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ABSTRACT

Several environmental conditions were identified to influence the growth and morphogenesis of
Candida albicans. The present study quantitatively examined the growth rate and described the
kinetic profile of C. albicans under different pH, temperature, and culture medium. When C. albicans
was monitored over the 12-h period under different culture media, temperature values, and pH
levels, the growth kinetic profile of the organism behaved in accordance with the first-order rate
equation. The organism exhibited a relatively faster growth rate when incubated at 37°C in modified
Sabouraud glucose broth medium with pH 7.4. Moreover, the growth profile exhibited a linear
pattern between 1.5 h and 6 h after inoculation of C. albicans culture which coincides with the
mycelium production, and subsequently shifted to an exponential increase beyond 6 h. Given the
environmental conditions selectively supporting the growth and morphogenesis of C. albicans,
quantitative descriptions of the rate kinetic profile of C. albicans population offer an objective
approach in comparing environmental conditions with varying physicochemical characteristics and
biochemical compositions.
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1. INTRODUCTION

Candida albicans, a relatively harmless
commensal organism, normally thrives in the oral
cavity, skin, and genitourinary and
gastrointestinal tracts of healthy individuals [1].
However, disturbances in the normal microbiota
resulting from surgical procedures, antibiotic
therapy, and prolonged use of medical devices
can lead to C. albicans infection [2], the most
prevalent opportunistic fungal infection in
humans [3]. During fungal infections, host
microenvironments of varying physicochemical
and biochemical conditions can significantly
influence the growth, survival, and pathogenicity
of the organism [4-6]. Moreover, there were
several known factors influencing the
morphogenesis [7] and filamentation [4] of C.
albicans such as biochemical and nutritional
compositions of the medium, CO, and O,
concentrations, pH, temperature, and cell
density, which apparently suggest an array of
signals [4] recognized by the organism.

Candida albicans is capable of reversible
morphogenetic transitions between yeast and
filamentous  growth [3,7,8], and these
morphological structures differ in population
dynamics, architectural dimensions, molecular
chemistry, genetic expression, virulence, and
pathogenicity [9]. Considering that C. albicans
survives in different host niches with varying
available nutrients, pH levels, O, and CO,
concentrations [6,10], the present study
quantitatively described the growth kinetic profile
of C. albicans under environmental conditions of
varying temperature, pH, and culture medium.
Although yeast growth is favored in low pH and
temperatures, enriched media, and high cell
density and osmolarity [7], no study has been
done to quantify growth rates in order to describe
the kinetic profile of C. albicans population under
specified conditions. The quantitative
descriptions on the rate kinetic profile of C.
albicans population offer an objective criterion in
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comparing population dynamics of organisms
under environmental conditions with varying
physicochemical characteristics and biochemical
compositions.

2. MATERIALS AND METHODS
2.1 The Data Set [11]

In the present study, information regarding C.
albicans population was obtained from literature
[11], where yeast to hyphal transition of Candida
albicans was investigated under different growth
media, pH, and temperature. Briefly, the
morphogenesis of C. albicans was studied using
three different growth media, namely Horse
serum medium (HSM) at pH 6.8, RPMI-1640 at
pH 7.4, and modified Sabouraud glucose broth
(MSGB) at pH 7.4 [11], which were all incubated
at 37°C for 12 h. Moreover, the compositions of
the three media were described as follows [11]:
HSM contained yeast extract peptone dextrose
(YEPD) broth and serum; RPMI-1640 medium
contained distilled water, inorganic salts, amino
acids, vitamins, glucose, glutathione, and phenol
red; and MSGB medium contained distilled
water, peptone, and glucose. The three media
were warmed to their incubation temperature
prior to C. albicans inoculation. For the inoculum
preparation, C. albicans culture was maintained
on SDA at 4°C, subsequently inoculated in YEPD
broth and incubated at 37°C for 24 h. The final
suspensions were prepared by adjusting the
centrifuged washed yeast cells with sterile water
to 0.5 Mc Farland solutions. The effect of
temperature on the morphogenesis of C.
albicans was investigated using MSGB
medium at pH 7.4 under varying temperature
values (34°C, 37°C, and 40°C). Assessment on
the effect of pH (5.4, 6.4, and 7.4) was
done using MSGB medium incubated at 37°C
for 12 h. In all experimental setups, the growth
of C. albicans was monitored at 1.5-h interval
using hemocytometer to measure cell
concentrations.

