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ABSTRACT

In this study, three psychrotolerant phenol-degrading yeast strains Candida subhashii (strain
A011), Candida oregonenis (strain B021) and Schizoblastosporion starkeyi-henricii (strain

L012) isolated from Rucianka peatland were examined to determine which alternative
metabolic pathway for phenol biodegradation is used by these microorganisms. All yeast
strains were cultivated in minimal salt medium supplemented with phenol at 500, 750 and
1000 mg I-1 concentration with two ways of conducting phenol biodegradation experiments:
with and without the starving step of yeast cells. For studied yeast strains, no catechol
2,3-dioxygenase activities were detected by enzymatic assay and no products of catechol
meta-cleavage in yeast cultures supernatants (GC-MS analysis), were detected. The detection
of catechol 1,2-dioxygenase activity and the presence of cis,cis-muconic acid in the analyzed
samples revealed that all studied psychrotolerant yeast strains were able to metabolize phenol
via the ortho-cleavage pathway. Therefore, they may be tested in terms of their use to develop
biotechnology for the production of cis,cis-muconic acid, a substrate used in the production of

plastics (PET) and other valuable goods

Keywords

catechol 1,2- and 2,3-dioxyganeses activity assays; ortho-cleavage pathway, cis,cis-muconic

acid, gas chromatography mass spectrometry (GC-MS), enzymatic assay, phenol

biodegradation by psychrotolerant peatland yeasts
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1. Introduction

Phenol and phenolic compounds are widely used in industry for production of e.g. polymeric
resin, oil refining and various cosmetic and medical products [1]. Moreover, these compounds
are the main by-products formed during certain industrial processes [2,3], and are detected
mostly in plants and industrial effluents, for example from coal conversion - as well as
refinery and pharmaceutical industries [4]. Other than many known physical and chemical
methods for phenols removal, biological methods play an important role in wastewater and
soil treatment. In respect to chemical methods, Advanced Oxidation Processes (AOPs) are
widely used for degradation of phenol and its derivatives [5-7]. In comparison with physical
and chemical methods, biological methods possess advantageous attributes due to their
relatively low processing costs and minimization of secondary pollutant formation [8-10].
Therefore, aerobic biodegradation of phenol has been the subject of numerous investigations
[11].

Aerobic biodegradation of phenolic compounds is accomplished via pathways, where catechol
or its derivatives play a key role. These intermediates are then further metabolized by intradiol
or extradiol dioxygenases [12].

In the case of phenol, the first step of biodegradation involves the transformation of phenol
into catechol via phenol hydroxylases, which involves the attachment of a hydroxyl group at
the ortho-position of an aromatic ring [13]. Catechol is further degraded via ortho- or metacleavage
by 1,2-catechol dioxygenases or 2,3-catechol dioxygenases, respectively (Fig. 1).

These enzymes add two oxygen atoms to the aromatic ring of catechol, followed by a
cleavage of chemical bonds and an opening of the aromatic ring [14].

Catechol 1,2-dioxygenase (C120) (EC 1.13.11.1) contains Fe3+ as a prosthetic group and
belongs to the enzymes that enable cleavage of catechol as intradiol (ortho-cleavage),
producing cis,cis-muconic acid [15]. In the case of catechol 2,3-dioxygenase (C230) (EC
1.13.11.2), it contains Fe2+ as a prosthetic group or the use of other two-valent metal ions to
cleave the aromatic ring of catechol as extradiol (meta-cleavage). This leads to the production
of 2-hydroxymuconic semialdehyde. During the next steps of the degradation process, these
products of ring cleavage are converted to aliphatic compounds which can enter the
tricarboxylic acid cycle [15,16].

Over the last decades, catechol 1,2-dioxygenases and catechol 2,3-dioxygenases have been
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extensively studied due to their key role in the cleavage of catechol’ s aromatic ring. Catechol
1,2-dioxygenases play an important role in the degradation pathways of various aromatic
compounds and are ubiquitous in microorganisms [17,18]. Furthermore, they are active in
some bacterial strains belonging to genus Acinetobacter, Arthrobacter, Pseudomonas,
Sphingomonas, Geobacillus and Rhodococcus [19-22]. In the case of yeasts, the activity of
these dioxygenases was found, among others, in Candida tropicalis [23,24], Candida

albicans [15] and Trichosporon cutaneum [25]. In the light of current research, it is worth
noting that Margesin et al. [26,27] isolated and characterized cold-adapted phenol degrading
yeasts with C120 enzymatic activity from Alpine glacier cryoconite and petroleum
hydrocarbon contained alpine soils in Austria, respectively.

