MYCOBIOLOGY
2021, VOL. 49, NO. 5, 507-520
https://doi.org/10.1080/12298093.2021.1968624

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ‘ W) Check for updates

Removal of Manganese and Copper from Aqueous Solution by Yeast

Papiliotrema huenov

Phu Nguyen Van® (@, Hai Thi Hong Truong®
Kim Cuc Thi Nguyen®

, Tuan Anh Phamb, Tuan Le Cong*, Tien Le and

Jnstitute of Biotechnology, Hue University, Hue, Vietnam; ®Department of Agronomy, Vietnam National University of Agriculture,
Hanoi, Vietnam; “Department of Environmental Science, University of Sciences, Hue University, Hue, Vietnam; dDepartment of
Parasitology, Faculty of Science, BIOCEV, Charles University, Vestec, Czech Republic

ABSTRACT

ARTICLE HISTORY

Papiliotrema huenov was previously reported to be highly tolerant of a range of extremely
toxic heavy metals. This study aimed to identify the potential of P. huenov to remove man-
ganese and copper from aqueous solution. Physical conditions which affect removal of
Mn(ll) and Cu(ll) were determined. Optimal temperature for adsorption of both metal ions
was 30°C, and optimal pH for maximum uptake of Mn(ll) and Cu(ll) were 5 and 6, respect-
ively. Under these conditions, living cells of P. huenov accumulated up to 75.58% of 110 mg/
L Mn(ll) and 70.5% of 128 mg/L Cu(ll) over 120 h, whereas, the removal efficiency of metal
ions by dead cells over 1 h was 60.3% and 56.5%, respectively. These results indicate that liv-
ing cells are more effective than dead biomass for bioremediation, but that greater time is
required. The experimental data extends the potential use of P. huenov in biosorption and
bioaccumulation of toxic heavy metals to copper and manganese, two of the most common
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industrial contaminants.

1. Introduction

Much of the environment, including water resour-
ces, has become heavily contaminated by a wide
range of pollutants such as heavy metals [1]. Unlike
organic waste, which can decompose without
human assistance, heavy metals persist in the envir-
onment [2]. They accumulate in tissues throughout
the food chain and are potentially lethal, at levels
that exceed safe limits [2]. Manganese and copper
are essential factors for many organisms and are
incorporated into a number of metalloenzymes
involved in hemoglobin formation, energy gener-
ation, carbohydrate metabolism, etc. [1,3]. However,
several studies have linked excessive exposure to
either copper or manganese to pathologies, such as
Alzheimer’s disease and Wilson’s disease [4-6].

According to World Health Organization (WHO)
guidelines [7] copper and manganese concentration
should not exceed 2mg and 0.1mg per liter of
drinking water, respectively. The presence of these
metals at even low concentrations in the environ-
ment may be detrimental to species from microor-
ganisms to man. Removing excess heavy metals
from industrial wastewater before its release into the
environment is vital to sustaining life.

Efforts to remove heavy metals such as manga-
nese and copper from wastewater and soil are usu-
ally based on physicochemical processes such as
ion-exchange, chemical precipitation, electro-flota-
tion and membrane filtration [8]. These methods
are effective, but often costly, produce a large
amount of sludge that needs to be treated and,
moreover perform ineffectively with low concentra-
tions of metal ions [9]. An alternative way to treat
heavy metal in water is bioremediation, which is a
potentially inexpensive and effective method for
heavy metal removal from wastewater using living
organisms [10] or dried biomass [8,9]. Both plant
and microbes can be used in bioremediation, how-
ever, microbes are preferred since they have differ-
ent mechanisms to remove heavy metals [9] such as
the mannoproteins of their cell walls are efficient at
binding metal ions and altering the chemical charac-
teristics of the cell wall can achieve more specific or
more effective binding.

Using growing microorganisms for metal removal
requires no separation of biomass during treatment,
pre-preparation of dry biomass or storage and treat-
ment of biomass prior to use. However, heavy met-
als are harmful to microorganisms since they form
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complexes with components of the cell membrane,
causing loss of integrity, impaired function and con-
sequently reduced bioremoval efficiency. Luckily,
the problem of metal toxicity can be overcome by
using metal-resistant microorganisms [11]. Some
yeast strains, in particular, have shown the ability to
live in high concentrations of heavy metals [12-14].
Advantages of using dry biomass to absorb metals
in the solution include low maintenance and nutri-
ent requirements, low cost and highly efficient metal
removal from dilute solutions [8,15].

Yeasts are considered inexpensive biosorbents for
effective removal of heavy metal and have a number
of advantages such as ease of culture and scale up
cultivation in inexpensive media to obtain a large
biomass that is generally safe and easy to use.

Several studies have used yeast Saccharomyces
cerevisiae as a biosorbent for removal of heavy met-
als [9,16]. For example, Fadel et al. screened eleven
S. cerevisiae yeast strains for biosorption and bio-
accumulation of Mn(II) from artificial aqueous solu-
tion [17]. Do Nascimento et al. used S. cerevisiae
biomass for removal of Cu(II) [18]. Some studies
used wild yeasts isolated from nature for bioremedi-
ation of heavy metals. Hernandez Mata used
Issatchenkia orientalis and Candida tropicalis for
removal of Zn, Cu, Mn, and Fe [19]. More recently,
Amorim used M. guilliermondii and M. caribbica as
biosorbent to treat Mn(II) contaminated water [20].

Some studies have attempted to compare the use
of living and nonliving yeast cells for the bioremoval
of heavy metals from aqueous solution. Moreover,
the performance of any biosorbent also depends on
biomass characteristics, physico-chemical properties
of the target metals and the micro-environment of
contact solution (the initial pH of solution, tempera-
ture and interaction with other ions) [21]. Detailed
comparisons of different microorganisms and of the
use of living and non-living cells are essential to
choosing the appropriate system for treating conta-
minated water.