Table 1. Nonlinear and linear forms of the different growth models [12-14]

Kinetic model Nonlinear model Linear form
Zero-order ap, _ P = kot + F,

s 7
First-order P

‘id_tt =k,P; loglgPt =logP, -I;m t
Second-order Py 2 - -

“ o)

ar - eh P P + P,

P (count/ml): yeast population at time t (h); Po (count/ml): initial yeast population; k, (count/mi/h): zero-order rate
constant; k1 (count/mi/h): first-order rate constant; k, (ml/count/h): second-order rate constant



2.2 The Kinetic Models

In this study, nonlinear curves were generated to
describe the relationship between C. albicans
population (count x 10° per ml) and time (h).
Several kinetic models [12-14] including zero-
order, first-order, and second-order rate
equations were utilized to elucidate the rate
mechanisms and to describe the growth profile of
C. albicans under specified conditions. The
model parameters were estimated employing the
linearized forms of the kinetic equations (Table 1)
using linear regression analysis. All statistical
and numerical analyses were performed using
Microsoft Excel® at 5% level of significance.

3. RESULTS AND DISCUSSION

When the growth of C. albicans was monitored
over the 12-h period under different culture
media, the kinetic profile of the organism
behaved in accordance with the first-order rate
equation (Table 2). The organism exhibited a
relatively faster growth rate in MSGB medium
compared to HSM and RPMI-1640. However, it
was reported that MSGB medium promoted
moderately low filamentation while HSM had
noticeable filamentation [11]. Moreover, as early
as 1.5 h at 40°C, the germ tube of C. albicans
developed, but with highest germ tube formation
at 37°C [11]. In the present study, C. albicans
population had a relatively faster growth rate
(2.3 x 10° yeast count per ml per h) when
incubated at 37°C in MSGB with pH 7.4 (Table
2). Under varying pH levels, the growth profile of
the organism behaved under the first-order
kinetic equation and there is a direct relation
between the pH level of the culture medium and
the growth rate of the organism (Table 2). This
was a similar phenomenon exhibited between pH
levels and the induction of filamentation of C.
albicans, higher pH favored filamentation, with
pH 7.4 identified as best suited for germ tube
formation [11]. Similar to the different culture
media and temperature values, the growth profile
of C. albicans under varying pH values likewise
obeyed the first-order kinetic equation.

In the present study, C. albicans exhibited a
remarkably heterogeneous growth pattern when
monitored under  varying  environmental
conditions suggesting variability in the kinetic
growth profile of the organism which can likewise
influence the structural architecture, adhesion
potential, and biofilm formation. C. albicans
hyphae developed synchronously in methionine
assay medium, Eagle’s minimal essential
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medium, serum, and buffered N-
acetylglucosamine, but hyphal evaginations in
modified Sabouraud broth and amino acids salts
medium emerged over a relatively extended
period [15]. In an in vitro study, when C. albicans
was incubated at 37°C in phosphate buffer saline
adjusted at pH 5, maximum adherence to the
vaginal epithelium was identified for a logarithmic
phase-culture grown at 25°C [16], and potent in
initiating and forming in vitro biofilms in RPMI-
1640 medium [17]. The formation of these fungal

biofims was dictated not only by the
morphogenetic state and structural diversity of C.
albicans [18-22], but also by substrate

biomaterial and contact surface type [18,19,22],
and other environmental parameters [23]
including growth medium [24], carbohydrate
source and concentration [25], oxygen availability
[26], and pH [27,28].

The morphological development of C. albicans is
influenced by environmental pH [29], similar to
any other nutritional and stress signals, pH is
important in the regulation of morphogenesis and
pathogenesis of the organism [4]. In a hypoxic
environment, secondary to tissue necrosis
resulting from pathogen invasion and influx of
immune cells at the infection site, C. albicans can
adapt to oxygen limitation [30]. However,
proteolytic activity is critically regulated by pH,
relatively small changes in pH can significantly
modify extracellular proteolytic activity [31], and
proteolytic action on the fungal cell surface can
alter hydrophobicity and subsequent adherence
to the host-cell surface [32].

Furthermore, at room temperature, C. albicans
cells produced abundant germ tubes which
escaped phagocytosis, and were more virulent
[33], since morphogenesis of C. albicans from
yeast to hypha is one of the virulence factors
promoting its pathogenicity [1,34]. This suggests
that differences in growth temperature can
influence yeast cell surface hydrophobicity
[35,36], since C. albicans cells grown at 25°C
and 37°C were hydrophobic and hydrophilic,
respectively [36,37]. Moreover, C. albicans yeast
cells can synthesize heat-shock proteins at
elevated temperatures, with 45°C optimum
temperature for the heat-shock response [38].