For comparison, catechol 2,3-dioxygenases activity was detected in bacteria from genus
Pseudomonas, Sphingomonas, Acinetobacter, Ralstonia, Burkholderia, Rhodococcus and
Bacillus [28-35]. However, so far, among yeasts, the activity of catechol 2,3-dioxygenase is
very rarely detected. Interestingly, C230s activity was confirmed in cold-adapted yeast strain
belonging to Rhodotorula sp. [26] isolated from Alpine glacier cryoconite.

Summarizing, the literature study indicates that studies on phenol metabolism have been
mainly conducted for bacteria. Hence, the information regarding studying enzymatic activities
of catechol 1,2- and 2,3-dioxygenases enzymes involved in phenol metabolism and the
investigation of their products among yeast strains is rather limited. On the other hand, despite
the limited number of studies, we found two different approaches to investigate the activity of
these enzymes among yeast strains. The first approach is focused on the examination of
enzymatic activities of pure native or recombinant yeast catechol dioxygenases [23,24].
Second approach is focused on determining which of possible catechol dioxygenases

activities is present in examined yeast strains. However, in the second approach, the
enzymatic activity of specific enzymes or the concentration of the biodegradation products of
were not examined [26,27].

In this research, we decided to combine these two approaches. Firstly, we determined which
of the above mentioned enzymatic activities is present in the tested yeast strains, which
allowed us to point out which of the phenol metabolism pathways is used by them. We also
decided to determine the presence of products of catechol 1,2- and 2,3-dioxygenases

enzymatic activity in yeast cultures, i.e. cis,cis-muconic acid and 2-hydroxymuconic
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semialdehyde, respectively.

Currently, cis,cis-muconic acid is one of the possible industrial substrates for the production
of terephthalic acid - monomer of the high-demand plastic polymer polyethylene terephthalate
(PET). Moreover, this compound may be also used for the production of adipic acid, which is

a well-known precursor for the production of nylon, lubricants, coatings, plastics, and
plasticizers. Nowadays, cis,cis-muconic acid production is based on the two-stage chemical
synthesis process which requires a high input of energy and leads to the production of large
amounts of greenhouse gas N20. Compared with the chemical production of cis,cis-muconic
acid form catechol, biotechnological processes show the advantages of high productivity and
selectivity, with a final yield of 100% in comparison to less than 35% and low purity obtained
with the chemical cleavage of catechol [40].

Therefore, recently there is a growing interest in developing microbial technology to
synthesize cis,cis-muconic acid as an alternative for currently used technology for its
synthesis. For this purpose, the possibility of using genetically modified microorganisms e.g.
Pseudomonas putida and Corynebacterium glutamicum utilizing such carbon sources as
catechol [41,55] and toluene [42] and Escherichia coli [43] and Saccharomyces cerevisiae
utilizing glucose as a carbon source [44,45] has been investigated. More importantly,
genetically modified Pseudomonas putida or Corynebacterium glutamicum strains which
produce cis,cis-muconic acid from aromatics compounds offer the use of lignin hydrolysates
as starting material [41,55]. Lignin (the second most abundant polymer in nature) can be
processed into the mixtures of small aromatics compounds, such as e.g. phenol and catechol,
through biological and thermochemical depolymerization, respectively [41,55].

In summary, the presence of C120s and C230s activities in cold-adapted yeast strains [26,27]
and the biotechnological potential of microorganisms metabolizing catechol via orthocleavage
pathway for their future developing in the plastic industry, encouraged us to conduct

the presented study on cold-adapted yeasts strains isolated from Rucianka peatland. These
yeast strains were characterized as microorganisms which enable the effective utilization of
phenol [36] and catechol [46] as a sole source of carbon. Therefore, the main purpose of this
study was the identification of catechol dioxygenases activities (C120s or C230s activity)

and the products of the enzymatic reaction of catechol ring cleavage (Fig. 1) catalyzed by

them (cis, cis-muconic acid and 2-hydroxymuconic semialdehyde, respectively) and hence,
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which metabolic pathway (ortho-cleavage or meta-cleavage pathway) is involved in phenol
biodegradation by Candida subhashii strain AO11, Candida oregonensis strain B021 and
Schizoblastosporion starkeyi-henricii strain L012.