Papiliotrema yeast species are wild yeast isolated
from many habitats [22] and a limited number of
studies, have shown promising results for the use of
Papiliotrema yeast species in bioremediation [23].
Excitingly, in our previous study we showed that
Papiliotrema huenov is resistant to numerous heavy
metals including Ni, Pb, As and Cd [24], can live in
a wide range of temperatures and grows well in
inexpensive media, making it an extremely promis-
ing candidate for bioremediation. However, two key
toxic metals, copper and manganese were not previ-
ously considered in detail.

The aim of this study was to investigate the pos-
sible use of P. huenov to remove Mn(II) and Cu(II)
from aqueous solutions. Firstly, the tolerance of

growing yeast cells to Mn(II) and Cu(Il), and the
metal uptake capacities of living cells was studied as
a function of initial metal concentration. At the
same time, SEM, and TEM analyses were carried
out to reveal changes to cell surfaces and organelles
after metal treatment. Secondly, the effects of the
process parameters such as initial metal concentra-
tion, pH, temperature and inoculation dose of P.
huenov strain on biosorption were investigated. The
results demonstrated the effectiveness of P. huenov
in removing Mn(II) and Cu(Il) from aqueous solu-
tions, by both bioaccumulation and biosorption.

2. Materials and methods

2.1. Heavy tolerance and bioaccumulation by
P. huenov

Investigations into the effect of manganese and cop-
per on P. huenov were based on cell dynamic devel-
opment in liquid culture according to the method,
previously described [24] with some modifications.
Briefly, P. huenov from the collection at the institute
of Biotechnology, Hue University was inoculated
into fresh YPD medium agar (1% yeast extract, 1%
peptone, 2% glucose, 2% agar). A single colony was
inoculated into YPD medium and cultured over-
night, following which 5mL of culture was inocu-
lated in 500mL of liquid YD medium (1% yeast
extract, 2% glucose) in Erlenmeyer flasks containing
different concentrations of manganese (55, 110, 165,
275 and 385mg/L), and copper (64, 128, 192, 320
and 448 mg/L) and incubated with shaking 150 rpm
for 120h at 30°C. These concentration of Cu(II)
and Mn(II) correspond to 1, 2, 3, 5 and 7mM,
doses that are widely used in microbial resistant
screening and  bioaccumulation  experiments
[18,25-28] and were used in our previous study.
Similar concentrations of these metals, added to
YD broth but without yeast cells, were used as con-
trols. Cell growth was measured by monitoring
optical density at 600nm (Optizen POP UV-VIS
Spectrophotometer, K LAB, Daejeon, Korea) every
2h. Biomass was determined as dry culture (in
grams) per liter of broth according to [29] with
slight modifications. Briefly, 5mL of culture was
collected by centrifugation at 5000 rpm for 5min, at
room temperature, followed by removal of the
supernatant. The remaining pellet was washed with
5mL of distilled water and centrifuged to collect
precipitate cells, then washed cells with 1mL dis-
tilled water and transferred to a preweighed 1.5mL
eppendorf tube. After centrifugation all supernatants
completely discarded and the pellet was rotated in
an oven at 90 °C for 12 h, after which the Eppendorf
tube was weighed again to determine cell biomass,
all measurements were performed in triplicate. The



biomass yield of culture was calculated by multiply-
ing the biomass to the culture volume. The standard
curve was built for 1, 2, 3, 4 and 5L of cultures and
used for further experiments.

Cell biomass was collected at time intervals by
centrifugation at 10,000rpm for 5min to remove
metal-bound yeast cells. The supernatants were ana-
lyzed by atomic adsorption spectrometry (Shimadzu
6880, Shimadzu, Kyoto, Japan) to determine the
equilibrium manganese or copper concentration.
Maximum uptake (gm.e, mg/g) is the amount of
bioaccumulated Mn(II) and Cu(II) per unit of dry
weight of living biomass at the end of 120h. The
average absorption capacity was identified according
to [30] the following equation:

Metal removal (%) C =100* (Ci- Cy)/C;
(1)

where C; and Cy are initial and final concentrations
of manganese or copper, respectively.

2.2. Scanning electron microscopy (SEM)

SEM was used to investigate the morphological dif-
ferences between yeast cells treated with Mn(II) or
Cu(Il) and untreated cells to investigate changes in
cell surfaces and to estimate the adsorption of these
heavy metals. The analytical condition parameters
were as follows: secondary electron mode (SE),
20,000X magnification, electron beam voltage of
2.0kV, working distance of 3.9mm, and tempera-
ture of 20°C. Yeast samples were examined after
cell fixation and vacuum freeze drying.

2.3. Transmission electron microscopy (TEM)

Sample preparation was carried out as previously
described [31] with some modifications. After trans-
fer to flat specimen carriers containing 1% lecithin
in chloroform, treated and untreated yeast cells were
frozen in an EM PACT2 high-pressure freezer
(Leica, Leica Camera, Wetzlar, Germany). Samples
were then freeze-substituted in an automatic FS
machine (Leica) in 100% acetone/2% osmium tet-
roxide as follows: 96 h at —90°C, increased 5°C per
hour for 14h, 24h at —20°C, increased 3°C per
hour for 8h, then 18h at 4°C. Substituted samples
were washed 3 times (15min each time) at room
temperature in 100% acetone, infiltrated in 1:2 (v:v),
1:1 (v:v) and 2:1 (v:v) Epon/acetone mixtures for 1h
each and embedded in pure Epon. A Reichert-Jung
Ultracut E ultramicrotome was used to cut ultra-thin
sections, which were stained with uranyl acetate and
lead citratee A JEM-1011 transmission electron
microscope (JEOL, Tokyo, Japan) operating at 80kV
was used to examine colony sections. Fine structure
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measurements were performed using a Veleta camera
and iTEM 5.1 software (Olympus Soft Imaging
Solution GmbH, Olympus, Miinster, Germany).