In the present study, during 1.5 h to 6 h, the
yeast count increased linearly, however, the
increase shifted exponentially beyond 6 h (Figs.
1-3). The peak of mycelium production appeared
between 1.5 h and 6 h after inoculation of C.
albicans culture [11]. The mycelia of the
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Table 2. Parameter estimates of the different kinetic models describing growth of Candida albicans under varying conditions

Kinetic Parameter Medium”® Temperature” pH*
model HSM RPMI-1640 MSGB 34°C 37°C 40°C 5.4 6.4 7.4
Zero- k, 0.5397 1.1706 1.0159 0.7222 0.4167 0.3810 1.1556 0.9357 1.1310
order P, -0.5179 -2.3393 -1.2321 -0.6250 0.5000 0.6786 -0.9250 -1.7536 -1.7964
R? 0.9370 0.7087 0.9716 0.9213 0.8883 0.9458 0.9059 0.8412 0.9043
SSE 1.8512 53.2173 2.8512 4.2083 2.0625 0.7857 13.1083 15.6182 12.7882
p 8.01e-5 8.75e-3 7.24e-6 1.57e-4 4.55e-4 5.08e-5 2.70e-4 1.33e-3 2.84e-4
First- ky 0.1914 0.2177 0.2316 0.1965 0.1282 0.1246 0.1903 0.2146 0.2180
order P, 0.6972 0.9392 0.8892 0.9123 1.2601 1.2778 1.5488 0.8109 1.0280
R? 0.9704 0.9078 0.9326 0.9516 0.9592 0.9535 0.9307 0.9845 0.9838
SSE 0.0199 0.0857 0.0691 0.0350 0.0125 0.0135 0.0481 0.0129 0.0139
p 8.16e-6 2.54e-4 9.84e-5 3.61e-5 2.16e-5 3.20e-5 1.07e-4 1.16e-6 1.33e-6
Second- k, 0.0868 0.0666 2.0757 0.0735 0.0450 0.0451 0.0438 0.0680 0.0592
order P, 0.9298 1.2823 1.1807 1.1486 1.4878 1.4798 1.9081 1.2047 1.4406
R? 0.8774 0.7022 0.77111 0.7818 0.9291 0.9210 0.7053 0.9481 0.8530
SSE 0.0993 0.1780 0.1608 0.1426 0.0146 0.0165 0.0758 0.0239 0.0570
p 6.04e-4 9.38e-3 4.12e-3 3.56e-3 1.15e-4 1.60e-4 9.08e-3 4.45e-5 1.05e-3

ko (count/mi/h): zero-order rate constant; ky (count/mi/h): first-order rate constant; k> (ml/count/h): second-order rate constant;
Po (count/ml): initial yeast population; R?: coefficient of determination; SSE: sum of squares of the error; p: p-value;
HSM: Horse serum medium; MSGB: modified Sabouraud glucose broth;
*Horse serum medium (pH 6.8), RPMI-1640 (pH 7.4), and MSGB (pH 7.4) incubated at 37°C for 12 h;
*MSGB medium with pH 7.4; *MSGB medium incubated at 37°C



dimorphic fungus C. albicans in serum-containing

medium, early colony formation displayed
unusual characteristics of linear germ tube
extension with prolonged delay between

septation and the onset of branch formation [39].
The lag phases of C. albicans hyphae
development in serum, methionine assay
medium, modified Sabouraud broth, Eagle’s
minimal essential medium, amino acids salts
medium, and buffered N-acetylglucosamine were
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never more than 1 h with C. albicans hyphae
extending at a linear rate and with parent yeast
cells having constant volume throughout the first
3 h of growth [15]. Despite of the variations in the
physicochemical characteristics and biochemical
compositions of the environmental conditions
influencing the morphogenesis of C. albicans, the
organism can sense its surroundings, adapt to
evolving microenvironments for survival, and
eventually still cause opportunistic infections [4].

—e—HSM
—&— RPMI-1640
—&— MSGB

0.0 1.5 3.0 4.5 6.0

7.5 9.0 105 120

Time (h)

Fig. 1. Population kinetic profile of Candida albicans incubated at 37°C for 12 h under different
growth media (HSM: Horse serum medium; MSGB: modified Sabouraud glucose broth)
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Fig. 2. Population kinetic profile of Candida albicans inoculated in modified Sabouraud
glucose broth medium under pH 7.4 incubated for 12 h at different temperature values
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Fig. 3. Population kinetic profile of Candida albicans inoculated in modified Sabouraud
glucose broth medium incubated at 37°C for 12 h under different pH values

4. CONCLUSION

The growth kinetic profile of Candida albicans
under different culture media, temperature
values, and pH levels obeyed the first-order rate
equation with relatively faster growth rate in
modified Sabouraud glucose broth medium, pH
7.4, and 37°C incubation temperature. Between
1.5 h and 6 h after inoculation, the growth profile
of C. albicans culture exhibited a linear pattern
which coincides with the mycelium production,
and subsequently shifted to an exponential
increase beyond 6 h. These quantitative
descriptions of the rate kinetic profile of C.
albicans population offer an objective criterion in
comparing population dynamics of organisms
under environmental conditions with varying
physicochemical characteristics and biochemical
compositions.

