Hawaiian waters. Mar Biol Res 2016;12:
294-303.

Liu X-Z, Wang Q-M, Goker M et al. Towards an integrated phyloge-
netic classification of the Tremellomycetes. Stud Mycol 2015;81:
85-147.

Lurling M. Grazing resistance in phytoplankton. Hydrobiologia
2021,848:237-49.

Moore C, Mills M, Arrigo K et al. Processes and patterns of oceanic
nutrient limitation. Nat Geosci 2013;6:701-10.

Moore LR, Post AF, Rocap G et al. Utilization of different nitrogen
sources by the marine cyanobacteria Prochlorococcus and Syne-
chococcus. Limnol Oceanogr 2002;47:989-96.

Nagahama T, Takahashi E, Nagano Y et al. Molecular evidence
that deep-branching fungi are major fungal components in
deep-sea methane cold-seep sediments. Environ Microbiol 2011;13:
2359-70.

Navarathna DH, Harris SD, Roberts DD et al. Evolutionary aspects of
urea utilization by fungi. FEMS Yeast Res 2010;10:209-13.

Norkrans B. Studies on marine occurring yeasts: growth related to
pH, NaCl concentration and temperature. Archiv Fiir Mikrobiologie
1966;54:374-92.

Painter SC, Sanders R, Waldron HN et al. Urea distribution and uptake
in the Atlantic Ocean between 50 N and 50 S. Mar Ecol Progr Ser
2008;368:53-63.

Picard KT. Coastal marine habitats harbor novel early-diverging fun-
gal diversity. Fung Ecol 2017;25:1-13.

Price N, Morel FM. Colimitation of phytoplankton growth by nickel
and nitrogen. Limnol Oceanogr 1991;36:1071-7.

Priest T, Fuchs B, Amann R et al. Diversity and biomass dynamics of
unicellular marine fungi during a spring phytoplankton bloom.
Environ Microbiol 2021;23:448-63.

Redfield AC. On the Proportions of Organic Derivatives in Sea Water and
their Relation to the Composition of Plankton. Liverpool: University
Press of Liverpool, 1934.

Rees AP, Woodward EMS, Joint I. Concentrations and uptake of ni-
trate and ammonium in the Atlantic Ocean between 60°N and
50°. Deep Sea Res Part II 2006;53:1649-65.

Rojas-Jimenez K, Rieck A, Wurzbacher C et al. A salinity threshold
separating fungal communities in the Baltic Sea. Front Microbiol
2019;10:680.

Sanz-Luque E, Chamizo-Ampudia A, Llamas A et al. Understanding
nitrate assimilation and its regulation in microalgae. Front Plant
Sci 2015;6:899.

Sayers EW, Bolton EE, Brister JR et al. Database resources of the
national center for biotechnology information. Nucleic Acids Res
2022;50:D20-26.

Sclater F, Boyle E, Edmond J. On the marine geochemistry of nickel.
Earth Planet Sci Lett 1976;31:119-28.

Seki H, Fulton J. Infection of marine copepods by Metschnikowia sp.
Mycopathol Mycol Appl 1969;38:61-70.

Sen D, Paul K, Saha C et al. A unique life-strategy of an endophytic
yeast Rhodotorula mucilaginosa JGTA-S1—a comparative genomics
viewpoint. DNA Res 2019;26:131-46.

Shanks AL, Trent JD. Marine snow: microscale nutrient patches 1.
Limnol Oceanogr 1979;24:850-4.

Siverio JM. Assimilation of nitrate by yeasts. FEMS Microbiol Rev
2002;26:277-84.

Stocker R. Marine microbes see a sea of gradients. Science
2012;338:628-33.

Taylor JD, Cunliffe M. Multi-year assessment of coastal planktonic
fungi reveals environmental drivers of diversity and abundance.
ISME ] 2016;10:2118-28.

Thingstad TF, @vreas L, Egge JK et al. Use of non-limiting substrates
to increase size; a generic strategy to simultaneously optimize
uptake and minimize predation in pelagic osmotrophs?. Ecol Lett
2005;8:675-82.

Thomas S, Lengger SK, Bird KE et al. Macromolecular composition
and substrate range of three marine fungi across major cell types.
FEMS Microbes 2022;3:xtab019.

Vernette C, Henry N, Lecubin J et al. The Ocean barcode atlas: a web
service to explore the biodiversity and biogeography of marine
organisms. Mol Ecol Resour 2021;21:1347-58.

Villers J, Savocco J, Szopinska A et al. Study of the plasma membrane
proteome dynamics reveals novel targets of the nitrogen regula-
tion in yeast. Mol Cell Proteomics 2017;16:1652-68.

Wang X, Singh P, Gao Z et al. Distribution and diversity of plank-
tonic fungi in the West Pacific Warm Pool. PLoS ONE 2014;9:
€101523.

Worden AZ, Follows MJ, Giovannoni SJ et al. Rethinking the marine
carbon cycle: factoring in the multifarious lifestyles of microbes.
Science 2015;347. https://doi.org/10.1126/science.1257594.

Wuczkowski M, Passoth V, Turchetti B et al. Description of Holter-
manniella gen. nov., including Holtermanniella takashimae sp.
nov. and four new combinations, and proposal of the or-
der Holtermanniales to accommodate tremellomycetous yeasts
of the Holtermannia clade. Int J Syst Evol Microbiol 2011;61:
680-9.

Yan P, Guo J-S, Zhang P et al. The role of morphological changes in
algae adaptation to nutrient stress at the single-cell level. Sci Total
Environ 2021;754:142076.

202 ABIN Z| U0 15aNB Aq LG8EY9//€509€1/S/00 L /A[0IUE/9SWaY/W0d dNo"dlWapedE//:sdny Wouj papeojumoq


https://doi.org/10.1126/science.1257594

Diveretal. | 11

ZhangY, Rodionov DA, Gelfand MS et al. Comparative genomic anal- sidium pullulans grown on nitrate. Bioresour Technol 2008;99:
yses of nickel, cobalt and vitamin B12 utilization. BMC Genomics 7480-6.
2009;10:1-26. Zwietering M, Jongenburger I, Rombouts F et al. Modeling of
Zheng W, Campbell BS, McDougall BM et al. Effects of melanin the bacterial growth curve. Appl Environ Microbiol 1990;56:
on the accumulation of exopolysaccharides by Aureoba- 1875-81.

Received 9 August 2023; revised 2 April 2024; accepted 9 April 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

20z AelN Z1 uo 1senb Aq 1G8€+9//€G09LI/S/00 | /aI01E/D8SWS/WO00"dNo"oIWapEDE//:SARY WOl papeojumod


https://creativecommons.org/licenses/by/4.0/

