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ABSTRACT

Cryptococcal urease is believed to be important for the degradation of exogenous urea that the yeast encounters both in its
natural environment and within the human host. Endogenous urea produced by the yeast’s own metabolic reactions,
however, may also serve as a substrate for the urease enzyme. Using wild-type, urease-deletion mutant and
urease-reconstituted strains of Cryptococcus neoformans H99, we studied reactions located up- and downstream from
endogenous urea. We demonstrated that urease is important for cryptococcal growth and that, compared to nutrient-rich
conditions at 26◦C, urease activity is higher under nutrient-limited conditions at 37◦C. Compared to cells with a functional
urease enzyme, urease-deficient cells had significantly higher intracellular urea levels and also showed more arginase
activity, which may act as a potential source of endogenous urea. Metabolic reactions linked to arginase were also affected,
since urease-positive and urease-negative cells differed with respect to agmatinase activity, polyamine synthesis, and
intracellular levels of proline and reactive oxygen species. Lastly, urease-deficient cells showed higher melanin levels at
26◦C than wild-type cells, while the inverse was observed at 37◦C. These results suggest that cryptococcal urease is
associated with the functioning of key metabolic pathways within the yeast cell.
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INTRODUCTION

The urease enzyme of Cryptococcus neoformans is commonly
known for its role in cryptococcal virulence during human host
infection (Cox et al. 2000; Olszewski et al. 2004; Shi et al. 2010;
Singh et al. 2013). This enzyme catalyses the degradation of
urea, resulting in the formation of ammonia and carbamic acid,
with the latter undergoing spontaneous hydrolysis to carbonic
acid and a second molecule of ammonia (Rutherford 2014). Dur-
ing infection, the production of ammonia is thought to result
in alkalisation of surrounding tissue and ultimately host tissue
damage. In murine infection models of cryptococcosis, the pres-
ence of a urease enzyme was found to influence blood–brain
barrier traversal (Olszewski et al. 2004; Shi et al. 2010) and pul-
monary immune responses (Osterholzer et al. 2009). In a more
recent study, urease was found to increase phagolysosomal pH,
which consequently enhanced the fitness of yeast cells within
murine macrophages (Fu et al. 2018). Outside the mammalian
host, cryptococcal urease can degrade environmental urea to
produce a readily assimilable nitrogen source in the form of
ammonia (Steenbergen and Casadevall 2003). This is believed
to be useful for the growth and survival on pigeon guano as C.
neoformans can use urea as its sole nitrogen source. These stud-
ies, however, focused on extracellular sources of urea, without
considering the critical role of this molecule as a key product
of essential intracellular metabolic pathways, such as the urea
cycle and purine catabolism.

In all living organisms, purine catabolism begins with the
enzymatic conversion of xanthine into uric acid (Barsoum and
El-Khatib 2017). In humans and some animal species, uric acid is
the final product of purine metabolism and is excreted in urine.
In other organisms, however, uric acid is first degraded into a
more soluble compound known as allantoin. Cryptococcus neofor-
mans, like most other fungi, has an extensive uric acid degra-
dation pathway and can degrade allantoin further with addi-
tional catabolic enzymes (Lee et al. 2013). Allantoicase and ure-
idoglycolate hydrolase, in particular, are the enzymes respon-
sible for the formation of urea, which can then be converted
to ammonia by urease during the final step of the degradation
pathway.

The urease enzyme may, however, also hydrolyse intracel-
lular urea that originates as a by-product of a catabolic urea
(ornithine) cycle (Mendz and Hazell 1996; Weyman et al. 2015).
Although a urea cycle is yet to be described for C. neofor-
mans, putative genes encoding urea cycle proteins in C. neofor-
mans H99 are available on GenBank, namely that of carbamoyl
phosphate synthase (CNAG 00976 and CNAG 07373), ornithine
carbamoyltransferase (CNAG 02812), argininosuccinate syn-
thase (CNAG 00930), argininosuccinate lyase (CNAG 02825) and
arginase (CNAG 03542). The generally accepted role of the urea
cycle is to facilitate excretion of excess nitrogen, derived from
amino acids during intracellular protein degradation (Nebes and
Morris 1988; Morris 2002). Amino acid catabolism results in the
formation of ammonia (Vylkova et al. 2011), which enters the
urea cycle as carbamoyl phosphate by the action of carbamoyl
phosphate synthetase (Bromke 2013). Reactions of the urea cycle
result in the formation of intermediates important for other cel-
lular metabolic processes (Morris 2002; Allen et al. 2011). This
is particularly true for the second last reaction of the cycle,
whereby l-argininosuccinate lyase converts l-argininosuccinate
to fumarate and l-arginine (Eastwood et al. 2007).

The amino acid l-arginine is known to act as a precursor
in a number of intracellular pathways leading to the synthe-
sis of molecules, such as nitric oxide, proteins and polyamines