Moreover, according to the literature, during the biodegradation experiments examined
microorganisms are preincubated in basal medium without any carbon source (starving step)
and then used as an inoculum of a culture medium with phenol as the sole source of carbon
[28,37]. However, in analogous studies, the starving step is not involved as a part of phenol
biodegradation experiments [38,39]. Therefore, this study also includes a comparison of the
different preparation types of yeast cells inoculum and evaluation of their possible impact on

catechol dioxygenases activities in the examined yeast strains.

2. Materials and methods

2.1. Microorganisms

The phenol degrading psychrotolerant yeast strains, including Candida subhashii (strain

A011), Candida oregonenis (strain B021) and Schizoblastosporion starkeyi-henricii (strain
L012), were examined during this study and isolated from water and soil samples collected
from Rucianka peatland. All strains were characterized in our previous publication, see ref.
[36]. A011 and LO12 strains were able to degrade phenol as a sole source of carbon at 500, 750
and 1000 mg I-1 in culture medium. B021 strain was able to degrade phenol also at 500 and

750 mg |-1 but not at 1000 mg I-1.

2.2. Culture growth conditions

2.2.1. Culture growth of yeast strains without the starving step

In this type of cultivation, the first step of an experiment involved the preparation of inoculum
for each analyzed yeast strains. This was achieved by the inoculation of 3 ml of YPD (Yeast
extract Peptone Dextrose) medium with the single colony of the examined yeast strain. In this
study, YPD contained (per liter): glucose 20 g, yeast extract 10 g and casein peptone 20 g, and
was also supplemented with 1 mL (per liter) of each antibiotic: chloramphenicol (stock
solution: 34 mg ml-1) and ampicillin (stock solution: 100 mg ml-1). The addition of antibiotics
was aimed at inhibiting bacterial growth caused by an accidental contamination of YPD

medium.
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Then, test tubes were incubated at 18 2C on the rotary shaker at 170 rpm for 1 day. After this
period, 80 ul of each yeast culture was transferred to 20 mL of sterile YPD medium in

200 mL Erlenmeyer flasks. The flasks were incubated at 18 2C on the rotary shaker at

170 rpm for 3 days. Next, these cultivated yeast cells were used as an inoculum. In all
experiments 5% of subculture was inoculated into sterile 80 mL of mineral salt medium
(MSM) in 500 mL Erlenmeyer flasks, supplemented with phenol (Sigma Aldrich, USA) at a
concentration of 500 mg |-1, 750 mg I-1, and 1000 mg I-1, respectively. Mineral salt medium
contained (per liter); 0.4 g of (NH4)2504, 0.4 g of K2HPO4, 0.2 g of KH2P0O4, 0.1 g of NaCl,

0.1 g of MgS04, 0.01 g of MnS04-H20, 0.01 g of Fe2(S04)3-nH20, (all purchased from

POCH S.A., Poland) 0.01 g of Na2Mo0O4:2H20 (Todini Europe Sp. z 0.0., Krakéow, Poland),

and 0.25 g of casein peptone (BTL Sp. z 0.0., tddZ, Poland), supplemented with 1 mL (per
liter) of each antibiotics: chloramphenicol (stock solution: 34 mg ml-1) and ampicillin (stock
solution: 100 mg ml-1). The pH of the medium was adjusted to 6.0.

All yeast strains were cultivated until yeast cultures obtained the stationary phase of growth.
2.2.2. Culture growth of yeast strains with starving step

In this type of cultivation, an inoculum of each yeast strain was prepared by cultivation of
microorganisms in Yeast Nitrogen base without an amino acid medium (Sigma Aldrich, USA)
which was not supplemented with any source of carbon. YNB w/a contained (per liter): 6.7 g
of YNB w/a base, supplemented with 1 mL (per liter) of each antibiotic: chloramphenicol
(stock solution: 34 mg ml-1) and ampicillin (stock solution: 100 mg ml-1).

