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Abstract 

Emergomyces africanus is a thermally dimorphic pathogen causing sev er e morbidity and mortality in imm unocompr omized patients. Its 
transition to a pathogenic yeast-like phase in the human host is a nota b le virulence mechanism. Recent studies suggest polyamines as 
ke y pla y ers in dimorphic switc hing, y et their pr ecise functions r emain enigmatic. This work aimed to explor e pol yamine meta bolism 

of two clinical strains of E. africanus (CBS 136260 and CBS 140360) in mycelial and yeast-like phases. In this first r e port of the polyamine 
profile of E. africanus , we reveal, using mass spectrometry, spermidine, and spermine as the major polyamines in both phases. The 
secretion of these amines was significantly higher in the pathogenic yeast-like phase than in the mycelial phase, warranting further 
investigation into the implications thereof on virulence . Additionally, w e detected the activity of sever al poly amine biosynthesis en- 
zymes, including arginine decarboxylase, agmatinase, arginase, and ornithine decarboxylase, with significant differences in enzyme 
e xpression between morpholo gical phases and str ains. F inally, w e provide initial evidence for the r equir ement for spermine, spermi- 
dine, and putrescine during the thermally induced dimorphic switch of E. africanus , with strain-specific differences in the production 

of these amines. Overall, our study presents novel insight into polyamine metabolism and its role in dimorphism of E. africanus . 

Ke yw or ds: poly amine biosynthesis; dimorphism; ornithine decarboxylase; spermine; Emergom yces africanus 
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Introduction 

Emergom yces africanus, formerl y Emmonsia , is a thermall y dimor- 
phic opportunistic pathogen (Dukik et al. 2017 ). This species has 
r a pidl y gained clinical r ele v ance in South Africa, as it causes a se- 
v er e, and often fatal, systemic infection in imm unocompr omized 

patients (Schwartz et al. 2015 , Schwartz et al. 2018b , Hoving 2024 ).
In a recent decade-long review of laboratory-confirmed cases of 
endemic mycoses in South Africa, emergomycosis accounted for 
23% (154/682) of cases (Mapengo et al. 2022 ). Ho w e v er, this is a 
minimum estimate since ∼30% of the 682 endemic mycoses cases 
did not have a corresponding culture or molecular identification 

and were thus unspecified. To date, only a severe disseminated 

form of E. africanus infection has been described in people living 
with advanced HIV disease in southern Africa and was associated 

with a high crude mortality (54%). 
A notable virulence mechanism of E. africanus is its 

temper atur e-induced mor phological tr ansition fr om a mycelial 
phase (26 ◦C) to a yeast-like phase (37 ◦C), which is essential for 
pathogenesis and dissemination within the host (Boyce and 

Andrianopoulos 2015 , Dukik et al. 2017 ). The mycelial phase of 
this fungus is belie v ed to be present in the soil (Schwartz et al.
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018a ) with transmission occurring through the inhalation of 
irborne infectious conidia. This subsequently leads to the onset 
f emergomycosis in severely immunosuppressed hosts following 
he temper atur e-induced switc h of the fungus to the yeast-like
hase (Red d y et al. 2023 ). Apart from the identified exposure
 oute and dimor phism, little is known of the pathobiology of E.
fricanus , although studies on other pathogenic fungi suggest 
hat polyamines and the metabolic pathways involved in their 
iosynthesis , ma y pla y a role in dimorphism (Guevara-Olvera et
l. 1993 , San-Blas et al. 1996 , 1997 , Kummasook et al. 2013 ). 

Pol yamines ar e low-molecular-weight, biogenic cations that 
articipate in a diverse range of biological processes (Igarashi 
nd Kashiwa gi 2019 , Sc hibalski et al. 2024 ). In fungi, the major
ol yamines ar e putr escine , spermidine , and spermine , while the

ess-commonl y r eported amines include a gmatine and cadav er-
ne (Rocha and Wilson 2019 ). These molecules are essential for
ife and are known to play a role in fungal cell growth (Chat-
opadhyay et al. 2002 , Toplis et al. 2021 ), protein synthesis (Vindu
t al. 2021 ), stress tolerance (Chattopadhyay et al. 2006 , Valdés-
antia go et al. 2010 ), differ entiation (Calvo-Mendez et al. 1987 ,
edina et al. 2022 ), and virulence (Rocha et al. 2020 , Schaefer et al.
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020 ). As insufficient le v els of these amines hinder growth (Pfaller
t al. 1990 , Toplis et al. 2021 ), and excess amounts can be cyto-
oxic (Hu and Pegg 1997 ), the fungal metabolism tightly regulates
ol yamine le v els to maintain homeostasis (Miller-Fleming et al.
015 ) via a combination of pol yamine tr ansport, catabolism, and
iosynthesis. 

Pol yamines ar e synthesized fr om amino acids suc h as ar gi-
ine , ornithine , lysine , and methionine via se v er al possible routes

Fig. 1 ). The synthesis of putrescine (considered the first step in
ol yamine pr oduction) can be ac hie v ed via two possible path-
ays dependent on the presence of ornithine and/or arginine. In
ost fungi, putrescine is synthesized via ornithine decarboxy-

ase (El-Sayed et al. 2019 ). The higher polyamines, spermidine,
nd spermine, are synthesized from putrescine via the sequen-
ial addition of aminopropyl groups derived from decarboxy-
ated S -adenosylmethionine by spermidine- and spermine syn-
hase enzymes, r espectiv el y (Valdés-Santia go and Ruiz-Herr er a
014 ). Lastly, the minor polyamine cadaverine is generally con-
idered to be the product of lysine decarboxylation via lysine de-
arbo xylase acti vity, although some studies suggest the involve-
ent of ornithine decarboxylase in this reaction (Zarb and Wal-

ers 1994 , Walters and Cowley 1996 ). In addition to the biosyn-
hetic pr ocesses, some pol yamines ma y be con verted to form
o w er poly amines via r etr oconv ersion mec hanisms (Fig. 1 ) involv-
ng the oxidation of either the acetylated or non-acetylated form
f higher polyamines (Miller-Fleming et al. 2015 ). These mecha-
isms form a cyclic pattern in polyamine metabolism, facilitating
he regulation of their cellular concentrations. 