2.4. Biosorption experiments

2.4.1. Preparation of biomass

Papiliotrema huenov cells were grown in a 1000 mL
Erlenmeyer flask containing 200 mL of YD medium
(pH 6.5) in a shaking incubator at 150rpm and
30°C for 48 h. The yeast cells were harvested in sta-
tionary phase by centrifugation at 10,000 rpm for
10 min. The cells were washed three times with
deionized water and oven-dried at 80°C for 48h
(dry weight).

2.4.2. Stock solution preparation

Solutions of Mn(II) and Cu(II) with concentrations
ranging from 1mM to 7mM were prepared from
MnCl,-4H,0 and CuSO,.5H,0. The pH of each test
solution was determined and adjusted to desired
value by adding the appropriate volume of 1M HCI
or 1 M NaOH before the addition of biomass.

2.4.3. Effect of initial pH and yeast biomass dose
on biosorption

The initial concentration of heavy metals commonly
used in biosorption experiments were in the range
10-100 mg/L [15,18,32-34]. However, there have
been reports of copper/manganese concentrations
from 150 mg/L [26,35], even up to 500 mg/L [36] or
1000 mg/L [37]. The dose of the initial concentra-
tion of metals may be dependent on the characteris-
tics of the biosorbent as well as the purpose of the
research application [38]. We planned to identify
materials that could be applied to the treatment of
Cu(II)/Mn(II) in traditional industrial villages in
Vietnam such as a copper casting village in Hue city
of Vietnam with a very high concentration of copper
in its wastewater. A range of metal concentrations
(50-500 mg/L) was investigated in our study. It was
found that an initial concentration of copper and
manganese of 110 and 128 mg/L (respectively) was
optimal for P.Huenov biomass (data not shown).

To assess the effect of pH on biological absorp-
tion, 2 g/L of yeast biomass was exposed to 100 mL
of solution containing 110 mg/L Mn(II) or 128 mg/L
Cu(Il) in flasks at pH values ranging from 2 to 7
and shaken at 150 rpm for 180 min at 30°C.

The effect of P. huenov biomass dose from 0.5 to
5g/L was also determined in aqueous solution at
optimal pH.

2.4.4. Effect of temperature on biosorption
To evaluate the effect of temperature on biosorp-
tion, 2g/L (optimal pH above) yeast biomass was
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suspended in 110mg/L of Mn*" or 128 mg/L of
Cu®" solution. These studies were carried out in a
shaking water bath at 20, 30, 40 and 50°C with
exposure times ranging from 0 to 180min. After
incubation, the centrifuged at
6000 rpm for 10min. The residual metal content
was analyzed by atomic adsorption spectroscopy.
Finally, metal uptake was calculated as follows (2):

q= (Co—Cy)*V/m, (2)

mixtures were

where C, and C, are the initial and final metal ion
concentrations (mg/L), respectively, V is the volume
of the solution (in mL), and m is yeast biomass dry
weight (g).

2.4.5. Biosorption models
Biosorption isotherms are specific constant values,
describing the surface characteristics and affinity of
biosorbents, and can be utilized to compare the bio-
sorptive capacity of biomass for heavy metals [39].
In this study, the Freundlich (1906) and Langmuir
(1916) isotherm models were applied to analyze the
biosorption isotherms of Mn(II) and Cu(II).

The Freundlich isotherm is based on sorption on

heterogeneous surface and active sites. The
Freundlich model (3) is presented below:
g= kC" 3)

where g = heavy metal adsorbed by the biosorb-
ent (mg/g); C, = the equilibrium concentration of
metal (mg/L) in the solution; Ky is a Freundlich con-
stant indicating the binding capacity and 1/n is an
empirical parameter indicating the biosorption
intensity, which varies with the heterogeneity of the
biosorbent. An efficient absorption process yields a
Freundlich constant n between 1 and 10. A high
value of n implies a stronger interaction between
the adsorbent cell surface and divalent metals.

The parameters can be determined through lin-
earization of Equation (4) as follows:

In g.=1In K+ (1/n)* In C,. (4)

The Langmuir isotherm is used to examine the
absorption of gases on a solid surface, and sorption
is considered a chemical phenomenon. This iso-
therm has been successfully applied to many pollu-
tant biosorption processes and is the most widely
used isotherm for the biosorption of a solute from a
liquid solution. The classical Langmuir model is
described by the following Equation (5):

q=(qmaxKiCe)/(1 + KCo), (5)

where g = heavy metal adsorbed on the biosorbent
(mg/g); C, = final concentration of metal (mg/L) in
the solution; gn,.x = maximum possible amount of
metal uptake; K; = equilibrium constant related to
the affinity of the binding sites for the metals. The

Langmuir model equation was linearized (6) to
obtain the g, value:

1/ge = 1/qmax + (I/KLqmaX) *1/C,. (6)

2.5, Statistical analysis

All experiments were carried out in triplicate and
results expressed as the mean +standard deviation
(SD). The resulting data were subjected to one-way
analysis of variance (ANOVA) followed by Student’s
t-test to estimate t-value, p-value and confidence
levels and results were considered statistically sig-
nificant when p < 0.05.

3. Results and discussion

3.1. Bioaccumulation of Mn(ll) and Cu(ll) by
P. huenov

3.1.1. Effect of initial metal ion concentration on
growth and metal ion bioaccumulation

In previous findings, we showed that P. huenov can
tolerate high levels of some heavy metals such as Ni,
Pd, and Cd [24]. In this study, we observed that
yeast cells can grow even better at low concentra-
tions of manganese (55mg/L), or copper (64 mg/L),
since biomass (g/L) or cell density (OD) of cultures
treated with these metals (12.55-12.8¢g/L) was
higher than that of controls (12.5g/L) (Figure
1(A,B); Table 1). Cells grew quickly, and reached
stationary phase after 48 h. The obtained results are
in agreement with previous findings that, at low
concentrations, manganese and copper may promote
microbial cell growth [12,40,41]. However, P. hue-
nov cell growth was inhibited by manganese or cop-
per levels above these concentrations (Figure 1(A,B);
Table 1).