For the inoculum preparation, 4 mL of YNB w/a medium was inoculated with a single colony
of each analyzed yeast strain. Then, test tubes with all examined yeast strains were incubated
at 18 2C on a rotary shaker at 170 rpm for 4 days. Next, the cultivated yeast cells were used as
an inoculum. In all the experiments 5% of subculture was inoculated into sterile 80 mL of
mineral salt medium in 500 mL Erlenmeyer flasks, supplemented with phenol at a
concentration of 500, 750, and 1000 mg I-1, respectively.

All yeast strains were cultivated until yeast cultures obtained the stationary phase of growth.
To avoid repeating the “initial phenol concentration in culture medium” term, abbreviations
ipc 500, ipc 750 and ipc 1000 (for 500, 750 and 1000 mg I-1 initial phenol concentration,

respectively) were employed throughout the manuscript.
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2.3. Preliminary screening of catechol dioxygenases activities in phenol degrading yeast
cultures

To determine the presence of catechol 1,2- or 2,3-dioxygenases activities, respectively, the
analyzed yeast cultures were tested using 96-well plates (qualitative assay). Catechol
1,2-dioxygenase activity was tested according to Neidle and Ornston [48] and Birger et al.
[49]. The first step of examination involved the preparation of a solution containing 0.004%
phenol red (Sigma Aldrich, USA), 1 mM EDTA (POCH S.A., Poland) and 10 mM catechol
(Sigma Aldrich, USA) (pH = 7.5, adjusted with ammonium hydroxide). To 150 u | of this
solution, 50 1 | of the liquid yeast culture of each phenol-degrading yeasts (OD600 was
adjusted to 1) was added. The color of the analyzed samples changed from red to
yellow/orange occurred within 10 min when placed in the dark at room temperature, which
was due to the presence of catechol 1,2-dioxygenase.

Catechol 2,3-dioxygenase activity was determined as described by Morgan et al. [50] and

Birger et al. [49]. 150 uL of solution containing 90 mM catechol in 50 mM tris-acetate buffer

(pH 7.5) was added to 50 u | of the liquid culture of each yeast strains (OD600 was adjusted to

1). The formation of a green-brownish color occurred within 2 h in the analyzed samples
when placed in the dark at room temperature, which was associated with catechol
2,3-dioxygenase activity. Reagents for tris-acetate preparation were purchased from POCH
S.A., Poland.

2.4. Preparation of crude enzyme extracts

Crude enzyme extracts were obtained by yeast cells disruption with glass beads and then
removal of cell debris. Cells of each yeast strain were cultivated in the conditions presented
above, respectively, until the yeast strains obtained the stationary phase of cultures growth.
Then, the yeast cultures were harvested and centrifuged at 10,000 rpm for 10 min.
Subsequently, the cell pellets were suspended in sterile deionized water and centrifuged at
conditions presented above. The “cells washing” step was repeated twice. Then, the cell
pellets were suspended in 50 mM Tris-HCI (pH 8.0) buffer and disrupted with glass beads
with 425-600 um diameter (Sigma Aldrich, USA). Disruption was performed ten times: 30 s
incubation on ice and 30 s of vortexing of each analyzed sample. Next, the cell debris was
removed by centrifugation at 10,000 rpm for 10 min at 4 °C. The cleared crude enzyme

extracts were used for the enzymatic assays, total protein concentration assay and GC-MS
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analysis. Reagents for Tris-HCl preparation were purchased from POCH S.A., Poland.

2.5. Enzymatic assays

Enzyme activities for catechol 1,2-dioxygenases (C120s) and catechol 2,3-dioxygenases
(C230s) were determined for both, yeast cultures and crude enzyme extracts, respectively.
C120s and C230s activities were determined according to the methods described in ref.
[27,51,52] with some modifications. 100 pL of crude enzyme extracts or yeast cultures were
mixed with 750 pL of 50 mM Tris-HCI (pH 8.0) and 50 pL of 4 mM catechol. The activity of
C120s was determined by increasing the absorbance values at 260 nm using a
spectrophotometer due to the cleavage of catechol into cis,cis-muconic acid. In the case of
C230s, the activity was determined by increasing the absorbance values at 375 nm due to the
conversion of catechol into 2-hydroxymuconic semialdehyde (2-HMS). The formation of
cis,cis-muconic acid or 2-HMS was monitored for 5 min. Control reactions without yeast
cultures or crude enzyme extracts, respectively, were performed for each assay.