(Jenkinson et al. 1996). The latter are a group of small aliphatic
polycations (putrescine, spermidine and spermine) with vital
roles in gene expression, cell proliferation and cellular stress
(Miller-Fleming et al. 2015). The stress protectant nature of
polyamines stems from their ability to scavenge reactive oxygen
species (ROS), bind to membrane proteins and regulate stress-
related gene expression. Although polyamines are yet to be
implicated in stress tolerance of C. neoformans, spermidine was
found to be vital for cryptococcal growth (Pfaller, Riley and Gerar-
den 1990). In addition, the absence of this polyamine in spermi-
dine synthase mutants of C. neoformans resulted in a reduction
in capsule and melanin biosynthesis, both of which are well-
studied virulence factors of pathogenic cryptococci (Kingsbury
et al. 2004). To produce spermidine, however, yeast cells first
require the presence of another polyamine, putrescine, which
is produced from l-arginine via two different pathways (Rocha
and Wilson 2019). In the first case, the enzyme arginine decar-
boxylase can convert l-arginine to agmatine with subsequent
conversion to putrescine and urea via agmatinase (Kumar, Sara-
gadam and Punekar 2015). Alternatively, the urea cycle enzyme
arginase can hydrolyse l-arginine to the amino acid l-ornithine
(Morris 2004), which is either decarboxylated to putrescine
for polyamine biosynthesis (Valdés-Santiago and Ruiz-Herrera
2014) or used as a metabolite for the synthesis of other cellu-
lar compounds, such as the stress-protectant molecule l-proline
(Townsend et al. 1996; Takagi 2008). Like agmatinase, arginase
activity also results in the production of intracellular urea (Mor-
ris 2004), which in turn can serve as a substrate for the urease
enzyme.

The aim of this study was to test the hypothesis that crypto-
coccal urease is linked to different intracellular metabolic path-
ways involved in growth and survival of C. neoformans. There-
fore, C. neoformans H99 was first used to compare growth and
viability of a urease-deficient mutant to that of the wild-type
and a urease-reconstituted strain, in a nutrient-rich medium,
as well as in a nutrient-limited medium devoid of exoge-
nous urea, at both 26 and 37◦C. Then, the effect of the
selected experimental conditions on cryptococcal urease was
investigated by quantifying urease activity in crude enzyme
extracts prepared from cells of the wild-type and urease-
reconstituted strains of C. neoformans H99. All three strains
(wild-type, urease-deficient and urease-reconstituted) were sub-
sequently screened for enzymatic activity and intracellular
metabolite levels relating specifically to pathways potentially
involved in or influenced by endogenous urea metabolism.
Melanin production was also assessed to determine whether
urease may influence the expression of another survival
mechanism commonly used by the fungus. The results of
this study extend our understanding of cryptococcal urease
beyond the mere use of environmental urea as a nitrogen
source.

MATERIALS AND METHODS

Strains and maintenance

All experiments in this study were performed using wild-
type (H99), urease-mutant (ure1�) and urease-reconstituted
(ure1�::URE1) strains of C. neoformans var. grubii H99 (Cox et al.
2000). These strains were kindly donated by Dr John Perfect
(Duke University Medical Center, Durham, NC, USA) and were
routinely maintained on yeast extract–malt extract (YM) agar
(pH 5; Yarrow 1998) at 26◦C.
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Growth studies

A loopful of cryptococcal cells obtained from growth on YM agar
plates was inoculated into 25 mL YM broth and incubated on an
orbital shaker [130 revolutions per minute (rpm)] for 16 h at 26◦C.
An aliquot of 4 mL was subsequently removed from the result-
ing suspension and washed twice in distilled water (dH2O) via
centrifugation (10 000 × g for 2 min). Following resuspension in
1 mL dH2O, yeast cells were counted using a haemocytometer
(Improved Neubauer, Marienfeld Superior, Germany) and 1 × 106

cells/mL were inoculated into 1 L conical flasks each containing
100 mL brain heart infusion (BHI) broth (Sigma-Aldrich, St Louis,
MO). The inoculated flasks were subsequently incubated with
shaking (130 rpm) at the respective temperature (26 or 37◦C) for
28 h and growth was monitored every 2 h by measuring opti-
cal density at 600 nm. Maximum specific growth rate was cal-
culated from the slope of the linear portion of the natural log-
transformed optical density readings versus time curve (Tripathi
et al. 2010). The same curve was used to calculate the duration
of the lag phase by extrapolating the linear portion to the x-axis.

Viability under conditions of nutrient and temperature
stress

The viability of all three strains was assessed following exposure
to different nutrient and temperature stress conditions. Follow-
ing 16 h of growth in BHI broth (100 mL in 1 L conical flasks) at 26
and 37◦C, respectively, cells were counted haemocytometrically
and inoculated into a nutrient-limited medium [Lerm et al. 2017;
pH 6.8; 0.1% (w/v) glucose, 0.91% (w/v) monopotassium phos-
phate and 0.95% (w/v) dipotassium phosphate] to obtain a final
cell concentration of 1 × 107 cells/mL. Inoculated flasks were
incubated under shaking conditions (130 rpm) at the respec-
tive temperature and samples were harvested at regular inter-
vals. At each time interval, samples were serially diluted, plated
onto YM agar and incubated at 26◦C for 3 days. Cell viability was
expressed as the percentage of colonies relative to that of the
initial cell number.

Experimental conditions during enzyme and metabolic
analyses

All three cryptococcal strains were cultured for 5 days on YM
agar plates at 26◦C. Then, two loopfuls of yeast cells from each
culture were inoculated into each of two 1 L conical flasks con-
taining 100 mL BHI broth. One of the flasks was incubated at
26◦C, while the other was cultured at an elevated temperature
of 37◦C. After 16 h of growth with shaking at 130 rpm, yeast cells
(∼1 × 109 cells) from the respective cultures were transferred to
1 L conical flasks containing 100 mL nutrient-limited medium
and incubated at the respective temperature of 26 or 37◦C for
3 h with shaking (130 rpm). Unless otherwise stated, all experi-
ments in this study were performed on biomass from both the
BHI broth and the nutrient-limited medium. In each case, cells
were washed three times in dH2O via centrifugation prior to con-
ducting further analyses. All experiments were carried out with
at least three biological repeats.