P olyamines , and the metabolic pathways involved in their syn-
hesis , ha v e gained r ecent attention for their involv ement in
he onset of various pathologies, including microbial infections
Rollins-Smith et al. 2019 , Schaefer et al. 2020 , Schibalski et al.
024 ). This is unsur prising, giv en the fundamental importance
f polyamines in the biology of living organisms. Ho w ever, un-
ike other micr obes, r esearc h into polyamine metabolism of fungi,
articularly that of mammalian pathogens is limited, which com-
licates our understanding of the function of these molecules

n fungal virulence . T hus , the aim of this study was to explore
he polyamine biosynthesis pathways of two clinical strains of E.
fricanus and to obtain an indication of the role of polyamines in
he dimorphism of the fungus. 

aterials and methods 

ungal strains and culture maintenance 

ll experimental pr ocedur es in this study were performed us-
ng E. africanus clinical strains CBS 136260 and CBS 140360, orig-
nall y obtained fr om the cultur e collection of the National In-
titute for Communicable Diseases, South Africa. The mycelial
hase was maintained (26 ◦C in the dark) via routine subculturing
n Brain Heart Infusion (BHI) medium (pH 7.4, Oxoid, Basingstoke,
K), supplemented with 2% bacteriological agar (Merck, Modder-

ontein, South Africa). The yeast-like cells of E. africanus were gen-
r ated by tr ansferring a mycelial plug onto BHI a gar and incubat-
ng at 37 ◦C in the dark. After se v er al r epeated tr ansfers on BHI
gar plates, the yeast growth was tr ansferr ed to a test tube con-
aining 5 ml BHI broth and incubated in the dark at 37 ◦C on a TC-7
issue culture roller drum (60 rpm; New Brunswick Scientific Co.
nc., Edison, USA). Unless otherwise specified, the yeast-like phase
erved as the working culture (maintained by repeated subcultur-
ng in BHI broth), and for experiments with the mycelial phase,
yphal growth was initiated from this working culture by inocu-
ating yeast-like cells into BHI broth and incubating at 26 ◦C. Cry-
cultures of the mycelial phase of E. africanus were periodically
 e viv ed thr oughout the study to avoid acclimatization or in-lab
utation. 

ualitati v e screening of polyamine production 

he potential for polyamine production was initially tested by
creening E. africanus for the decarboxylation of the amino acids L -
r ginine, L -l ysine, and L -ornithine on Long Ashton Decarboxylase
LAD) agar medium (pH 5.5) (Cloete et al. 2009 ), with modifications
ccording to Lerm et al. ( 2017 ). The medium was supplemented
ith either 2 g/l L -arginine monohydrochloride (Sigma-Aldrich,
t. Louis, USA), 3.36 g/l L -lysine (Sigma-Aldrich, St. Louis, USA), or
.2 g/l L -ornithine monohydr oc hloride (Sigma-Aldric h, St. Louis,
SA). The negative control consisted of LAD medium without
mino acid supplementation. To screen the mycelial phase of E.
fricanus , 10 μl suspensions of 2-day-old yeast-like cells, cultured
n BHI agar at 37 ◦C, were spot inoculated in the centre of the LAD
lates . T hese were incubated in the dark for 5 weeks at 26 ◦C. The
 east-like phase w as screened b y str eaking a lar ge loopful of 2-
a y-old yeast-like cells , pr e viousl y cultur ed on BHI a gar, onto the
AD plates . T hese were incubated in the dark at 37 ◦C for 5 da ys ,
ith daily monitoring. Pink colouration of the LAD plates was con-

ider ed a positiv e r eaction, indicativ e of decarboxylation of the
upplemented amino acid and potential polyamine production. 

rowth conditions and protein extract 
repar a tion for enzyme activity assays 

tr ains wer e initiall y cultur ed in the yeast-like phase at 37 ◦C for
 days in 5 ml BHI br oth, wher eafter cells were counted using a
aemocytometer (Impr ov ed Neubauer , Marienfeld Superior , Ger -
any) and inoculated into 50 ml liquid BHI broth in a conical

ask (500 ml) at a concentration of 1 × 10 7 cells/ml. The cultures
ere incubated at either 37 ◦C (yeast-like phase) or 26 ◦C (mycelial
hase) on an orbital shaker (Model G53, New Brunswick Scien-
ific Co. Inc., Edison, USA) at 180 rpm and 155 rpm, respectively.
ollowing incubation at the r espectiv e conditions, biomass was
arvested for enzyme assays during the mid-to-late exponential
r owth sta ge of the r espectiv e phases, determined via the prelimi-
ary construction of growth curves at the same growth conditions
 Figs S1 and S2 ). 