For crude enzyme extracts, total protein concentration was determined using the Bradford
assay [53].

One unit (U) of C120s or C230s activity was defined as the amount of enzyme that generates
1 umol of specific product, respectively, per min under the assay conditions. Specific
activities were expressed as units each enzymatic activity (U) per mg of total cell proteins.
2.6. Detection of phenol degradation intermediates by GC-MS technique

2.6.1. Extraction and derivatization of phenol biodegradation intermediates

Derivatization and detection of phenol degradation intermediates were performed for crude
cell extracts and supernatants of yeast cultures. Crude cell extracts after derivatization were
labeled as “derivatized cell extracts” .

After 24, 48 and 96 h of yeast cultures growth without the starving step and after 24, 48, 96
and 168 h of cultures growth with this step, all yeast cultures were centrifuged at 12,000 rpm
for 10 min, and supernatants collected. In the case of using crude cell extracts, after the
cultures were centrifuged, cell pellets were suspended in 10 mL of MSM medium and
disrupted with glass beads. The same procedure as described in section 2.4. was used for this
purpose.

Next, 10 mL of each supernatant or crude cell extract was acidified to pH 2-3 with 6 M HCI

and extracted with 10 mL ethyl acetate (POCH S.A., Poland). Next, each of the collected
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ethyl acetate phases were dried over anhydrous Na2S04 and concentrated using a rotary
evaporator to a volume of 1 mL. Derivatization was performed at 60 * C for 30 min using
0.1 mL N,O-bis(trimethylsilyl) acetamide [54]. 25 uL of 4-chlorophenol (Sigma Aldrich,
Poland) internal standard solution was added to each sample before derivatization (IS, final
concentration: 0.006 mg/mg H20).

2.6.2. Detection of phenol degradation intermediates by gas chromatography - GC-MS
analysis

To confirm the presence of phenol biodegradation intermediates and measure their
concentration, derivatized cell extracts or derivatized supernatants of each yeast culture were
analyzed by GC-MS technique. 1 mL of each sample after derivatization was placed in a

2 mL glass vial (SHIM-POL A. M. Borzymowski, Poland). Samples were analyzed using a
QP2010 GC-MS SE gas chromatograph-mass spectrometer (Shimadzu, Japan) equipped with
a combi-PAL AOC 5000 autosampler (Shimadzu, Japan) and DB-624ms capillary column

(60 m x0.25 mm x 1.40 u m) (Restek, USA).

Chromatographic conditions:

Temperature program: 50 °C (5 min) - ramped at 5 °C/min to 250 °C (5 min); injection port
temperature 300 °C; purge off time 2 min (split-less mode); 1 uL of the extract was injected
into the GC system; detector temperature 280 °C; ion source temperature (El, 70 eV) 220 °C;
GC-MS transfer line temperature 280 °C; the carrier gas was hydrogen (1 mL/min). The mass
spectrometer was operated in single ion monitoring mode (SIM). Quantitative analysis:
internal standard method.

Phenol, catechol and cis,cis-muconic acid in the derivatized samples obtained from yeast
culture supernatants and cell extracts were identified by GC-MS technique on the basis of
retention time values and characteristic ratio of fragmentation ions (mass to charge ratio
values, m/z) determined for each compound during the method development stage using
analytical standards. The concept of additional identification in SIM mode based on
calculated ratio of multiple m/z value specific to each analyte was described in our previous
paper [3]. The GC-MS spectrum of main derivatized products of phenol degradation has been

presented on Fig. 2.
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3. Result and discussion

3.1. Preliminary screening of catechol dioxygenases activities in cultures of phenol degrading
yeast strains

C120s activity was detected in cultures of all analyzed yeast strains, independently of the
initial phenol concentration in the culture medium and the presence or absence of starving
step during phenol biodegradation experiments. A yellow or orange color appeared in all
wells (96-well plates), which contained the samples of phenol-degrading yeast cultures mixed
with the reaction solution. Hence, all analyzed yeast strains were probably able to utilize
phenol via ortho-cleavage pathway.