COMPETING INTERESTS

Author has declared that no competing interests
exist.

REFERENCES

1. Odds FC. Candida and Candidosis.
Second edition. Bailliere Tindall; 1988.

2. Perlroth  J, Choi B, Spellberg B.
Nosocomial fungal infections:
epidemiology, diagnosis, and treatment.
Med. Mycol. 2007;45(4):321-346.

3. Lo HJ, Kohler JR, Di Domenico B,
Loebenberg D, Cacciapuoti A, Fink GR.
Nonfilamentous C. albicans mutants are
avirulent. Cell. 1997;90:939-949.

4. Cottier F, Muhlschlegel FA. Sensing the
environment: response of Candida
albicans to the X factor. FEMS Microbiol
Lett. 2009;295(1):1-9.

5. Brown AJP, Brown GD, Netea MG, Gow
NAR. Metabolism impacts upon Candida
immunogenicity and pathogenicity at

multiple levels. Trends Microbiol.
2014;22:614-622.
6. Hall RA. Dressed to impress: impact of

environmental adaptation on the Candida

albicans cell wall. Mol Microbiol.
2015;97:7-17.

7. Ernst JF. Transcription factors in Candida
albicans - environmental control of

morphogenesis.
1763-1774.

8. Gow NA, Brown AJ, Odds FC. Fungal
morphogenesis and host invasion. Curr
Opin Microbiol. 2002;5:366-371.

9. Gow NA, van de Veerdonk FL, Brown AJ,
Netea MG. Candida albicans
morphogenesis and host  defence:
discriminating invasion from colonization.
Nat Rev Microbiol. 2011;10:112-122.

10. Brown AJ, Budge S, Kaloriti D, Tillmann
A, Jacobsen MD, Yin Z, Ene IV, Bohovych
I, Sandai D, Kastora S, Potrykus J, Ballou
ER, Childers DS, Shahana S, Leach MD.

Microbiology. 2000;146:



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Stress adaptation in a pathogenic fungus.
J Exp Biol. 2014;217:144-155.

Nadeem SG, Shafig A, Hakim ST, Anjum
Y, Kazm SU. Effect of growth media, pH
and temperature on yeast to hyphal
transition of Candida albicans. Open
Journal of Medical Microbiology. 2013;3:
185-192.

Sumalapao DEP. Physiologic kinetic profile
of glycemic response in a single dose of
clonidine. Natl J Physiol Pharm Pharmacol.
2017;7(7):701-706.

Sumalapao DEP, Mesina JART, Cabrera
EC, Gloriani NG. Viability kinetics of
Lactobacillus casei Shirota strain in a
commercial fermented milk drink
during refrigerated storage. Natl J
Physiol Pharm Pharmacol. 2017;7(11):
1242-1246.

Sumalapao DEP, Cabrera EC, Flores
MJC, Amalin DM, Villarante NR, Altura MT,
Gloriani NG. Viability kinetic profile,
morphological structure, and
physicochemical characterization of
Candida albicans biofilm on latex silicone
surfaces. Annual Research and Review in
Biology. 2018;24(3):1-8.

Sevilla MJ, Odds FC. Development of
Candida albicans hyphae in different
growth media-variations in growth rates,
cell dimensions and timing of
morphogenetic events. Journal of General
Microbiology. 1986;132:3083-3088.

Karam EI-Din AZA, Al-Basri HM, EI-Naggar
MY. Critical factors affecting the adherence
of Candida albicans to the vaginal
epithelium. Journal of Taibah University for
Science. 2012;6:10-18.

Weerasekera MM, Wijesinghe GK,
Jayarathna TA, Gunasekara CP, Fernando
N, Kottegoda N, Samaranayake LP.
Culture media profoundly affect Candida
albicans and Candida tropicalis growth,
adhesion and biofilm development. Mem
Inst Oswaldo Cruz, Rio de Janeiro.
2016;111(11):697-702.

Hawser SP, Douglas LJ. Biofilm formation
by Candida species on the surface of
catheter materials in vitro. Infect Immun.
1994;62(3):915-921.