Effect of different nutrient and temperature conditions
on urease activity

Crude protein was extracted from cryptococcal cells and assayed
for urease activity according to the methods described by Lerm
et al. (2017). In brief, cells were lysed by vigorous mixing in the

presence of glass beads, whereafter extracted protein was quan-
tified by the Bradford method (Bradford 1976) using the Bio-Rad
protein assay dye reagent (Bio-Rad Laboratories, Hercules, CA,
USA). Urease activity assays for experiments conducted at 26
and 37◦C were performed in reaction mixtures consisting of 100
and 50 μg of crude protein extracts, respectively. All reactions
were performed in a 50 mM HEPES buffer supplemented with
20 g/l urea in a final reaction volume of 1 mL. Reaction mixtures
were incubated at the same temperature at which the cells were
cultured, except when determining the effect of temperature on
urease enzyme reaction rate. For this purpose, crude extracts
from cryptococcal cells cultured in BHI broth were assayed for
urease activity at both 26 and 37◦C. To measure urease activity,
ammonia production was recorded at regular intervals using a
phenol–hypochlorite assay (Weatherburn 1967). Enzyme activ-
ity was expressed as nanomoles (nmol) ammonia produced per
minute per μg protein and all experiments were conducted in
triplicate.

Detection of intracellular urea

Cryptococcal cells were tested for the presence of intracellu-
lar urea as a starting point for further investigations into the
possibility that urease might be required for the hydrolysis of
urea from endogenous sources. Crude extracts were first pre-
pared from cells of the three C. neoformans strains and then
deproteinised with an equal volume of 8% perchloric acid. Fol-
lowing centrifugation (4◦C, 13 793 × g, 5 min) the supernatant
was harvested and neutralised with 2 M potassium hydroxide.
A final centrifugation step (4◦C, 13 793 × g, 15 min) was then
carried out and the deproteinised supernatant tested for the
presence of urea according to the method of Rahmatullah and
Boyde (1980). The chromogenic reagent for urea detection was
prepared from two different solutions (reagent 1 and reagent
2). Reagent 1 (1 L) was prepared by adding 100 mL concen-
trated phosphoric acid to 300 mL concentrated sulphuric acid
and 600 mL dH2O, followed by the addition of 0.1 g ferric chloride.
Reagent 2 consisted of 0.5 g diacetylmonoxime (Sigma-Aldrich)
and 0.01 g thiosemicarbazide (Sigma-Aldrich) dissolved in dH2O
to a final volume of 100 mL. The chromogenic reagent was pre-
pared immediately before use by mixing two parts of reagent 1
with one part of reagent 2. A volume of 3 mL was then added
to 600 μL of the deproteinised sample in a spectrophotome-
ter tube. The resulting suspension was mixed vigorously and
boiled in a water bath for 5 min with subsequent cooling to room
temperature. The absorbance was measured spectrophotomet-
rically at 525 nm against a blank composed of distilled water and
the chromogenic reagent. The urea content of each sample was
then determined using a standard curve prepared with known
amounts of urea in the range of 0 to 20 nmol.

Arginase assay

Arginase activity in crude enzyme extracts of C. neoformans was
measured as the rate of urea production according to the modi-
fied Shimke’s method (Corraliza et al. 1994), with further adapta-
tions for the purpose of this study. Cells were cultured overnight
in BHI broth with subsequent transfer to a nutrient-limited
medium for 3 h at the respective temperatures of 26 and 37◦C.
After washing via centrifugation, crude enzyme extract was pre-
pared and total protein content measured as described above.
An aliquot of crude extract equivalent to 200μg protein was then
added to a reaction mixture consisting of 1 mM manganese chlo-
ride, 250 mM l-arginine (Sigma-Aldrich) and 25 mM Tris–HCl (pH
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Figure 1. Growth of C. neoformans H99, ure1� and ure1�::URE1 in BHI broth at 26◦C (A) and 37◦C (B). Optical density measurements (OD600) were recorded every 2 h over
a period of 28 h for both tested temperatures. Each data point represents the mean ± standard error of the mean of three biological replicates.

8) in a final volume of 1 mL. The reaction mixture was incubated
at 37◦C for 60 min, whereafter an aliquot of 100 μL was trans-
ferred to a new microcentrifuge tube and the reaction stopped
with the addition of 800 μL acid mixture [H2SO4/H3PO4/H2O
(1:3:7, v/v/v)]. To measure arginase-derived urea, 50 μL of a 9%
α-isonitrosopropiophenone (Sigma-Aldrich) solution (dissolved
in 95% ethanol) was added, mixed vigorously and incubated in a
boiling water bath for 45 min in the dark to allow colour devel-
opment. Immediately thereafter, the reaction absorbance was
measured spectrophotometrically at 540 nm. A control reaction
without crude protein was included in the experimentation and
served as the blank for all absorbance readings. The amount of
urea was calculated from a urea standard curve and arginase
activity was recorded as micromoles (μmol) urea produced per
hour per μg protein.

Agmatinase assay

For all experimental conditions, crude extracts from cryptococ-
cal cells were tested for agmatinase enzyme activity using a
method adapted from Carvajal et al. (2004) and Iyer et al. (2002).
Once the protein content was determined, an aliquot of crude