However, C230s activity was not detected in the cultures of any examined yeast strains,
under the same experimental conditions as C120s, as shown above. The examined yeast
strains displayed no change in the reaction mixtures color in the wells of 96-well plates during
the preliminary screening. Furthermore, these yeast strains were probably not capable of
utilizing phenol via meta-cleavage pathway.

3.2. Enzymatic assays

In general, for yeast cultures, independently of initial phenol concentration in medium or the
presence or absence of starving step during phenol biodegradation experiments, no activity of
catechol 2,3-dioxygenases was detected (data not shown). In the case of the second examined
enzyme, all analyzed yeast cultures exhibited low catechol 1,2-dioxygenase activities (Table 1
and Table 3). However, according to Tsai et al. [15], enzymes involved in phenol degradation
should be not secret to the culture medium but remain inside of the yeast cells. Hence, the
same assays for both enzymes were conducted for crude enzyme extracts of analyzed yeast
strains (Table 2 and Table 4). The comparison of the total 1,2-dioxygenase activity value for
each strain of yeast (Table 1 with Table 2 and Table 3 with Table 4, respectively) confirmed
the conclusions presented by Tsai et al. [15].

In the case of crude enzyme extracts obtained after experiments without the starving step,
higher specific activities of catechol 1,2-dioxygenases were observed for two yeast strains as
well as increased phenol concentration (Table 2). This was observed for strain Candida
subhashii A011 and Candida oregonensis B021 in which the highest activities were for

1000 mg I-1 and 750 mg I-1 initial phenol concentration and reached almost 0.25 U mg-1 and

2.17 U mg-1, respectively. In the case of strain Schizoblastosporion starkeyi-henricii L012, the
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highest specific enzyme activity (0.16 U mg-1) was observed for ipc 750, however, the abject
ipc 500 and ipc 1000 obtained enzymatic activities were comparable but much lower than for
ipc 750 (Table 2). Among all examined yeast strains and different initial phenol concentration
in the culture medium, the highest C120 enzyme activity was detected for strain B021 and
phenol at 750 mg I-1 concentration - 2.17 U mg-1.

For experiments including the starving step, no clear correlation between increasing initial
phenol concentrations in the culture medium and higher specific enzymatic activities of
C120s was determined (Table 4). All yeast strains performed at the highest enzymatic
activity for specific concentration - A011 for ipc 1000, both B021 and L012 for ipc 750.
Unfortunately, at this point it was impossible to unambiguous determine the exact way that
yeast cultures cultivation promoted higher enzymatic activity or to point out the one common
pattern according which yeasts’ enzymatic activity changed during the cultivation with
different conditions and initial phenol concentration. Other conclusions determined for the
analysis were: i) in the case of inoculums prepared without the starving step, almost always,
other than one yeast strains - L012, increasing initial phenol concentration was associated
with increasing specific activity values of C120s; ii) for strain A011 in the case of ipc 500 and
1000, specific C120 activities of crude enzyme extracts obtained for this strain cultivated with
the starving step were at least twice as high than those cultivated without this step; iii) the
highest activity among all variants of yeast cultivation were observed for strain B021
cultivated without the starving step and ipc 750; iv) for strain B021, catechol 1,2-dioxygenese
activity was almost 100 times higher for its cultivation without the starving step.

As it was mentioned in the Introduction section, because of the limited number of studies
dedicated for characterization of yeast catechol dioxygenases [15,23-27] the comparison of
our results with previously published research results offers a limited possibility for a
discussion. Nevertheless, we decided to show the similarity between results for specific
enzymatic activities of yeast catechol 1,2-dioxygeneses obtained during our study and with
analogous results obtained by Tsai et al. [15] for yeast Candida albicans strain TL3. The
compared values of specific C120 enzymatic activities, for example for strains A011 (ipc