Baillie GS, Douglas LJ. Role of dimorphism
in the development of Candida albicans
biofilms. J Med Microbiol. 1999;48:671—
679.

Kuhn DM, Chandra J, Mukherjee PK,
Ghannoum MA. Comparison of biofilms
formed by Candida albicans and Candida

Sumalapao; ARRB, 24(6): 1-8, 2018; Article no.ARRB.40071

21.

22.

23.

24,

25.

26.

27.

28.

290.

30.

31.

parapsilosis on bioprosthetic surfaces.
Infect Immun. 2002;70(2):878-888.

Shin JH, Kee SJ, Shin MG, Kim SH, Shin
DH, Lee SK, Suh SP, Ryang DW. Biofilm
production by isolates of Candida species
recovered from nonneutropenic patients:
comparison of bloodstream isolates with
isolates from other sources. J Clin
Microbiol. 2002;40(4):1244-1248.

Li X, Yan Z, Xu J. Quantitative variation of
biofims among strains in  natural
populations of Candida albicans.
Microbiology. 2003;149:353-362.

Hawser SP, Bailie GS, Douglas LJ.
Production of extracellular matrix by
Candida albicans biofims. J Med
Microbiol. 1998;47(3):253-256.

Fracchia L, Cavallo M, Allegrone G,
Martinotti MG. A Lactobacillus-derived
biosurfactant inhibits biofilm formation of
human pathogenic Candida albicans
biofilm producers. Appl Microbiol
Biotechnol. 2010;2:827-837.

Jin Y, Samaranayake LP, Samaranayake
Y, Yip HK. Biofilm formation of Candida
albicans is variably affected by saliva and
dietary  sugars.  Arch Oral Biol.
2004;49(10):789-798.

Xu KD, Stewart PS, Xia F, Huang CT,
McFeters GA. Spatial physiological
heterogeneity in Pseudomonas aeruginosa
biofim is determined by oxygen
availability.  Appl  Environ  Microbiol.
1998;64(10):4035-4039.

Stoodley P, De Beer D, Lappin-Scott HM.
Influence of electric fields and pH on
biofilm structure as related to the
bioelectric  effect. Antimicrob  Agents
Chemother. 1997;41:1876-1879.

Marsh PD. Dental plaque as a biofilm and
a microbial community - implications for
health and disease. BMC Oral Health.
2006;6(Suppl. 1):S14.

Ramon AM, Porta A, Fonzi WA. Effect of
environmental pH on  morphological
development of Candida albicans is
mediated via the PacC-related
transcription factor encoded by PRR2.
Journal of Bacteriology. 1999;181(24):
7524-7530.

Grahl N, Shepardson KM, Chung D,
Cramer RA. Hypoxia and fungal
pathogenesis: to air or not to air? Eukaryot
Cell. 2012;11:560-570.

Dostal J, Hamal P, Pavlicova L, Soucek M,
Ruml MT, Pichova |, Heidingsfeldova HO.
Simple method for screening Candida



32.

33.

34.

35.

species isolates for the presence of
secreted proteinases: a tool for the
prediction  of  successful inhibitory
treatment. Journal of Clinical Microbiology.
2003;41:712-716.

Cutler JE. Differential adherence of
hydrophobic and hydrophilic Candida
albicans yeast cells to mouse tissues.
Infect Immun. 1991;59:907-912.

Antley PP, Hazen KC. Role of yeast cell
growth temperature on Candida albicans
virulence in mice. Infect Immun.
1988;56(11):2884-2890.

Calderone RA, Clancy CJ. Candida and
Candidiasis. Second edition. ASM Press.
2012.

Calderone RA, Braun PC. Adherence and
receptor relationships of Candida albicans.
Microbiological Reviews. 1991;55:1-20.

Sumalapao; ARRB, 24(6): 1-8, 2018; Article no.ARRB.40071

36.

37.

38.

39.

Hazen KC, Brawner DL, Riesselman MH,
Jutila MA, Cutler JE. Differential adherence
of hydrophobic and hydrophilic Candida
albicans yeast cells to mouse tissues.
Infect Immun. 1991;59:907-912.

Hazen KC. Participation of yeast cell
surface hydrophobicity in adherence of
Candida albicans to human epithelial cells.
Infect Immun. 1989;57:1894-1900.
Zeuthen ML, Howard DH.
Thermotolerance and the heat-shock
response in Candida albicans. Journal of
General Microbiology. 1989;135:2509-
2518.

Gow NAR, Gooday GW. Growth kinetics
and morphology of colonies of the
filamentous form of Candida albicans.
Journal of General Microbiology.1982;128:
2187-2194.

© 2018 Sumalapao; This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history/23538