Manganese in the range 110-275mg/L delayed
log-phase growth by about 4 —12h with stationary
phase being, reached after 72h and yielding much
less biomass (<10.6g/L) than the control (12.5g/L)
as shown in Table 1 and Figure 1(A). Although,
cells can survive in up to 385mg/L of Mn(II) ions,
the results obviously indicated that addition of
Mn(II) led to a significant decrease in cell growth,
and subsequently reduced metal uptake (Figure
1(C)). Lower initial Mn(II) ion concentrations
favored greater uptake efficiency, Mn(II) concentra-
tions exceeding 55mg/L, resulted in a decrease in
removal efficiency from 96.5% to 27.2% of total
Mn(II) within 120h (Table 1). Mn(II) uptake
increased from 9.85 to 32.4mg/g with increasing
Mn(II) concentration (55-385 mg/L).

It was also clear that increasing Cu(II) ion con-
centration caused a decrease in cell growth and bio-
accumulation efficiency. Dynamic growth of P.
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Figure 1. Growth of Papiliotrema huenov, and bioaccumulation at different initial concentrations of manganese, and copper.
(A,C) Manganese tolerance and uptake; (B,D) copper tolerance and uptake (cells were incubated at 30°C, shaking 150 rpm, at

optimal pH). Bars represent standard deviation (SD).

Table 1. Effect of initial Mn(ll), Cu(ll) concentrations on the yeast growth rate, bioaccumulation, and removal efficiency (at

30°C, incubation period 120 h).

Initial concentration (C) mg/L Growth rate (p) Biomass (g/L) Gmax (MA/g) % removal of metal
Mn(ll) Cu(ll) Mn(ll) Cu(ll) Mn(ll) Cu(ll) Mn(ll) Cu(ll) Mn(ll) Cu(ll)
0 0 3.54 3.54 12.5 0 0 0 0
55 64 3.6 35 12.55 9.85 9.6 96.5 89.42
110 128 2.75 24 8.75 16.61 15.7 75.58 70.51
165 192 2.04 1.85 74 20.5 22.6 64.6 58.6
275 320 1.63 1.03 6.75 3.65 29.3 303 385 19.27
385 448 0.46 0 0 324 0 27.2 0

huenov cells was delayed in the range 128-320 mg/L
of copper by 12-20h, and cell yield decreased from
70% (8.75g/L) to 29.2% (3.65g/L) when grown with
128-320 mg/L Cu(II) compared to control (12.5g/L,
without copper) as shown in Figure 1(B) and Table
1. Subsequently, living P. huenov cells took up less
than 71% (70.5-19.27%) of total Cu(II) within
120h. In addition, neither yeast cell growth nor
Cu(Il) uptake occurred at 448 mg/L of initial Cu(II)
concentration (Table 1; Figure 1(B,D)).

The results indicate that P. huenov was tolerant
of both manganese and copper. These findings were
in accordance with other reports studied in yeasts
[12] and filamentous fungi [26], and the organism
was more resistant to heavy metals than Candida
tropicalis [13], but more sensitive than yeast
Meyerozyma guilliermondii and M. caribbica that
can live in up to 32 mM of Mn(II) [20].

Both manganese and copper are essential elements,
but an over-dose of either one clearly inhibited yeast
cell growth and damaged yeast cells. Consequently,
higher metal removal efficiency by yeast cells was
observed at lower metal ion concentrations for both
manganese and copper, while higher metal concen-
trations caused cell toxicity and decreased bio-
accumulation of metal ions. Similar results were
observed in other reports. For example, the copper
removal efficiency of Pichia stipitis decreased from
89% to 61% when initial copper concentration was
increased from 10 to 100 mg/L [25]. That of Candida
spp. reduced from 81% to 4.9% when the initial cop-
per concentration increased from 97.6mg/L to
1518 mg/L [42]. The maximum uptake of Mn(II) by
the manganese resistant Bacillus cereus HM-5
decreased from 99% to 67% when the initial Mn(II)
concentration increased from 600 to 800 mg/L [43].
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3.1.2. Electron microscopy analysis

Electron microscopy (SEM and TEM) analysis
clearly revealed a relationship between bioaccumula-
tion efficiency and the effect of metal ions on the
cell wall surface and organelle structures such as the
vacuole. There were no apparent differences among
cells that were grown without heavy metals or at
low concentration, 55mg/L of Mn(II) or 64 mg/L of
Cu(Il) as shown in Figure S1. Similar results were
observed in R. mucilaginosa yeast cells treated with
50 mg/L (equivalent to 0.91mM Mn>") and those
that were not treated [33]. In contrast, S. cerevisiae
cells grown in medium with 1 mM of Cu*" (64 mg/
L) exhibited defects in size, shape and adhesion
compared to control cells [41].

Papiliotrema huenov cells exhibited a rough, com-
plexly folding capsule (Figure S1) leading to an
increased contact surface, consequently which may
contribute to the interaction with metals, and thus
promote biosorption and bioaccumulation [44-46].