750), B021 (ipc 500) presented in Table 2 and for A011 (ipc 500) and LO12 (ipc 500) in Table
4, had the same order of magnitude (10-1) as the analogous values of yeast specific C120

enzymatic activities from C. albicans strain TL3 revealed by Tsai for initial phenol
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concentration range from 5 mM to 22 mM. Moreover, we may conclude that the order of
magnitude 10-2 was observed for enzymatic activity of catechol 1,2-dioxygenase for

C. albicans TL3 for initial phenol concentration 24 mM and e.g. strain A011 (ipc 500) and

LO12 (ipc 1000), presented in Table 2. One fact which is worthy of consideration is that in

case of experiments conducted by Tsai et al., the highest enzymatic activity was equal to

0.734 U mg-1 (ipc 10 mM), whereas in our study the highest enzymatic activities obtained for
the cultures conducted without the starving step were: 2.17 U mg-1 (ipc 750) for strain B021,
0.25 U mg-1 (ipc 1000) for strain AO11 and 0.16 U mg-1 (ipc 750) for strain LO12 (Table 2). In
case of the cultures conducted with the starving step, the highest obtained enzymatic activities
were: 0.57 U mg-1 (ipc ,000) for strain A011, 0.023 U mg -1 (ipc 750) for strain B021 and

0.47 U mg -1 (ipc 750) for strain LO12 (Table 4).

3.3. Detection of phenol degradation intermediates by GC-MS

The presence of selected possible intermediates, which may be produced during the
catabolism of phenol in yeast cells was analyzed by GC-MS [54]. For this purpose, the

presence of catechol, cis,cis-muconic acid and 2-hydroxymouconic semialdehyde was
examined in samples taken from yeast cultures without the starving step after 24, 48 and 96 h
of cultures growth, as well as those taken from yeast cultures with the starving step after 24,
48, 96 and 168 h of cultures growth, respectively. These times of sampling correspond to the
growth rate of yeast strains in the experiments without the starving step (Fig. 3a, 3b and 3c)
and in the experiments which included the starving step (Fig. 4a, 4b and 4c), respectively. The
detection of phenol degradation intermediates was performed for both derivatized yeast
cultures supernatants and cell extracts. For derivatized cell extracts, no characteristic products
for ortho- or meta-cleavage were observed (data not shown).

However, for samples of derivatized yeast cultures supernatants, independently of presence or
absence of the starving step during the growth of yeast cultures, GC-MS analysis revealed the
presence of cis,cis-muconic acid (Fig. 5b and 6b). Cis,cis-muconic acid is an intermediate
characteristic of phenol catabolism via ortho-cleavage pathway [14] (Fig. 1). In contrast, the
examined samples did not show the presence of 2-hydroxymuconic semialdehyde, the product
of meta-cleavage pathway (data not show). Therefore, this may support the enzymatic assay
results, which displayed the lack of catechol 2,3-dioxygenase activity in all analyzed samples.

Moreover, for all studied yeast strains, independently of initial phenol concentration in the
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culture medium and the presence or absence of the starving step during the growth of yeast
cultures, production of catechol was observed (Fig. 5a and 6a). These results were consistent
with published reports [13-16], which indicated that under aerobic conditions, phenol
degradation was initiated by hydroxylation of the aromatic ring and catechol formation. The
formation of catechol is tantamount with the presence of phenol hydroxylase during phenol
degradation in cells of the studied yeast strains belonging to Candida spp.

and Trichosporum spp. [13].

According to our previous report [36], all examined yeast strains in which inoculums were
prepared without the starving step, were able to degrade phenol at 500 mg I-1 below detectable
level after 24 h of cultivation. For all yeast strains, the highest concentrations of produced
catechol were detected after 24 h of cultivation and were 0.369 mg I-1, 0.553 mg I-1

and 0.007 mg I-1 for strains A011, B021 and L012, respectively (Fig. 5a). Furthermore, the
highest cis,cis-muconic acid concentrations were detected after the first day of cultivation for
strains A0O11 and LO12. Hence, at initial phenol concentration equal to 500 mg I-1, these yeast
strains, were able to simultaneously produce both compounds. In comparison, strain B021
produced cis,cis-muconic acid only after 96 h of cultivation. This suggests that catechol was
formed at earlier stages of phenol biodegradation (Fig. 5b). The result is consistent with those
under aerobic conditions, in which the first step in the metabolic pathway of phenol is its
conversion to catechol [13,16].