extract containing 200 μg protein was added to a reaction mix-
ture (final volume 300 μL) consisting of 50 mM Tris–HCl, 2 mM
MnCl2 and 10 mM acetohydroxamic acid (Sigma-Aldrich; Bur-
nat and Flores 2014). The latter is a urease inhibitor, which pre-
vents the hydrolysis of urea that is produced during the agmati-
nase reaction. Following an initial incubation period of 30 min
at 37◦C to allow for urease inhibition, the assay mixture was
supplemented with 200 mM agmatine sulphate (Sigma-Aldrich)
and incubated for a further 60 min at the same temperature. A
reaction without agmatine sulphate was included as a control.
After incubation, a sample aliquot of 200 μL was transferred to
a glass spectrophotometer tube, followed by the addition of an
equal volume of acid mixture [H2SO4/H3PO4/H2O (1:3:7, v/v/v)].
To measure urea present within the sample acid mixture, 15 μL
of a 9% α-isonitrosopropiophenone solution (prepared in 95%
ethanol) was added and the tubes subsequently incubated in a
boiling water bath in the dark for 1 h. The resulting absorbances
were measured spectrophotometrically at 540 nm and the urea
concentration determined using a standard curve prepared with
urea concentrations ranging from 0 to 60 nmol. Agmatinase
enzyme activity was expressed as the nmol of urea produced
per hour per μg protein.
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Figure 2. Percentage survival of C. neoformans H99, ure1� and ure1�::URE1 under nutrient-limited conditions at 26◦C (A) and 37◦C (B).

Figure 3. Urease activities of C. neoformans H99 and ure1�::URE1 before (from BHI cultures) and after incubation in a nutrient-limited medium (NL) at 26 and 37◦C. Error

bars represent the standard error of the mean of three biological repeats. Lettering with the same prime illustrates significant differences between different nutrient
conditions at the respective temperatures (P < 0.05). Only letters with the same prime are comparable. Significant differences in urease activity between temperatures,
but subjected to the same nutrient condition, are indicated by horizontal lines (P < 0.05). ∗Absent or below assay detection limit.
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Table 1. Lag phase length and maximum specific growth rate (μmax) of wild-type, urease-mutant and urease-reconstituted strains of C. neofor-
mans H99. Values with superscript letters indicate significant differences (P < 0.05). Only letters of the same prime are comparable. All statistical
analyses were carried out using one-way ANOVA with Fisher’s LSD post-hoc comparisons.

26◦C 37◦C

Lag phase (h)a μmax (h−1) Lag phase (h)a μmax (h−1)

H99 12bc′
0.314 ± 0.047a ′′

10cd ′
0.276 ± 0.010ab′′

ure1� 14a ′
0.238 ± 0.022ab ′′

13ab′
0.219 ± 0.014b ′′

ure1�::URE1 10cd′
0.315 ± 0.034a ′′

9d′
0.272 ± 0.003ab ′′

aRounded to the nearest hour.

Figure 4. Urea levels in crude enzyme extracts prepared from C. neoformans H99, ure1� and ure1�::URE1. Statistical comparisons were performed separately for the
different temperatures. Significant differences (P < 0.05) are indicated by lettering and only letters with the same prime are comparable. Bars denote the mean of at
least three biological repeats and error bars represent standard error of the mean. ∗Absent or below assay detection limit.

Figure 5. Arginase enzyme activity of H99, ure1� and ure1�::URE1 strains of C. neoformans exposed to BHI and nutrient-limited (NL) media at 26 and 37◦C. Enzyme

activity is expressed as the nmol of urea produced from l-arginine per μg of protein. Bars represent the average of at least three biological replicates and error bars
depict the standard error of the mean. Different letters indicate statistically significant differences (P < 0.05) and prime lettering indicates comparisons within the
same temperature treatment.
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Figure 6. Agmatinase enzyme activity of C. neoformans H99, ure1� and
ure1�::URE1 after exposure to BHI and nutrient-limited media (NL) at 26 and

37◦C. The bars and whiskers represent the mean ± standard error of the mean
for at least three biological repeats. Statistical comparisons were carried out to
determine significant differences between strains exposed to the same temper-
ature (P < 0.05). ∗Absent or below assay detection limit.

Qualitative determination of polyamine synthesis

To obtain an indication of possible polyamine production, the
three cryptococcal strains were screened for the ability to decar-
boxylate the amino acids l-arginine, l-ornithine and l-lysine
on Long Ashton decarboxylase (LAD) agar medium (Cloete et al.
2009). It should be noted that glucose was not included in
the LAD agar medium as its absence resulted in a more pro-
nounced reaction. A loopful of 5-day-old cells from growth
on YM agar plates at 26◦C was spot inoculated, in triplicate,
onto the centre of LAD agar plates containing either 2 g/l l-
arginine monohydrochloride (Sigma-Aldrich), 3.2 g/l l-ornithine
monohydrochloride (Sigma-Aldrich) or 3.36 g/l l-lysine (Sigma-
Aldrich). Papiliotrema laurentii (syn. Cryptococcus laurentii) CAB 578
was included as a positive control due to its known ability to
produce polyamines from l-arginine (Cloete et al. 2009). Each
strain was also inoculated onto negative control plates of LAD
agar without any added amino acids. All plates were incubated
for 3 days at 26 and 37◦C, respectively, with daily inspection
for the presence of pink haloes. The observed colour change
from an otherwise yellow background was indicative of a decar-
boxylation reaction and thus the potential ability to produce
polyamines.

Intracellular proline levels

Crude extracts were analysed for the presence of proline using a
method based on that described by Shabnam et al. (2016). Once
protein concentrations were determined, 200 μL of lysate was
deproteinised with an equal volume of 3% sulphosalicylic acid.
Samples were then centrifuged at 13 793 × g for 5 min and the
resulting supernatant (300 μL) transferred to a glass spectropho-
tometer tube. Lastly, 600 μL of ninhydrin reagent (1.25% pre-
pared in glacial acetic acid) was added to each tube and incu-
bated in a boiling water bath for 30 min. After cooling to room
temperature, absorbances were measured at 508 nm against a
blank that contained all the reagents except crude extract. Pro-
line levels, expressed as nmol proline per mg of protein, were
calculated using a standard curve with proline concentrations
in the range of 0–150 nmol.