After treatment with a high concentration
(385mg/L) of Mn(Il), cell-surface morphology
changed. Capsule complexity decreased (as indicated
by the red arrow in Figure 2), and cells appeared to
be damaged by heavy metal ions. In particular, cells
exposed to manganese seemed to have larger vacu-
ole compared to untreated cells (Figure 2), which
may permit yeast cells to tolerate and accumulate

Control

high concentration of manganese. Cells treated with
high concentrations of copper underwent significant
changes in the shape and size of vacuoles (Figure 2),
and in the length and complexity of the capsular
(Figure 2) compared to untreated cells. It has been
reported that heavy metals affect enzymes of yeast
vacuole [47]. To date, there is no direct evidence
describing the effects of heavy metals on yeast vacu-
olar volume. However, it has suggested that vacuolar
volume may be altered by some toxins. For example,
that of Pseudokirchneriella subcapitata increased
upon treatment with Cd or Zn [48], while that of
Chlamydomonas acidophila doubled in volume upon
exposure to Cd [49]. In agreement with these find-
ings, the observation in this study indicated that
high concentrations of either Mn(II) or Cu(II) may
induce changes in vacuolar volume, and capsular
structure of P. huenov cells.

These changes in cellular structures of treated
cells confirmed the bioaccumulation efficiency, sup-
porting the bioaccumulation pattern of these metals,
which reached maximum after an incubation time
of 24-48h, followed by a slight decrease in uptake
of Mn(II) or Cu(II) (Figure 1(C,D)). This observa-
tion indicated that passive absorption (with rapid
binding of the metal to the yeast cell surface) was
followed by slow active import of Mn(II) or Cu(II)
ions, and destroyed the cellular structure of living

Mn(I1)

Cu(ll)

Figure 2. Electron microscopy microgragh of Papiliotrema huenov cells treated with 385 mg/L Mn(ll), and 320 mg/L Cu(ll) (cells

were incubated at 30 °C, shaking 150 rpm, at optimal pH).


https://doi.org/10.1080/12298093.2021.1968624
https://doi.org/10.1080/12298093.2021.1968624

cells leading to partial release of metal ions. Similar
results were observed in other studies [25,49] in
which the localization of Cu(II) or Mn(II) on the
cell wall surface layer was confirmed. In addition, it
has been determined that amines, phosphates and
carboxyl groups confer the major negative charge of
yeast cells, enhancing their ability to bind heavy-
metal cations [50].

3.1.3. Effect of pH and temperature on bio-
accumulation of manganese and copper

pH and temperature are two factors that may dir-
ectly affect bioaccumulation since they influence not
only the growth ability of cells, but also adsorption
of metal ions to the cells [43].

Initially, the manganese and copper bioaccumula-
tion efficiency of P. huenov was dependent on the
pH of the medium. As the results in Table 2 dem-
onstrate, the specific rate of growth and bioaccumu-
lation increased in line with pH. As pH rose from 3
to 5 removal efficiency of Cu(Il) increased from
32.38 to 71.6%, and drastically decreased (60.43%)
at a pH of 6. A similar correlation was observed,
between pH and Mn(II) removal, as pH increased
from 3 to 6, removal efficiency also increased,
reaching a maximum of 75.41% at pH 6 (Table 2).
Although higher pH boosted cell growth from
6.52g/L to 9.63 g/L, accumulation started to decrease
at pH 6 for Cu(Il), and above pH 7 for Mn(II)
(data not shown).

It is well known that pH is a critical factor for
organisms that influences bioaccumulation of heavy
metals. When pH was too low, microorganisms
experience high stress levels (being unable to reach
a density higher than 6.5g/L), and there were high
levels of free metal ions. At alkaline pH the ions
precipitated as insoluble hydroxides or oxides [39].
Thus, metal ion availability is dependent on the pH
of the medium. The optimal pH for maximum bio-
accumulation of Cu(Il) and Mn(II) by P. huenov
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yeast cells were 5 and 6, respectively. pH 5 was also
optimal for bioaccumulation of Cu(II) and Pb(II) by
Penicillium spp [51] and by Rhizopus arrhizus and
Aspergillus niger [52], while a pH of 6 was deter-
mined as optimal pH for Cr(III) and Zn(II) removal
by Aspergillus versicolor [53].

Papiliotrema huenov grew at temperatures rang-
ing from 20 to 35°C, and the optimum temperature
was 25°C. However, optimal removal of metal ions
was observed at 30°C with removal of 75.5% of
Mn(II), and 70.82% of Cu(Il) in the presence of
110 mg/L of manganese and of 128 mg/L of copper
over 120h by 10.05 and 9.56g/L of biomass,
respectively (Table 3). With further increases in
temperature, both growth and percentage metal
removal decreased. These results were in agreement
with other reports about Cu(II), and Mn(II) bio-

accumulation in  microorganisms [17,20,25,32]
wherein,  maximum  accumulation  occurred
at 25-30°C.

In general, at the optimal pH and temperature
the maximum uptake capacity exhibited by the yeast
P. huenov was 15.7mg/g Cu(II) and 16.61 mg/g
Mn(II). Similar results were observed in bioaccumu-
lation of Cu(Il) by Pichia stipitis yeast [25] and
Aspergillus niger [45], which were capable of taking
up 15.85 and 15.6 mg/g Cu(Il), respectively. Copper
uptake by yeast P. huenov was higher than that of
Candida spp. isolated from wastewater sediment (up
to 11.5mg/g) and Rhizopus arrhizus (10.76 mg/g).
The maximum copper uptake by four yeast strains
in Donmez and Aksu studies were 9.05, 11.25, 1.27
and 14.79mg/g for S. cerevisiae, K. marxianus, S.
pombe and Candida spp, respectively [54].

Ruas et al. reported that living R. mucilaginosa
yeast can remove 10.6% of an initial 50 mg/L Mn(II)
during 7 days of incubation [33]. Live Mn- resistant
S. cerevisiae mutants were also reported to have a
maximum Mn(II) uptake more than four-fold that
of the parental strain [55]. Previous reports also

Table 2. Effect of pH on the yeast growth rate, maximum bioaccumulation of Mn(ll), Cu(ll) and removal efficiency (at 30°C,

incubation period 120h).