Crude protein extracts were prepared as described by Lerm et
l. ( 2017 ), with some modifications. Briefly, while yeast-like cells
er e harv ested and washed via centrifugation (8000 g , 2 min; Her-
eus Biofuge 13, Hanau, Germany), mycelial biomass was har-
ested and washed by filtr ation thr ough a Whatman #2 filter
Whatman, Maidstone, England). Thereafter, cell lysis was carried
ut via vigorous mixing with glass beads (425–600 μm; Sigma-
ldrich, St. Louis, USA). The protein in the supernatant from both
east-like and mycelial phases was quantified using the BioRad
rotein assay dye reagent (BioRad Laboratories , Hercules , USA)
ith bovine serum albumin (Roche, Basel, Switzerland) as a stan-
ard. The pr otein extr act was used for enzyme assays immedi-
tely after quantification. 

rginase assay 

 modified version of Shimke’s colorimetric method (Corraliza
t al. 1994 , Toplis et al. 2020 ), with additional adaptations for
he purpose of this study, was used to measur e ar ginase ac-
ivity. An aliquot of crude protein extract containing 50 μg of
rotein was added to a reaction mixture to a total volume of
00 μl. The mixture was incubated at 37 ◦C for 30 min. Following

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foad038#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foad038#supplementary-data
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Figure 1. Summary of proposed polyamine biosynthesis pathways in fungi. ADC, arginine decarboxylase; ODC, ornithine decarboxylase; LDC, lysine 
decarboxylase; P AO , polyamine oxidase; and SSA T, spermidine/spermine N-acetyl tr ansfer ase. Compiled fr om: Walters and Cowley ( 1996 ), 
Miller-Fleming et al. ( 2015 ), and Rocha and Wilson ( 2019 ). (Created with BioRender.com). 
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the colour de v elopment of the stopped r eaction using a 9% α- 
isonitr osopr opiophenone (Sigma-Aldric h, St. Louis, USA) solution 

(pr epar ed in 95% ethanol), the absorbance was measured at 
540 nm with a microplate reader (iMark™ Microplate Absorbance 
Reader, BioRad, California, USA) using 200 μl aliquots dispensed in 

a 96-well plate (Greiner Bio-one, Kremsmuster, Austria). A reaction 

mixtur e without substr ate serv ed as a blank for the absorbance 
readings and an additional reaction mixture without protein was 
included as a negative control. A calibration curve constructed 

with incr easing ur ea (Sigma-Aldric h, St. Louis, USA) concentr a- 
tions was used to calculate the quantity of urea produced. 

Agmatinase assay 

Agmatinase activity was determined using a method adapted 

from Iyer et al. ( 2002 ) and Toplis et al. ( 2020 ), with modifica- 
tions. An aliquot of protein extract containing 400 μg protein 

was added to a reaction mixture (total volume 200 μl) consist- 
ing of 50 mM Tris-HCl (pH 8.0), 2 mM MnCl 2 , and 10 mM ace- 
tohydroxamic acid (Sigma-Aldrich, St. Louis, USA). Following the 
colour de v elopment of the stopped reaction using 15 μl of a 9% α- 
isonitr osopr opiophenone solution (pr epar ed in 95% ethanol), the 
absorbance at 540 nm of 200 μl reaction mixture aliquots was 
measured in a 96-well plate. A reaction mixture without substrate 
served as a blank for the absorbance readings and a reaction mix- 
ture without protein was included as a negative control. A calibra- 
tion curve constructed with increasing amounts of urea was used 

to quantify urea production. 

Ornithine decarboxylase assay 

Ornithine decarboxylase activity was determined based on the 
methods described by Luqman et al. ( 2013 ), r el ying on the de- 
ection of putrescine produced from L -ornithine. One hundred 

icr olitr es of crude pr otein extr act wer e tr ansferr ed to a mi-
rocentrifuge tube containing 400 μl reaction mixture consist- 
ng of 2.5 mM β-mercaptoethanol (Riedel-de Haën, Seelze, Ger- 

an y), 1.5 mM EDTA (Merc k, Modderfontein, South Africa), 75 nM
yridoxal-5-phosphate (Sigma-Aldrich, St. Louis, USA), and 3 mM 

 -ornithine monohydr oc hloride in 150 mM phosphate buffer (pH
.1). The reaction was terminated after 30 min of incubation at
7 ◦C by adding 400 μl 1 M perchloric acid (Saarchem, Krugers-
orp, South Africa), and the pr ecipitate was r emov ed via centrifu-
ation (5000 g , 5 min). Following the separation of the putrescine-
ontaining fraction, 200 μl 10 mM trinitrobenzenesulfonic acid 

Sigma-Aldric h, St. Louis, USA), pr epar ed in 1-pentanol (Sigma-
ldrich, St. Louis, USA), was then added to the organic phase,
hereafter the sample was thoroughly mixed for 1 min on a vor-

ex, before adding 400 μl dimethyl sulfoxide (DMSO) (Calbiochem,
illerica, USA) and additional mixing for 1 min. Following centrifu-
ation (3000 g ; 5 min), the absorbance of the upper lay er w as mea-
ured at 415 nm in the microplate reader using 200 μl aliquots in a
6-well plate. A reaction without L -ornithine served as a blank for
he absorbance readings and a reaction without protein extract 
erved as a negative control. Putrescine was quantified based on
 calibr ation curv e pr epar ed with putr escine (25–500 μM; Sigma-
ldrich, St. Louis, USA) diluted in phosphate buffer (0.1 M; pH 7.0).

ungal polyamine analysis 

hemicals 
he poly amine standar ds agmatine sulphate ( ≥97%), spermi-
ine trihydr oc hloride ( ≥99%), spermine ( ≥96%), and cadav erine
ihydr oc hloride (98%), as well as the internal standard hep-
ylamine (99%), were obtained from Sigma-Aldrich (St. Louis,
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Table 1. Ultr a-performance liquid c hr omatogr a phy solv ent gr adi- 
ent conditions for the separation of polyamines. 