Detection of reactive oxygen species

Cryptococcal cells exposed to the different nutrient and temper-
ature stress conditions were screened for the presence of intra-
cellular ROS using the fluorescent probe 2′,7′-dichlorofluorescin
diacetate (DCFDA; Nair et al. 2016). Cells were washed once
in phosphate buffered saline (PBS) and resuspended in 20 μM
DCFDA (prepared in PBS) to a final cell concentration of 8 × 106

cells/mL. The resulting cell suspensions were incubated at 37◦C
for 1 h in the dark, whereafter 300 μL aliquots were transferred
to the wells of a black-bottom 96-well microplate. The fluores-
cence was measured in a Fluoroskan Ascent 96-well microplate
reader (Labsystems, Helsinki, Finland) set at excitation and
emission wavelengths of 485 and 528 nm, respectively. The nega-
tive control consisted of cells without dye treatment and hydro-
gen peroxide-treated cells were included as a positive control.
Results obtained for ure1� and ure1�::URE1 were represented
as the percentage difference in fluorescence intensity relative
to H99. Fluorescence was also visualised using a Nikon Eclipse
E400 epifluorescence microscope equipped with appropriate fil-
ters for excitation and emission at 485 and 538 nm, respectively.
Images were captured with a Nikon DS-Fi2 camera and a Nikon
Digital Sight DS-U3 camera controller (Nikon, Tokyo, Japan).

Melanin production

Qualitative screening of melanin production was carried out
on l-3,4-dihydroxyphenylalanine (l-DOPA) agar plates using a
method described by Polacheck et al. (1982), who referred to
the procedure of Chaskes and Tyndall (1978). The agar medium
consisted of (per litre): 1 g glucose, 1 g glycine, 1 g glutamine,
1 g asparagine, 4 g KH2PO4, 2.5 g MgSO47H20, 10 mg thiamine
hydrochloride and 20 μg biotin. l-DOPA was also added to the
medium at a final concentration of 0.5 mM. Yeast cells cultured
in YM broth for 24 h at 26◦C were washed three times in phys-
iological saline solution via centrifugation and counted using a
haemocytometer. Agar plates were then spot inoculated with
1 × 106 cells in a volume of 20 μL and incubated at the respective
temperatures of 26 and 37◦C with regular inspection over 5 days
for pigment production.

Melanin synthesis was also assessed quantitatively using a
method based on that described by Ngamskulrungroj and Meyer
(2009) with slight modifications. Yeast cells were inoculated into
5 mL YM tubes and incubated for 24 h at 30◦C on a tissue cul-
ture roller drum set at 60 rpm. Resulting cultures were washed
in physiological saline solution and inoculated into 5 mL l-
DOPA media (Hicks et al. 2004) to obtain a final concentration
of 1 × 107 cells/mL. After incubation at the respective temper-
atures of 26 and 37◦C for 48 h, melanised cultures were cen-
trifuged (10 000 × g for 3 min) and the supernatant absorbance
measured at 475 nm.

Statistical analyses

All experiments were repeated at least three times and results
analysed using XLSTAT software (Version 2019.4.1, Addinsoft,
Paris, France). Data were tested for normality using Shapiro–
Wilk’s test and Levene’s test was used to assess homogeneity of
variances. For normally distributed data with equal variances,
significant differences were determined using one-way analy-
sis of variance (ANOVA) with Fisher’s least significant differ-
ence (LSD) post-hoc test. Data with a normal distribution but
unequal variances were analysed using a Welch’s ANOVA with
Games–Howell post-hoc analysis. For non-normally distributed
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Figure 7. Intracellular proline levels of H99, ure1� and ure1�::URE1 strains of C. neoformans exposed to BHI and nutrient-limited (NL) media at 26 and 37◦C. Proline
content is represented as the nanomoles of proline present per milligram of protein. Bars with error bars represent means with standard error of the mean for at

least three biological repeats. Lettering of the same prime denotes significant differences within a temperature treatment (P < 0.05). Short horizontal lines indicate
significant differences after exposure to nutrient-limited conditions at 37◦C (P < 0.05).

Figure 8. Fluorescence intensity of cells stained with the ROS indicator dye DCFDA after exposure to BHI and nutrient-limited (NL) media at 26 and 37◦C. Results are
expressed as the percentage fluorescence intensity relative to wild-type cryptococcal cells. Bars denote the mean of at least three biological repeats and error bars
represent standard error of the mean. Statistical analyses were performed separately for the two different temperatures as indicated by letters with the same number
of primes (significance set at P < 0.05 in all cases). Results obtained for nutrient-limited conditions at 37◦C were also analysed separately for significance, as indicated

by brackets (P < 0.05).

data, the non-parametric Kruskal–Wallis test was used, followed
by Dunn’s multiple comparison test. Statistical significance was
set at P < 0.05.

RESULTS

Growth studies

Growth of the three cryptococcal strains in BHI broth at 26
and 37◦C is depicted in Fig. 1. At both tested temperatures, the
maximum specific growth rate of the urease-deletion mutant
tended to be slightly lower than that of the wild-type (26◦C,
P = 0.064; 37◦C, P = 0.157) and urease-complemented strains
(26◦C, P = 0.061; 37◦C, P = 0.186), but no significant differences

were detected (Table 1). The absence of a functional urease gene
did, however, result in a significantly longer lag phase at both of
the tested temperatures (Table 1).