Initial concentration (C;) mg/L Growth rate (p) Biomass (g/L) Gmax (MA/q) % removal of metal
pH Mn(ll) Cu(ln Mn(l1) Cu(ln Mn(Il) Cu(ln Mn(ll) Cu(ll) Mn(ll) Cu(ll
3 923 97.45 1.72 1.69 6.9 6.52 28.5 29.55 31.5 3238
4 96.5 116.37 2.34 1.97 9.4 7.45 23.1 21.86 54.82 58.25
5 102.1 128.2 2.55 2.29 9.75 8.94 19.46 15.61 66.45 71.6
6 109.5 105.62 26 241 10.2 9.63 16.47 194 75.41 60.43

Table 3. Effect of temperature on bioaccumulation of Mn(ll) and Cu(ll) (concentration of metal ions used at 110 mg/L of

Mn(ll) and 128 mg/L of Cu(ll)).

Temperature (°C) Growth control (g/L) Growth with Cu(ll)

Growth with Mn(ll) % removal of Cu(ll) % removal of Mn(ll)

20 8.03 6.1
25 13.07 104
30 12.45 9.56

35 5.14 3.47

6.24 50.43 56.43
10.72 60.65 68.65
10.05 70.82 75.5

335 55.36 62.36
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determined the maximum uptake capacities of some
heavy metals by other living yeasts. For example,
30 mg/g Cr(IIl) by S. cerevisiae [56] and 9.1 mg/g by
adapted P. stipites [25]. Recently, Das et al. reported
that C. tropicalis was capable of bioaccumulating
49.6% of Pb(II) and 55.5% of Cd(II) [57]. Khan
et al. used Pichia hampshirensis 4Aer to remove up
to 28 mM/g Cd(II) in large scale experiments [58].

A wide range of living microbial biomass has
been tested for Mn(II) and Cu(II) bioaccumulation
[59,60]. Comparing the maximum Mn(II) and
Cu(Il) uptake capacities of growing P. huenov yeast
used in this study with those obtained in the litera-
ture mentioned above indicates that P. huenov is
effective for this purpose.

3.2. Biosorption experiments

3.2.1. Effect of pH on biosorption

pH is one of the most important factors influencing
biosorption since it is associated with the competition
of hydrogen ions and heavy metal ions for active sites
on the surface of biosorbent [39]. At low pH, the
active sites of biosorbent surfaces became positively
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charged which, together with hydrogen ions, reduces
the uptake of metal cations [30]. As shown in Figure
3(A), the uptake capacities of Mn and Cu ions
showed a similar trend. At pH <2 the absorption
capacity was dramatically reduced to only 8.8 and
7.5mg/g Cu(Il) and Mn(II), respectively. As the pH
increases, biosorbent surfaces become more nega-
tively charged, leading to increased binding of cations
at active sites and increased uptake. However, when
pH increased to 7, biosorption of these ions
decreased due to precipitation of cations [30,39].

As for Mn(II), biosorption capability increased
dramatically as the pH increased from 4 to 6, and
reached a maximum value of 28.5mg/g at pH 6
(Figure 3(A)). Similar patterns have been identified
in other studies by Hasan et al. [50] and
Vijayaraghavan et al. who observed that optimal pH
was 6 while maximum biosorption of manganese
was 13.31mg/g and 59.4mg/g, respectively [61]. In
other studies, manganese biosorption by S. cerevisiae
F-25 [17], A. niger [32] and Pseudomonas aeruginosa
AT18 [34] exhibited higher biosorption at pH 7
with maximum biosorption capacities of 22.5mg/g,
14.58 and 38.2 mg/g, respectively.
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Figure 3. Biosorption experiments: effect of initial solution pH (A), biosorbent dose (B) and temperature (C,D) on biosorption
capacity and removal efficiency of Cu(ll) and Mn(ll) by non-living biomass of Papiliotrema huenov (initial ion concentration:

110, and 128 mg/L of Mn, and Cu respectively).



Cu(Il) absorption increased steadily as the pH
increased and achieved a maximum value of
26.6 mg/g, and at pH 5 (Figure 3(A)). Similar results
were obtained by other researchers, whose experi-
ments used yeast biomass [25,62] or alternative bio-
mass [21,26]. Maximum pH for optimum copper
uptake was determined at 4 for A. niger [63], 5.2 for
Candida krusei [64] and 6 for Pichia pastoris [65].

In general, maximum biosorption of copper and
manganese was observed at pH 5 and 6, respect-
ively. Thus, the remaining biosorption experiments
were performed at these pH values.

3.2.2. Effect of biosorbent dose on biosorption
The dose of biosorbent is a significant factor affect-
ing the sorption ability and heavy metal removal
efficiency [39,66]. Biosorption of either Mn(II) or
Cu(II) with varying amounts of yeast biomass in the
range of 0.5-3g/L is shown in Figure 3(B). Uptake
of Mn(II) and Cu(Il) reached maxima of 41.65mg/g
and 39.3mg/g respectively at 0.5g/L of biomass
(Figure 3(B)), while the percentage removal of
Mn(II) and Cu(II) from solution was 47.5% and
41.1% respectively. The percentage removal of man-
ganese and copper from solution increased in line
with the increase in biomass concentration, and a
dose of 3g/L led to 57.75% and 43.81% reduction in
sorption ability to 23.9 and 19.3mg/g respectively.
However, the sorption ability of P. huenov biomass
decreased with increasing concentration of yeast
cells, possibly because metal uptake is more effective
when the inter-cellular distance is large enough to
allow optimal electrostatic interaction between cells;
an important factor for biosorption [39]. This trend
is in agreement with the results of other authors
[26,30]. The optimal dose of biosorbent for biosorp-
tion of 110g/L of Mn(II), and 128 mg/L of Cu(II)
from solution, was 2g/L, leading to percentage
removal of 60.3% and 56.5%, with a sorption cap-
acity of 27.1 and 26.4mg/g respectively and this
dose was utilized in further experiments.