Time (min) Solvent A 

1 (%) Solvent B 2 (%) 

0 90 .0 10 .0 
0.50 90 .0 10 .0 
8.00 0 .0 100 .0 
9.00 0 .0 100 .0 
9.50 90 .0 10 .0 
11.00 90 .0 10 .0 

1 Solvent A: 0.1% formic acid in water. 
2 Solvent B: 0.1% formic acid in acetonitrile. 
SA). Putr escine dihydr oc hloride ( ≥98%) was obtained fr om
or onto Researc h Chemicals (Tor onto, Canada). Acetonitrile
High-performance liquid c hr omatogr a phy-gr ade) w as pur chased
r om Sigma-Aldric h (St. Louis, USA). Ultr a pur e w ater w as pr epar ed
y a Milli-Q water purification system (Millipore, Bedford, USA)
nd was used for the pr epar ation of all buffers and r ea gents. 

reparation of standard solutions 
ndividual standard stock solutions of eac h pol yamine (10 mM)
er e pr epar ed in 0.1 M HCl and stor ed at −20 ◦C in the dark
ntil analysis. A series of mixed standard solutions of five
ol yamines (a gmatine , cada verine , putrescine , spermidine , and
permine) were prepared by mixing each stock solution in protein-
r ecipitated gr o wth media. Standar d mixtures w er e pr epar ed just
efor e deriv atization to avoid degr adation. 

rowth conditions for polyamine analysis of growth and 

imorphic switching 

or the detection of intracellular and extracellular polyamines,
 ycelial and yeast-lik e phases of E. africanus were initially cul-

ured in BHI broth on an orbital shaker for 48 h at 26 ◦C (155 rpm)
nd on a tissue culture roller drum at 37 ◦C (60 rpm), respectively.
ycelial biomass was harvested via filtration through a Whatman

2 filter and washed twice with physiological saline solution (PSS,
.89% NaCl). Yeast-like cells were harvested via centrifugation (10
00 g ; 2 min), washed twice in PSS, and counted using a haemo-
ytometer. 

A pol yamine-fr ee medium (PFM) (pH 5.5 ± 0.2) consisting of
.67% yeast nitrogen base (Difco, Becton, Dickinson and Company,
SA), 2% glucose, 0.2% L -arginine monohydrochloride, 0.32% L -
rnithine monohydr oc hloride, and 0.278% L -l ysine was form u-
ated to ensure the availability of amino acid substrates for
oly amine biosynthesis accor ding to the kno wn metabolic path-
a ys . It also served as the minimal medium for the rest of the

tudy. The PFM was subsequently inoculated with a concentra-
ion of either 1 × 10 7 yeast-like cells/ml or 0.1 g fresh weight
 ycelial biomass (equi valent to ca. 0.13 g/l dry weight) and in-

ubated in the dark at 37 ◦C and at 26 ◦C on an orbital shaker at
80 and 155 r pm, r espectiv el y for 2 da ys . 

For the measurement of intracellular polyamine levels during
imor phic switc hing, 0.1 g fr esh weight mycelial biomass (initi-
ted from a 1 mm × 1 mm mycelial plug of E. africanus ) was in-
culated into PFM and incubated at 37 ◦C on an orbital shaker at
80 rpm for 10 da ys . P olyamine levels were measured at 24-h in-
ervals during the switching process. 

All experiments were performed in 25 ml liquid cultures in
50 ml conical flasks using biological triplicates. 

ample preparation 

ollowing incubation in PFM, cell-free supernatants for the de-
ection of extracellular polyamines in the yeast-like phase were
r epar ed by harvesting 1 ml of the culture medium, centrifuging
t 10 000 g for 2 min and transferring the cell-free supernatant
o a clean microcentrifuge tube. For mycelial gro wth, as w ell as
iomass during the dimor phic switc h, the cultur e medium was
lter ed thr ough a cellulose nitr ate filter (0.45 μm; Sartorius, Goet-
ingen, Germany) and 1 ml of the filtrate was transferred to a clean

icrocentrifuge tube. 
For the detection of intracellular polyamines, cultures were

arvested on a cellulose nitrate filter and washed three times with
H 2 O. After the final wash step, the harvested biomass was re-
uspended in 500 μl dH 2 O and tr ansferr ed to a 2 ml scr e w-ca p
icrocentrifuge tube containing an equal volume (ca. 0.5 ml) of
cid-washed glass beads (425–600 μm). Following cell lysis via vig-
rous mixing on a vortex for 15 min, the cells were cooled on ice
or 5 min. Cellular debris was pelleted via centrifugation (12 000 g ;
 min at 4 ◦C). P er chloric acid was added to a final concentration
f 6% v/v. Protein content of the cellular extract was quantified
sing the BioRad protein assay dye reagent. 

r otein pr ecipitation 

o r emov e pr oteins fr om the samples prior to analysis, 200 μl of
ce cold 1:1 v/v mixture of acetonitrile and 10% trifluoroacetic
cid ( > 99%; Sigma-Aldrich, St. Louis, USA) were added to 100 μl
f sample. Following a 10 min incubation at 4 ◦C, samples were
entrifuged (13 000 g ; 5 min) and 50 μl 2.5 M NaOH was added to
00 μl supernatant. 

ansyl derivatisation 

ansyl derivatization of polyamines was performed according
o methods described by Liu et al. ( 2018 ) and Preti et al. ( 2015 )
ith modifications. Briefly, 100 μl sample was mixed with 300 μl
aHCO 3 (20 g/l) and 500 μl dansyl chloride (DnsCl; 5 g/l in ace-

onitrile), mixed on a vortex for 30 s and subsequently incubated
n the dark at 45 ◦C for 60 min. Following incubation, 100 μl NH 4 OH
32% w/v) was added to the mixture to remove excess DnsCl. 

ltraperformance liquid chromatography tandem mass 
pectr ometr y analysis 
he detection and quantification of intracellular and extracel-

ular poly amines w ere conducted using ultraperformance liquid
 hr omatogr a phy tandem mass spectrometry (UPLC-MS/MS) at
he Central Analytical Facility (Mass Spectrometry Unit) at Stel-
enbosc h Univ ersity, South Africa. Deriv atized samples (2 μl) wer e
njected into a Waters Acquity Ultr a performance LC system cou-
led to a Xevo TQ-MS triple quadrupole mass spectrometer (Wa-
ers Cor por ation, Milford, MA, USA). Separ ation was carried out
n a hydrophobic interaction matrix using an Acquity UPLC BEH
18 (2.1 mm × 100 mm, 1.7 μm) column at 50 ◦C, at a flow rate
f 0.4 ml/min. A linear gradient was used for the separation of
ol yamines ov er 11 min (Table 1 ). Solvent A consisted of 0.1% v/v
ormic acid in Milli-Q water and solvent B consisted of 0.1% v/v
ormic acid in acetonitrile. 