Viability under conditions of nutrient and temperature
stress

When viability in a nutrient-limited medium at 26◦C was
assessed, both the wild-type and urease-reconstituted strains
were found to proliferate over time, whereas the urease-deletion
mutant merely maintained its original cell number (Fig. 2A).
The same trend was evident at 37◦C; however, less pronounced
growth was observed for strains with a urease enzyme com-
pared to 26◦C (Fig. 2B).
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Figure 9. Fluorescence microscopy images of cryptococcal cells stained with the ROS indicator dye DCFDA after exposure to nutrient-limited conditions at 37◦C for
3 h. Light microscopy images of stained yeast cells are on the left and corresponding fluorescence microscopy images on the right. All scale bars represent 20 μm.

Figure 10. Melanin production by H99, ure1� and ure1�::URE1 strains of C. neoformans on l-DOPA agar plates within 1 day of incubation at 26 and 37◦C, respectively.

Effect of different nutrient and temperature conditions
on urease activity

For both the wild-type and urease-reconstituted strains, the
transfer of yeast cells from BHI broth to a nutrient-limited
medium resulted in notably elevated urease activity levels at 26
and 37◦C (Fig. 3). Urease activities at 37◦C were also found to be
higher than at 26◦C for both tested strains under the two differ-
ent nutrient conditions. In the nutrient-limited medium at 26◦C,
however, urease activity of ure1�::URE1 was significantly lower
than that of H99, while the inverse was true for the BHI broth at

37◦C. When determining the effect of reaction temperature on
the urease reaction rate of H99, no significant differences were
observed between 26 and 37◦C (Figure S1, Supporting Informa-
tion). Growth at 37◦C had the most significant effect, resulting in
consistently higher levels of urease activity compared to 26◦C.

Detection of intracellular urea

Under all experimental conditions, crude extracts from cells
of the urease-deletion mutant tended to have higher urea
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Figure 11. Melanin content of C. neoformans H99, ure1� and ure1�::URE1 after incubation in l-DOPA media at 26◦C (A) and 37◦C (B) for 48 h. Different letters indicate
statistically significant differences (P < 0.05).

levels compared to the wild-type and urease-reconstituted
strains (Fig. 4). At each respective temperature, urea levels from
nutrient-limited cells of the ure1� mutant were notably higher
than those observed with cells from BHI media. A significant
difference, however, was only evident at 26◦C. For the urease-
producing strains, cells cultured in BHI media were found to
have undetectable levels of intracellular urea at both tested tem-
peratures. Urea was only detected in wild-type cryptococci when
cells were exposed to a nutrient-limited medium at 26◦C. For
the urease-reconstituted strain, however, urea was observed in
crude extracts from nutrient-limited cells at both 26 and 37◦C.

Arginase enzyme activity

The detection of arginase enzyme activity was achieved for all
three strains at each of the tested nutrient and temperature con-
ditions (Fig. 5). The levels of activity, however, were found to
be notably higher in crude extracts of the urease-mutant and
urease-reconstituted strains. This was especially evident after
exposure to a nutrient-limited medium at 37◦C, where arginase
levels of ure1� and ure1�::URE1 were found to be more than dou-
ble of that observed for H99.

Agmatinase enzyme activity

Wild-type and urease-reconstituted strains demonstrated simi-
lar levels of agmatinase enzyme activity across all experimen-
tal conditions (Fig. 6). For the urease-mutant strain, however,
agmatinase activity could only be detected following growth
in BHI broth at 26◦C. In this case, activity levels observed for
ure1� did not significantly differ to those observed for H99 and
ure1�::URE1.

Qualitative determination of polyamine synthesis

At both tested temperatures, H99, ure1� and ure1�::URE1 tested
positive for polyamine synthesis in the presence of the amino
acid l-ornithine. A positive reaction was also observed for all
three strains on l-arginine plates at 26◦C. In contrast, when
inoculated l-arginine plates were incubated at 37◦C, a notably
weaker reaction was observed for the urease-deficient strain
compared to that obtained for H99 and ure1�::URE1 (Figure
S2, Supporting Information). None of the cryptococcal strains
showed signs of polyamine synthesis from l-lysine at both 26
and 37◦C.
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Figure 12. The urease enzyme catalyses the hydrolysis of urea to produce ammo-
nia (NH4) and carbonic acid (H2CO3). The substrate urea can be produced intra-

cellularly as a by-product of respective metabolic reactions catalysed by the
enzymes arginase and agmatinase. In the latter case, agmatine that is pro-
duced from l-arginine is converted via agmatinase to urea and the polyamine

putrescine. Synthesis of putrescine can also occur via the arginase enzyme,
which hydrolyses l-arginine to produce urea and l-ornithine. The amino acid
l-ornithine can then be converted to putrescine or used for the production of
other cellular compounds, such as proline. Both polyamines and proline have

been implicated in other aspects of cellular metabolism, including melanin for-
mation and the generation of ROS. It should be noted that putrescine synthe-
sis is vital for the production of the polyamines spermidine and spermine via
the enzymes spermidine synthase and spermine synthase, respectively. Solid

arrows represent reactions observed during the present study, while the dot-
ted arrows indicate hypothetical pathways obtained from literature. Compiled
from our own results and from a review of literature (Wang and Casadevall 1994;
Kingsbury et al. 2004; Morris 2004; Takagi 2008; Rutherford 2014; Kumar, Sara-

gadam and Punekar 2015; Rocha and Wilson 2019).

Intracellular proline levels

Crude extracts of the three cryptococcal strains were found to
contain similar levels of proline under all experimental condi-
tions, except after nutrient limitation at 37◦C (Fig. 7). When cells
of the urease-mutant strain were exposed to a nutrient-limited
medium at 37◦C, proline levels were significantly elevated com-
pared to H99 and the urease-reconstituted strain. In general,
nutrient limitation seemed to result in lower levels of proline
within crude extracts of H99, ure1� and ure1�::URE1.