3.2.3. Effect of temperature on biosorption
Temperature is one of the most influential factors in
the kinetics of biological absorption [30,39]. We
investigated the effect of temperature in the
20-50°C range. As shown in Figure 3(C,D), the
sorption capacities of Mn and Cu at 20°C were
21.52mg/g, and 23.2mg/g and increased to
27.79mg/g and 26.6mg/g, respectively, at 30°C
over 60 min.

At temperatures over 30°C, the sorption capaci-
ties of these metals decreased from 24.7 and
24.4mg/g at 40°C to 17.1 and 18.5mg/g at 50°C
for Mn and Cu, respectively. The results indicate
that within the temperature range investigated, the
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biological uptake of Mn(II) and Cu(II) by biomass
of P. huenov was a thermal reaction; an increase in
temperature resulted in accelerated ion diffusion.
This was in agreement with the results of other
authors, which determined that increasing tempera-
ture from 20 to 40 °C resulted in an increase in the
maximum biosorption of Ni(II) from 11.48 to
15.64mg/g and of Zn(II) from 15.9 to 19.21mg/g
using Y. lipolytica biomass [67]. However, C. krusei
biosorption deceased when temperature increased to
50 °C, probably due to denaturation of the enzymes,
reducing the uptake of copper(II) [64]. In this study,
maximum removal of manganese and copper was
achieved at 30°C for the two types of P. huenov
biomass (dead and live). Similar results were also
observed with yeast Rhodotorula mucilaginosa [68],
Pichia stipites [25] and S. cerevisiae [17].

3.2.4. Mn and Cu biosorption isotherms and
kinetics

3.2.4.1. Biosorption isotherm models. To under-
stand the performance of Mn and Cu biosorption
by P. huenov, the Langmuir and Freundlich sorption
equations were used to analyze the Mn(II) and
Cu(Il) adsorption process (presented in Table 4;
Figure 4(A,B)). The adsorption calculations revealed
that Mn(II) and Cu(Il) biosorption fitted the
Langmuir model (R*> > 0.99) better than the
Freundlich model with an R* < 0.988. Based on
Langmuir isotherm, the predicted maximum uptake
capacities (max) of Mn and Cu were 35.02 mg/g and
30.7 mg/g respectively.

Similar biosorption results were observed in other
reports of Sahan et al. [69] and Omar et al. [70]
using Trametes versicolor, Ulva lactuca as bioso-
bents. The maximum sorption capacities in present
study are much higher than other studies of Fadel
et al. [17], Dutta et al. [71], Parvathi et al. [32] and
Chang et al. [72] using S. cerevisiae, A. niger and
Pseudomonas aeruginosa PU21; the corresponding
values were 22.5mg/g (Mn), 17.24mg/g (Cu),
19.34mg/g (Cu) and 18.95mg/g (Mn). But lower
compared to the results of Amirnia et al. [73] using
S. cerevisiae and Hasan et al. [50] who used Bacillus
species with the maximum sorption capacity were
42.55mg/g (Cu), 43.5mg/g (Mn), respectively.

K, is the Langmuir constant with respect to
adsorption capacity in the Langmuir model. When
the value of K is high, the affinity of metal ions for
the biological adsorbent increases. The K in the

Table 4. Langmuir and Freundlich model for the biosorp-
tion of Mn(ll) and Cu(ll) on Papiliotrema huenov biomass.

Langmuir Freundlich
Metal ion  Gmax (Mg/g) K, (L/mg) R Ke(L/mg) 1/n R?
Mn(ll) 35.02 058 09902 127 0589 0.9872
Cu(ll 307 0.5 09938 175 035 0.9877
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Figure 4. Isothermal and kinetics model of metal biosorption: linearized Langmuir isotherm (A), Freundlich isotherm (B) and,

Pseudo-second order C.

Freundlich model indicates adsorption levels.
Consistent with the Langmuir model, when the Kz
value is low, adsorption of heavy metals is low,
whereas the higher the Ky value, the stronger the
adsorption capacity [74]. In addition, 1/n is a con-
stant reflecting the adsorption intensity of biosorb-
ent, this value in our experiment was observed to be
0.33 and 0.51 for Mn(II) and Cu(Il) respectively,
which are within the 0.1 to 1.0 range that indicates
optimum Mn(II) and Cu(II) ion biosorption on P.
huenov ~ biomass.  Therefore, Langmuir and
Freundlich are both able to accurately describe the
adsorption process. Mn(II) and Cu(II) absorption is
mainly carried out by single-layer adsorption to P.
huenov, and a greater range of adsorption mecha-
nisms needs to be further investigated.

The capacity of P. huenov to absorb Mn(II) and
Cu(Il) was significantly stronger than that of other
biomass, making it a promising choice for use in
removing heavy metals from solution. Moreover, our
results indicated the superior metal removal efficiency
of living cells compared to dead cells, which is con-
sistent with other studies [28,75]. This is thought to
be due to metal sequestration on the cell wall (bio-
sorption), which is then absorbed into living cells
(bioaccumulation), as opposed to biosorption alone
for dead cells. It should be noted that chromium and

lead removal by P. simplicissimum [28] exceeded 80%
and lead tolerance was extremely high. However, the
species removed 60.9% of copper at an initial con-
centration of 100mg/L while P. huenov achieved
70.5% removal with an initial copper concentration
of 128 mg/L. Given the high copper levels in waste-
water from Vietnamese copper casting villages, this
increased  bioaccumulation could be crucial.
Bioaccumulation using live cells takes longer than
biosorption. In our study, bioaccumulation took up
to 5days while that of Chen et al. [28] took up to
11 days. Bioaccumulation also requires more biomass
to absorb metals than biosorption using dead cells
(60-120 min) with 2 g dry weight.