Follo wing separation, samples w ere subjected to mass spec-
r ometry anal ysis on a Xe vo TQ-MS triple quadrupole mass spec-
rometer with an electrospray ionization source in positive mode
ESI + ). The following conditions were implemented for the analy-
is: ca pillary volta ge at 3.70 kV, source temper atur e of 150 ◦C, des-
lv ation temper atur e of 450 ◦C, cone gas flow r ate of 150 l/h, desol-
ation gas flow rate of 900 l/h, and collision gas (argon) flow rate of
.19 ml/min. Cone voltages and collision energies for each multi-
le reaction monitoring (MRM) transition were optimized for each
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Table 2. Multiple reaction monitoring transitions , cone voltages , and transition energies for the screened polyamines and internal stan- 
dard (heptylamine). 

Analyte Parent ( m/z ) Daughter ( m/z ) Cone (V) Collision (V) 

Putrescine 555 .00 170 .00 30 .0 30 .0 
220 .00 30 .0 25 .0 

Cadaverine 569 .00 170 .00 30 .0 35 .0 
186 .30 30 .0 30 .0 

Agmatine 364 .00 347 .10 15 .0 20 .0 
170 .10 15 .0 15 .0 

Spermidine 845 .00 170 .00 30 .0 35 .0 
612 .00 170 .00 35 .0 35 .0 

Spermine 1135 .00 360 .00 15 .0 45 .0 
170 .00 15 .0 45 .0 

Heptylamine 349 .00 157 .00 15 .0 40 .0 
170 .00 15 .0 45 .0 

 

 

 

 

 

Figure 2. Arginase activity of E. africanus CBS 136260 and CBS 140360 in 
yeast-like (37 ◦C) and mycelial (26 ◦C) phases. Activity is expressed as 
μmol urea produced per μg crude protein extract after 30 min of 
incubation. Bars r epr esent the av er a ge of thr ee biological r eplicates and 
error bars indicate ± standard error of the mean. Means with different 
letters are indicative of a significant difference ( P < .05). 
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compound (Table 2 ). Heptylamine served as the internal standard 

at a concentration of 10 ppb. Re presentati ve MRM chromatograms 
of the analytes are shown in Fig. S3 . Method accuracy , linearity ,
and limits of detection and quantification were determined in PFM 

and are shown in Table S1 . Instrument control and data acqui- 
sition were performed with MassLynx software version 4.2 (Wa- 
ters Cor por ation, Milford, MA, USA; https://www.waters.com ), and 

data wer e pr ocessed in Tar getLynx XS softwar e (within MassLynx).

Effect of polyamine synthesis inhibitors 

cyclohexylamine and difluoromethylornithine on 

dimorphic switching 

Cyclohexylamine (CHA) and difluoromethylornithine (DFMO) in- 
hibit the function of spermidine synthase and ornithine decar- 
bo xylase enzymes, respecti vely (Pfaller et al. 1990 ). In this study,
these inhibitors were used to assess their effect on the dimorphic 
switch of E. africanus . To obtain mycelial biomass for this experi- 
ment, a 1 mm × 1 mm mycelial plug of E. africanus was used to 
inoculate 50 ml BHI broth in 500 ml conical flasks . T hese were 
incubated at 26 ◦C on an orbital shaker at 155 rpm in the dark 
and r outinel y subcultur ed to obtain sufficient gro wth. Tw o-day- 
old cultures served as the inoculum. 

Mycelial biomass was harvested via filtration through a ster- 
ile Whatman #2 filter and washed twice with PSS. The washed 

mycelia, ca. 0.1 g in wet weight (ca. 0.13 g/l dry weight), were in- 
oculated into 25 ml PFM (in a 250 ml conical flask) supplemented 

with either 8 mM CHA or 8 mM DFMO. To investigate the rever- 
sal of inhibition, 0.1 mM spermidine and 0.1 mM putr escine wer e 
added to the medium containing the inhibitors CHA and DFMO,
r espectiv el y. Inhibitor-fr ee PFM served as the control. 

Flasks were incubated on an orbital shaker at 180 rpm at 37 ◦C 

for 10 da ys . Following incubation, the entire culture medium was 
filter ed thr ough a pr e-weighed P asteur pipette containing glass 
wool to separate hyphal growth and dried at 80 ◦C prior to obtain- 
ing a measurement of mycelial biomass (g/ml). Yeast-like cells in 

the filtrate were counted using a haemocytometer (cells/ml). The 
extent of the morphological transition was expressed as the num- 
ber of yeast cells per gram of mycelial biomass (Zhang et al. 2019 ).

Sta tistical anal ysis 

All experiments were performed using biological triplicates and 

quantitativ e r esults wer e statisticall y anal ysed using XLST A T soft- 
ware (Version 2020.4.1, Addinsoft, New York, USA; https://www. 
xlstat.com ). Homogeneity of sample variances and the normal- 
ity of data were tested using Levene’s and Shapiro–Wilk tests, re- 
pectiv el y. Normall y distributed data with equal variances were
nalysed for significant differences using either a one-way or 
w o-w ay analysis of variance (ANOVA). Pairwise comparisons of
he means were performed using Fisher’s least significant differ- 
nce (LSD) post-hoc test. When values did not conform to ANOVA
ssumptions of normality and homoscedasticity, data were log- 
r ansformed. Pearson’s corr elation coefficient was used to test for
 elationships between intr acellular pol yamine le v els and the di-
or phic switc hing pr ocess as a function of time and the number

f yeast-like cells formed. Significance was determined at P < .05.