Detection of intracellular ROS

As is evident from literature, many of the above factors were
found to play a role in the eukaryotic metabolism of ROS
(Chattopadhyay, Tabor and Tabor 2006; Takagi 2008; Caldwell
et al. 2015). At 37◦C in both BHI broth and nutrient-limited
media, ROS-induced fluorescence levels of the urease-mutant
strain tended to be higher than the wild-type and urease-
complemented strains (Fig. 8). This phenomenon was visualised
microscopically for cells exposed to nutrient-limited media at
37◦C (Fig. 9). Unlike H99 and ure1�::URE1, fluorescence levels
obtained for ure1� at 37◦C were also notably elevated compared
to that obtained at 26◦C.

Melanin production

Cryptococci cope with oxidative stress by producing the pig-
ment melanin, which, among other functions, is known for
its free radical scavenging properties (Casadevall, Rosas and
Nosanchuk 2000). On l-DOPA agar plates at 26◦C, all three

strains showed similar levels of pigmentation (Fig. 10). In liq-
uid media at 26◦C, however, urease-deficient cells produced sig-
nificantly more melanin than that of the wild-type and urease-
complemented strains at 26◦C (Fig. 11). A different pattern was
observed at 37◦C, where colonies of ure1� and ure1�::URE1
appeared to be less melanised than that of H99 within 1 day
of incubation on agar media (Fig. 10). Except in the case of
ure1�::URE1, colonies showed the same degree of pigmentation
after 2 days of incubation (Figure S3, Supporting Information).
Similar results were observed with the quantitative method at
37◦C, where urease-deficient and urease-reconstituted strains
produced significantly lower levels of melanin compared to H99
(Fig. 11).

DISCUSSION

The presence of a urease enzyme was found to be important
for cryptococcal growth at 26 and 37◦C in BHI and nutrient-
limited media. For the latter at 37◦C, however, the urease-
mutant behaved in a similar manner to H99 and ure1�::URE1,
possibly due to the combined effect of temperature and nutri-
ent stress that adversely affected the strains even with a ure-
ase enzyme. Our finding of a growth defect in a urease-deficient
mutant of C. neoformans is in agreement with Fu et al. (2018),
who observed a similar phenomenon while investigating growth
of the same mutant in a minimal medium. Compared to that
observed with BHI broth, the nutrient-limited conditions used
in our study also resulted in the highest levels of urease activity
in crude enzyme extracts of wild-type and urease-reconstituted
strains of C. neoformans. Similar results were previously obtained
by Lerm et al. (2017) while studying the urease activity of another
C. neoformans clinical strain (CAB 1055), cultured in the same
media at 37◦C. As is evident from Fig. 3, differences in urease
activities were observed between H99 and ure1�::URE1. The rea-
son for this is unclear, but it may be a result of differences
in urease expression levels, as was also suggested by Fu et al.
(2018). In general, our results also showed that urease activities
were higher at 37 than at 26◦C, especially under nutrient-limited
conditions. This is interesting to note as the nutrient-limited
medium was devoid of urea and most literature to date notes
the importance of cryptococcal urease for the use of available
urea in the external environment and within the human host
(Cox et al. 2000; Steenbergen and Casadevall 2003). Based on our
findings, however, it appears that under conditions of nutrient
and temperature stress, cryptococci regulate intracellular levels
of active urease even in the absence of extracellular urea.

Although it is believed that cryptococci frequently encounter
urea in their surroundings (Cox et al. 2000; Steenbergen and
Casadevall 2003; Rutherford 2014; Fu et al. 2018), the possibility
that urea from endogenous sources could serve as a substrate for
urease is rarely considered. During this study, we found notably
higher levels of urea in crude extracts from cells of the urease-
mutant strain across all experimental conditions. In most cases,
urea was either absent or below the assay detection limit in
crude extracts of the wild-type and urease-reconstituted strains
of C. neoformans. The differences in urea levels observed between
H99 and ure1�::URE1 may be a result of the differences in ure-
ase metabolism discussed above for Fig. 3. Overall, these find-
ings therefore suggest that urea accumulates intracellularly in
the absence of a urease enzyme. Moreover, seeing that urea lev-
els of the urease-mutant were higher in nutrient-limited media
than BHI, this is the first indication that endogenous urea could
serve as a substrate for the urease enzyme of C. neoformans.
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Urea that originates from inside the yeast cell can result
from intracellular arginase activity that catalyses the hydroly-
sis of l-arginine to produce l-ornithine and urea (McGee et al.
1999). Interestingly, this reaction was studied in C. neoformans
>30 years ago as a possible explanation for canavanine resis-
tance (Polacheck and Kwon-Chung 1986). When we screened
crude extracts of cryptococcal cells for arginase enzyme activ-
ity, the urease-mutant and urease-reconstituted strains tended
to have higher arginase levels compared to the wild-type strain
across all tested nutrient and temperature conditions. It there-
fore appears that cryptococcal urease affects arginase activity
within the cells of C. neoformans.