3.2.4.2. Adsorption kinetics. To investigate the kin-
etic mechanism that control the adsorption of manga-
nese and copper on P. huenov biomass a pseudo-first-
order model (7) and a pseudo-second-order model (8)
were used according to previous studies [39,76]

Log(ge — q:) = logq.— Kit/2.303 (7)

t/qt = I/Kquz + t/qe (8)

where K; and K, are the equilibrium rate constants
of pseudo-first and second-order adsorption kinet-

ics, q; (mg/g) the amount of adsorbate on adsorbent
at time (t:min), and g, the equilibrium uptake (mg/
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Table 5. Kinetic parameters for the biosorption of Mn(ll) and Cu(ll) on Papiliotrema huenov biomass.

Pseudo-first order

Pseudo-second order

Metal ion Ge exp (MQ/g) Ky (1/min) g. (mg/g) K> (9/mg-min) g (Mg/q) h (mg/g-min) R?
Cu(ll) 26.54 0.071 8.95 0.893 0.022 26.36 8.13 0.9946
Mn(l1) 27.75 0.059 6.77 0.885 0.018 27.59 8.95 0.9963

g). Equation 7 describes the dependence of log(g, -
q:) on contact time (t), while equation 8 relates t/q,
to t. The plots showing (g. - ¢q,) against time as a
pseudo-first-order model have not been included
since the coefficient of determination for this model
is relatively low (R*> = 0.893 for Cu(ll) and R* =
0.885 for Mn(II) biosorption as seen in Table 5).

Figure 4(C) shows manganese and copper
removal with the use of P. huenov biomass through
the pseudo-second order modeling at 30°C and pH
5.5 with 110 and 128 mg/L of Mn(II) and Cu(II)
respectively. The correlation coefficients of the
pseudo-second order model were very high (>0.994,
Table 5) and much higher than the pseudo-first
order model. Moreover, the theoretical equilibrium
uptake (g.) values calculated from the pseudo-
second-order kinetic model were in close agreement
with the experimental values as shown in Table 5.
The results obtained above demonstrated that the
kinetics of copper and manganese biosorption by
yeast P. huenov progressed in line with the pseudo-
second order model. Similar results concerning the
kinetics of copper and manganese were obtained
using different yeast biomass as biosorbent, such as
S. cerevisiae [17,77], Rhodotorula mucilaginosa [68]
and C. krusei [64]; or using alternative fungal bio-
mass such as Aspergillus sp. TU-GMI14 [78], and
Penicillium camemberti [79]. However, Amorim
et al. demonstrated that manganese biosorption by
yeast M. caribbica and M. guilliermondii biomass fit
the pseudo-first order model [20]. Many of these
studies achieved high rates of metal removal but
showed that metal biosorption was highly dependent
on technical aspects such as grinding to produce
nano biomass, immobilization in alginate beads or
on Detarium microcarpum matrix, bead size, use of
a batch system or fixed column set-up, bed depth,
and the initial concentrations of biomass and man-
ganese ions [78,79]. They may also require the use
of hazardous materials such as glutaraldehyde and
formaldehyde.

4, Conclusion

Industrial wastewater is heavily contaminated with
heavy metals such as copper and manganese. These
can be a serious threat to human health as well as
life on planet Earth. Metal tolerant microbes can act
like micro-filters or factories capable of removing

those harmful elements [58]. In this study, we char-
acterized a metal tolerant yeast, and also explored
its potential application in the removal of Mn(II)
and Cu(II). Many yeast species have been used for
heavy metal removal including Candida tropicalis,
Pichia  fermentans, Rhodotorula rubra, Pichia
kudriavzevii, Candida guilliermondii, Saccharomyces
cerevisiae, Rhodotorula calyptogenae [80-83]. It
should be borne in mind that several of these spe-
cies are opportunistic pathogens in humans. Even S.
cerevisiae can infect immunocompromized individu-
als and large-scale bioremediation would involve the
presence of high concentrations of these potentially
dangerous microbes [84,85].

This detailed examination of the Ni, Pb, As and
Cd-tolerant yeast P. huenov extends its range of
heavy metal tolerance (and removal) to include cop-
per and manganese: two very common heavy metals
in the wastewater from many common industrial
processes. The species was capable of reducing
heavy metals both in bioaccumulation and biosorp-
tion. The species has not been shown to be patho-
genic in humans, reducing any risk associated with
its use. The bioaccumulation characteristics of yeast
P. huenov, which was highly tolerant of heavy met-
als and efficiently removed up to 96.5% of Mn(II)
and 89.4% Cu(Il) at initial metal concentrations 55
and 64 mg/L of Mn(II) and Cu(II), respectively. The
initial pH greatly affected Mn(II) and Cu(II) uptake
and maximum adsorption was observed at pH 6.0
and 5.0, respectively. Ideal temperature for max-
imum uptake capacities was determined at 30 °C for
both bioaccumulation and biosorption. In particular,
P. huenov biomass was ideal for removing Mn(II)
and Cu(Il) from aqueous solution in a short time
with a high capacity of biosorption 27.79 mg/g and
26.6 mg/g over 60 min, respectively. There was good
correlation between the experimental Mn(II) and
Cu(Il) removal efficiency (%) and the values pre-
dicted by the Langmuir isotherm model.

The results indicated that using P. huenov yeast
cell for bioaccumulation of Mn(II) and Cu(II) was a
viable option for removal of Mn(II) and Cu(II) ions
and that the live cells were significantly more effect-
ive than using dead biosorbent. Live cells achieved
75.58% and 70.5% removal compared with 60.3%
and 56.5% for dead biomass, beginning with initial
metal concentrations of 110mg/L Mn(II) and
128 mg/L Cu(II).
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The results can be used to strategize future appli-
cations of P. huenov for heavy metal treatment
in wastewater.
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