esults 

ualitati v e screening of polyamine production 

oth strains of E. africanus tested positive for decarboxylase activ-
ty, and thus potential polyamine synthesis, in the presence of the
mino acids L -arginine and L -ornithine, with a notably weaker re-
ction in the presence of L -ornithine . T his was observed for both
 ycelial (26 ◦C) and yeast-lik e (37 ◦C) phases. No a ppar ent L -l ysine

ecarbo xylase acti vity was detected in either strain. 

rginase activity 

rginase enzyme activity was detected in both morphological 
hases of both str ains (Fig. 2 ). Activity le v els wer e found to be sig-
ificantly ( P < .05) higher in CBS 136260 than in the r espectiv e

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foad038#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foad038#supplementary-data
https://www.waters.com
https://www.xlstat.com
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Figure 3. Agmatinase activity of E. africanus CBS 136260 and CBS 140360 
in yeast-like (37 ◦C) and mycelial (26 ◦C) phases. Activity is expressed as 
nmol urea produced per μg protein from agmatine sulphate after 1 h 
incubation. Bars r epr esent the av er a ge of thr ee biological r eplicates and 
error bars represent ± standard error of the mean. Means with different 
letters are indicative of a significant difference ( P < .05). ∗Below 

detection limit. 

Figure 4. Ornithine decarboxylase activity of E. africanus CBS 136260 and 
CBS 140360 in yeast-like (37 ◦C) and mycelial (26 ◦C) phases. Activity is 
expressed as nmol putrescine produced per μg crude protein from 

L -ornithine after 30 min incubation. Bars r epr esent the av er a ge of three 
biological replicates and error bars represent ± standard error of the 
mean. Means with different letters are indicative of a significant 
difference ( P < .05). 
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hases of CBS 140360. Strikingly, in both strains, arginase activ-
ty was found to be over three times higher in the mycelial phase
26 ◦C) than in the yeast-like (37 ◦C) phase. 

gmatinase activity 

oth strains of E. africanus exhibited agmatinase activity in the
east-like phase (37 ◦C); howe v er, detectable le v els of activity in
he mycelial phase (26 ◦C) wer e onl y measur ed in CBS 140360
Fig. 3 ). Agmatinase activity in the yeast-like phase of CBS 140360
as significantly ( P < .05) higher than in the mycelial phase of this

train, as well as the yeast-like phase of CBS 136260. 

rnithine decarboxylase activity 

rnithine decarbo xylase acti vity was detected in both strains at
oth phases (Fig. 4 ). Enzyme activity le v els wer e higher in the
east-like phase (37 ◦C) than the mycelial phase (26 ◦C) in both
trains. Ho w ever, strain CBS 136260 demonstrated significantly
 P < .05) higher le v els of activity than CBS 140360 in the mycelial
hase. 
olyamines in growth 

permidine and spermine were found to be the major polyamines
n both strains and morphological phases during v egetativ e
ro wth (Table 3 ). Tw o-w ay ANOVA of individual poly amines as a
unction of morphological phase and strain sho w ed significantly
igher le v els of extr acellular spermidine and spermine pr oduc-
ion in the yeast-like phase than in the mycelial phase. In contrast,
ntr acellular le v els of both pol y amines w er e significantl y higher
n the mycelial phase than the yeast-like phase of CBS 136260;
her eas significantl y higher intr acellular le v els of spermine wer e
bserved in the yeast-like phase of CBS 140360. Notably, intracel-
ular spermine was produced at compar ativ el y higher le v els than
permidine in both strains and phases. In all cases, putrescine
nd a gmatine wer e found to be minor polyamines and cadaver-
ne le v els wer e below detection limit. No significant differ ences
er e observ ed in putr escine le v els acr oss str ain or phase. Addi-

ionall y, compar ativ el y low le v els of a gmatine wer e detected intr a-
ellularly in yeast-like and mycelial phase supernatants of both
trains. 

olyamines in dimorphic switching 

permidine , spermine , and putr escine wer e the onl y detected
ol yamines during dimor phic switc hing (Fig. 5 ). Agmatine and ca-
av erine le v els wer e below detection limit. Spermidine and sper-
ine were found to be the most abundant ( P < .0001) throughout

he switching process. While putrescine levels gradually increased
ver time in both strains, the fluctuation of intracellular spermi-
ine and spermine a ppear ed to differ between the two strains
uring the switc hing pr ogr ession (Fig. 5 ). In CBS 136260, spermi-
ine and spermine sho w ed an initial decline after 48 h follo w ed
y an increase during later stages (168–216 h) of the switching
r ocess, r eac hing le v els similar to those of the initial stages (Fig.
 A). In contrast, in CBS 140360 these amines a ppear ed to gr adu-
ll y accum ulate ov er time, with a decr ease fr om 192 h (Fig. 5 B).
hese observ ations wer e confirmed b y P earson’s correlation anal-
sis which indicated a significant moder ate corr elation between
he detected polyamines and the formation of yeast-like cells in
BS 136260 (Table 4 ). In CBS 140360, polyamines correlated with

ime after temper atur e shift in addition to yeast-like cell forma-
ion. Furthermor e, spermidine le v els had a str ong positiv e corr e-
ation with spermine and putrescine in both strains, as could be
xpected based on the polyamine biosynthetic pathwa ys . How-
 v er, spermine and putr escine le v els onl y significantl y corr elated
n CBS 136260 (Table 4 ). 

ffect of polyamine synthesis inhibitors on 

imorphic switching 

he dimorphic transition of CBS 136260 was completely inhibited
n the presence of 8 mM CHA, but no significant change was ob-
erved in the presence of 8 mM DFMO (Fig. 6 ). In contrast, the
ransition of CBS 140360 was more strongly inhibited by DFMO
ompared to CHA, although a significant reduction in switching
as observed in the presence of both inhibitors . T he addition
f 0.1 mM spermidine together with CHA not only reversed the
nhibitory effects but also potentiated the morphological transi-
ion, impro ving the s witching extent of both CBS 136260 and CBS
40360 compared to controls (Fig. 6 ). Supplementation with pu-
rescine also had a significant effect on both strains: partial alle-
iation of DFMO-mediated inhibition was observed for CBS 140360
nd the switching extent of CBS 136260 was significantly improved
ompared to DFMO-exposed CBS 136260 (Fig. 6 ). Ho w e v er, the lat-
er impr ov ement was not significantl y differ ent fr om the contr ol.
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Table 3. Intr acellular and extr acellular pol yamine pr oduction of E. africanus CBS 136260 and CBS 140360 in yeast-lik e (37 ◦C) and m ycelial 
(26 ◦C) phases. 