It is important to note that the arginase enzyme plays a
pivotal role in the synthesis of amino acids and polyamines
(Jenkinson et al. 1996). With this in mind, we aimed to deter-
mine whether the observed changes in arginase activity with
the deletion of urease could affect the enzymes and metabolites
of closely related biosynthetic pathways. This became appar-
ent when agmatinase activity levels were assessed in crude
extracts of the three cryptococcal strains. Except for BHI media
at 26◦C, agmatinase activity was undetected in crude extracts
of cells without a urease enzyme. Although a putative gene
encoding cryptococcal agmatinase is available on GenBank, this
is the first report of its activity in C. neoformans. The agmati-
nase enzyme is commonly studied for its role in polyamine
biosynthesis (Szumanski and Boyle 1990; Sekowska et al. 1998;
Pérez-Mozqueda, Vazquez-Duhalt and Castro-Longoria 2019).
Therefore, its undetectable levels in ure1� led to the hypoth-
esis that perhaps cryptococcal cells without a urease enzyme
are less able to synthesise polyamines compared to their wild-
type and urease-reconstituted counterparts. Interestingly, when
we screened cryptococcal strains for potential polyamine pro-
duction from l-arginine, the reaction observed for the urease
mutant was almost non-existent, suggesting a reduced ability to
synthesise polyamines from l-arginine. The latter finding may
provide a possible explanation for the observed growth defect of
urease-negative cultures (Fig. 1), as the essential role played by
polyamines in cell growth is well documented (Rocha and Wil-
son 2019).

In addition to its function in polyamine biosynthesis, l-
arginine is required for the intracellular production of amino
acids such as l-proline (Caldwell et al. 2015; Fichman et al. 2015).
The metabolic pathway involved in l-proline synthesis begins
with the aforementioned arginase enzyme, the activity of which
was altered in the absence of urease during this study. This,
however, only seemed to impact proline levels under nutrient-
limited conditions at 37◦C, where significantly higher levels of
this amino acid were observed in crude extracts of urease-
deficient cells. Increased intracellular proline levels are com-
monly observed in response to stress conditions for the mainte-
nance of osmolarity and ROS (Takagi 2008). Interestingly, when
stained with the ROS indicator dye DCFDA, urease-mutant cells
showed greater fluorescence under the same conditions where
increased proline levels were observed. This phenomenon was
evident from both the qualitative and quantitative data obtained
in this study. Using fluorometry, we also observed significantly
higher fluorescence in urease-deficient cells following growth
in BHI media at 37◦C. Taken together, our findings suggest
that cryptococcal urease influences intracellular proline levels,
which could lead to additional metabolic changes, such as those
relating to oxidative stress. Whether linked to proline levels or
not, our results also indicate an association between urease and
the intracellular accumulation of ROS under certain conditions.

In C. neoformans, ROS-induced cellular damage is prevented
by antioxidant enzyme activity (Narasipura, Chaturvedi and
Chaturvedi 2005) and the production of melanin pigments
(Wang and Casadevall 1994). The elevated ROS levels observed
in urease-deficient cells of C. neoformans therefore led us to
question whether melanin synthesis is affected by the presence
of a urease enzyme. Similar to Cox et al. (2000), we observed
no difference in melanin production of wild-type and urease-
mutant strains of C. neoformans H99 on l-DOPA agar plates at
26◦C. But when a quantitative method was used, melanisation
was found to be significantly higher in urease-deficient cells.
With both melanin detection methods (qualitative and quantita-
tive), urease-negative cells were less pigmented at 37◦C. For rea-
sons unknown, melanisation of the urease-reconstituted strain
at 37◦C was barely visible on l-DOPA agar plates, and with the
quantitative method, results were similar to those obtained for
urease-deficient cells. Taken together, our results indicate that
urease influences melanin production in C. neoformans at both
26 and 37◦C. The mechanism behind this phenomenon requires
further investigation but may be linked to one or more of the
other metabolic aspects explored in this study. For example, we
found urease-mutant cells to be defective in polyamine synthe-
sis, which was previously linked to melanin formation in a sper-
midine synthase mutant of C. neoformans (Kingsbury et al. 2004).

In summary, urease was found to be important for crypto-
coccal growth in BHI and nutrient-limited media. In cells with
a urease enzyme, nutrient-limited conditions and a tempera-
ture of 37◦C resulted in the highest levels of urease activity.
Increased urease activity in cellular crude extracts may be a way
to metabolise urea from endogenous sources, as cells without a
urease enzyme were found to contain significantly higher intra-
cellular urea levels. This study provided the first indications that
urea from intracellular sources could serve as a substrate for
cryptococcal urease, thereby suggesting that urease activity may
also occur in environments where urea is unavailable. Arginase
enzyme activity detected in crude extracts of cryptococcal cells
could be a potential source of endogenous urea and was found to
be higher in urease-deficient cells. Metabolic reactions linked to
arginase were also affected as urease-mutant cells differed from
wild-type and urease-reconstituted cells with respect to agmati-
nase enzyme activity, polyamine synthesis, intracellular proline
levels and ROS. In addition, it was shown for the first time that
urease activity may influence melanin production, an important
virulence mechanism of C. neoformans. Lastly, it was found that
some of the results obtained for the urease-reconstituted strain
differed from those of the wild type. Interestingly, Fu et al. (2018)
also reported on differences between these two strains when
analysing data on the phagolysosomal pH of macrophages con-
taining live cells of the respective strains. The reason for our
observations is at this stage unknown, but taken together, indi-
cations are that the urease-reconstituted strain differs from the
wild type in more than one aspect of its metabolism.

To conclude, the results of this study provide strong evidence
that the urease enzyme of C. neoformans is associated with the
regulation of key intracellular metabolic pathways (Fig. 12). This
should be considered in all future research conducted on the
urease-mutant, as the observed effects may not be a direct result
of the urease enzyme itself. With the above in mind, the mech-
anism by which urease enhances cryptococcal virulence may
therefore be more complex than previously thought, extending
beyond ammonia production and its toxic effects on the human
host. Based on our observations, gene deletion can result in
unintended effects on cellular metabolism and without knowl-
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edge thereof, one cannot fully understand the enzyme’s cellu-
lar role in the external environment or within the human host.
Interconnectedness of metabolic pathways is a common feature
of eukaryotic cells and should therefore be routinely considered
in all gene deletion studies for accurate functional analysis.
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