Morphological 
phase 

Polyamine 

Strain Agmatine Cadaverine Putrescine Spermidine Spermine 

Intracellular 
( μg/g protein) 

Yeast-like CBS 136260 2.20 ± 1.11 a BDL 0.66 ± 0.07 a 10.47 ± 1.34 a 44.73 ± 10.80 a 

CBS 140360 0.99 ± 0.11 a BDL 0.37 ± 0.37 a 34.06 ± 10.17 bc 286.83 ± 77.94 c 

Mycelial CBS 136260 BDL BDL 1.91 ± 0.59 a 49.12 ± 6.96 c 181.85 ± 40.94 bc 

CBS 140360 BDL BDL 1.06 ± 0.76 a 34.10 ± 8.76 bc 127.89 ± 8.63 b 

Extracellular 
( μg/g dry weight) 

Yeast-like CBS 136260 BDL BDL 3.73 ± 2.62 a’ 1014.43 ± 55.46 c’ 788.52 ± 45.73 b’ 

CBS 140360 BDL BDL 12.75 ± 7.09 a’ 1010.34 ± 160.45 c’ 1109.81 ± 263.14 bc’ 

Mycelial CBS 136260 2.17 ± 0.54 a’ BDL 5.96 ± 19.5 a’ 195.00 ± 22.83 b’ 105.63 ± 9.05 a’ 

CBS 140360 0.60 ± 0.60 b’ BDL BDL 85.46 ± 21.06 a’ 90.28 ± 21.69 a’ 

Results ar e expr essed as the mean of thr ee biological r eplicates ± standard error of the mean. The production of individual polyamines across different strains and 
morphological phases was compared using a tw o-w ay ANOVA. Different superscript letters indicate statistical significance ( P < .05). Extra- and intracellular data 
wer e anal ysed separ atel y, ther efor e onl y letters of the same prime within the same column ar e compar able. BDL, below detection limit. 

Figure 5. Changes in intracellular polyamine levels during the dimorphic transition of E. africanus CBS 136260 (A) and CBS 140360 (B). Polyamine levels 
ar e expr essed as μg pol yamine per g total intr acellular pr otein. Data r epr esent the av er a ge of thr ee biological r eplicates ± standard err or of the mean. 
Put, putrescine; Spm, spermine; and Spd, spermidine. 
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Ta ble 4. Correlations betw een intracellular polyamine levels and dimorphic switching progression in E. africanus strains CBS 136260 and 

CBS 140360. 

CBS 136260 
Time after 

temper a ture shift Putrescine Spermine Spermidine 

Time after temper atur e shift 
Putrescine 0 .420 
Spermine 0 .688 
Spermidine 0 .877 0 .878 
Yeast-like cells 0 .861 0 .698 0 .450 0 .520 

CBS 140360 

Time after temper atur e shift 
Putrescine 0 .533 
Spermine 0 .527 
Spermidine 0 .567 0 .789 0 .758 
Yeast-like cells 0 .868 0 .543 0 .388 0 .505 

Pearson correlation coefficients are provided for each variable ( P < .05). Only statistically significant values are shown. 

Figure 6. Effect of polyamine biosynthesis inhibitors DFMO and CHA on the thermally induced dimorphic transition of E. africanus. T he s witching 
extent was quantified after 10 days of incubation at 37 ◦C and expressed as log of the number of yeast-like cells formed per g mycelial dry weight. Bars 
r epr esent the mean of three biological replicates and error bars indicate the ± standard error of the mean. Statistically significant differences are 
indicated by different letters ( P < .05). Put, putrescine and Spd, spermidine. ∗No yeast-like cells detected. 
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v er all, CBS 140360 r esponded mor e str ongl y to both inhibitors
nd supplemented polyamines compared to CBS 136260 (Fig. 6 ). 

iscussion 

ol yamines ar e an important class of metabolites involved in a
ide variety of fundamental biological processes (Rocha and Wil-

on 2019 ), thus the c har acterization of their role and metabolism
n fungi is k e y to a deeper understanding of fungal physiology and
irulence. In the current study, we provide insights into the role of
olyamine metabolism in the dimorphism of E. africanus . 
The expression of polyamine synthesizing enzymes differed
ignificantly between the morphological phases of E. africanus .

hile arginase appeared to be upregulated during hyphal
r owth (Fig. 2 ), a gmatinase and ornithine decarboxylase ex-
r ession wer e higher in the pathogenic yeast-like phase (Figs
 and 4 )—as was also observed for the closely related di-
orphic pathogen Paracoccidioides brasiliensis (San-Blas et al.

996 ). Ornithine decarboxylase is r equir ed for cell budding and
ould ther efor e justify the incr eased expr ession of this en-
yme during the yeast-like phase (San-Blas et al. 1996 ) . Together
ith the ele v ated expr ession of a gmatinase in the yeast-like
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phase, these results point to a higher demand for putrescine 
synthesis. 

Inter estingl y, both potential pathways for the synthesis of pu- 
tr escine fr om amino acids—via the activities of ar ginine decar- 
boxylase and agmatinase, as well as via the activities of arginase 
and ornithine decarboxylase (Fig. 1 )—seem to exist in E. africanus 
(Figs 2 , 3 , and 4 ). But, in addition to differ ences in mor phologi- 
cal phases, enzyme activity a ppear ed to differ between strains,
suggesting intraspecific differences regarding the dominant path- 
ways for polyamine synthesis. 

The enzyme activities we recorded corresponded to the 
pol yamine pr ofiles detected with UPLC-MS/MS (Table 3 ). The 
seemingl y contr adictory pr esence of a gmatinase and ornithine 
decarbo xylase acti vities together with low intr acellular le v els of 
putr escine and a gmatine (the r espectiv e pr oducts) suggest that 
these amines are rapidly channelled into the production of sper- 
midine, and downstream spermine—both of which are major 
polyamines in E. africanus . In accordance with our findings, while 
spermidine is often a major polyamine (Kummasook et al. 2013 ,
Toplis et al. 2021 ), spermine is not ubiquitous in all fungal species 
and is more commonly found in yeasts and dimorphic fungi (Nick- 
erson et al. 1977 , Marshall et al. 1979 , Cogo et al. 2018 ). The high 

intracellular abundance of spermidine and spermine suggests an 

important role in E. africanus cellular functions, such as protein 

translation (Han et al. 2022 ), abiotic stress tolerance (Tang et al.
2021 ), and o xidati v e str ess r egulation (Chattopadhyay et al. 2006 ).

Extr acellularl y, spermidine and spermine were also present 
in the highest abundance, with a ppr oximatel y six times more 
pol yamines secr eted in the yeast-lik e phase than in the m ycelial 
phase (Table 3 ). These are important findings, as the secretion of 
these polyamines has been reported to disrupt host immune re- 
sponse activation (Lasbury et al. 2007 , Rollins-Smith et al. 2019 )—
significantly contributing to pathogenesis. For instance, animal 
models of Pneumocystis infection suggest that fungal polyamines 
accumulate in the lungs during infection and lead to r eactiv e oxy- 
gen species-mediated apoptosis of alveolar macrophages, an early 
line of immune defence to inhaled pathogens (Lasbury et al. 2007 ).
In another study, the secretion of spermidine by the amphibian 

pathogen Batrac hoc h ytrium dendrobatidis w as found to inhibit host 
l ymphocyte pr olifer ation—an important r egulator of the imm une 
response (Rollins-Smith et al. 2019 ). Considering that significantly 
mor e pol yamines ar e secr eted during the pathogenic gr owth sta ge 
(yeast-like) of E. africanus than its non-pathogenic stage (mycelial),
it is paramount that the effects of fungal polyamine production 

on host polyamine levels should be considered in future investi- 
gations of fungal virulence and infection pr ogr ession. 

Spermine , spermidine , and putr escine a ppear ed to be signifi- 
cantl y corr elated with the formation of yeast-like cells, suggest- 
ing an association between intracellular polyamine levels and di- 
mor phic switc hing (Table 4 ), pr e viousl y documented in other fungi 
(San-Blas et al. 1997 , Kummasook et al. 2013 , Medina et al. 2022 ).
While changes in putrescine levels did not mirror that of spermi- 
dine and spermine, as might be expected based on the biosynthe- 
sis pathwa ys , putr escine was significantl y corr elated to spermi- 
dine (Fig. 5 ). T hus , its accumulation o ver time may be explained 

by a r educed r equir ement for its conversion to spermidine. In both 

str ains, incr easing le v els of spermidine and spermine were asso- 
ciated with the formation of yeast-like cells, supported by similar 
findings in other species of fungi (San-Blas et al. 1997 , Kummasook 
et al. 2013 ). Fungal str ains in this study wer e found to differ with 

regards to polyamine production over time. Strain CBS 140360 
sho w ed an increase in spermidine and spermine levels during 
the earl y sta ges of yeast-like cell formation (Fig. 5 B), whereas CBS 
36260 accumulated spermidine and spermine during later stages 
f the transition when yeast-like cells were already detectable in
he culture medium (Fig. 5 A). This points to potential intraspecies
ariation, and further study into the expression of polyamine syn-
hesizing genes, and at smaller time intervals during the transi-
ion, could shed light onto the observed differences. 

To confirm the r equir ement for pol yamines during the dimor-
hic switch we investigated the effects of the polyamine synthe-
is inhibitors CHA and DFMO. Both inhibitors sho w ed potenc y
nd significantl y r educed the dimor phic switc h of E. africanus CBS
40360; on the other hand, CHA had high potency while DFMO
ad no significant effect on CBS 136260 (Fig. 6 ). Inter estingl y, while
he addition of putrescine alleviated the inhibitory effect of DFMO
n strain CBS 140360, spermidine supplementation resulted in an 

nhancement of the dimorphic transition, cementing the impor- 
ance of this polyamine in the dimorphism of E. africanus . 

To conclude, in this study, we report on the polyamine pro-
le of E. africanus , with spermidine and spermine as the ma-

or polyamines, and show that the metabolism of these biogenic
mines differs between strains and morphological phases. In ad- 
ition, w e sho w that spermidine , spermine , and putr escine ar e as-
ociated with the thermally-induced dimorphic switch from the 
ycelial to the pathogenic yeast-like phase—suggesting involve- 
ent in virulence. Future research should include further char- 

cterization of k e y enzymes in the poly amine pathw ays to ob-
ain a better understanding of the synthesis of these amines. Fur-
her investigation of the involvement of polyamine metabolism 

n the survival and dimorphism of E. africanus ma y pro vide evi-
ence on the roles of fungal polyamines in virulence. Our ov er all
ndings present initial evidence on polyamine metabolism of E.
fricanus and provide indications of their potential involvement in 

he pathobiology and thermal dimorphism of the fungus. 
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