In the case of phenol at 750 mg |-1 initial concentration in culture medium, selected yeast
strains were able to utilize phenol after 24 h of cultivation for AO11 and 48 h for B021 and
L012 [36]. In terms of catechol production, A011 produced very low concentrations

(0.002 mg I-1) after the first day of cultivation, whereas B021 and L012 generated 0.441 mg I-1
and 0.519 mg I-1 catechol concentrations, respectively. After 48 h, besides strain L012,
catechol was detected at low levels (Fig. 5a).

In the case of cis,cis-muconic acid, it was detected for yeast strains AO11 and L012 after the
first and second day of cultivation, but decreased and increased after prolonged cultivation
time, respectively. For yeast strain B021, cis,cis-muconic acid was detected after 48 h

and 96 h of cultivation and its concentration was almost the same, respectively.

For 1000 mg I-1 phenol initial concentration in culture medium, phenol degradation was

observed after 48 h for AO11 and LO12, however, strain B021 did not exhibit any phenol
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degradation at such high concentrations [36]. Production of catechol was detected after 24 and
48 h, for strain A011 and after 48 and 96 h of cultivation for strain LO12. However, catechol
concentration values in culture of strain LO12 were at low levels. Production of
cis,cis-muconic acid was detected only for strain A0O11 after 48 h and 96 h of cultivation and
increased over prolonged cultivation time (Fig. 5a and 5b).

As was mentioned above, in the case of experiments that included yeast cultures with the
starving step, independently from the initial phenol concentration, production of catechol and
cis,cis-muconic acid were also detected for all analyzed yeast strains (Fig. 6a and 6b).
However, when we compared, the data presented on Fig. 5a and Fig. 6a, and also Fig. 5b and
Fig. 6b, respectively, it seems that the change in inoculum preparation method had noticeable
impact on the both compounds production by examined yeast strains.

All studied yeast strains were able to utilize phenol at 500 mg I-1 concentration after 48 h of
cultivation. Catechol was detected after 24 h of cultivation for strains A011 and L012 and after
48 h for strain B021. Cis,cis-muconic acid was detected after 168 h of cultivation for strain
A011 and B021 and after 48 and 168 h for LO12 (Fig. 6a and 6b). Hence, catechol was
produced at the earlier stages of phenol biodegradation and there was no simultaneous
production of catechol and cis,cis-muconic acid.

In the case of phenol at 750 mg I-1 initial concentration of growth medium, total phenol
degradation was observed after 48 h of cultivation for strain L012 and after 72 h for A011 and
B021. The highest catechol values were detected after 48 h for AO11 and B021, whereas for
L012 was after 24 h of cultivation (Fig. 6a).

Moreover, cis,cis-muconic acid was detected after 168, 48 h and 168 h of cultivation for
strains A0O11 and L012, respectively. However, cis,cis-muconic acid formation was not
detected for B021 even after 168 h of cultivation (Fig. 6b), which may indicate that rapid
transformation of phenol occurs.

In the case of phenol at 1000 mg I-1 initial concentration in culture medium, degradation was
only observed for strains A011 and LO12 after 168 h of cultivation. For both strains,
production of cis,cis-muconic acid was observed after 48 h of cultivation, whereas catechol
was detected after 24 and 48 h of cultivation, for AO11 and after 24, 48 and 96 h for L012 (Fig.
6a and 6b).

To sum up, the production of catechol was observed for all tested yeast strains when their
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inoculums were prepared with or without starving step, independently of initial phenol
concentration and changed during the their cultures incubation time. In the most of examined
strains and different initial phenol concentrations, catechol was produced at the earlier stages
of degradation and its production was no simultaneous with the production of cis,cis-muconic
acid. However, during the culture of the studied yeast strains with the starving step, measured
catechol concentrations after 24 h of cultivation for AO11 and B021 were lower than those
without the starving step, but it was not observed for strain L0O12. In this case, the starving step
seemed to induce the production of a remarkable higher level of catechol after 24 h of this
yeast strain cultivation. Moreover, in the case of the experiments included the starving step,
for all yeast strains, no production of catechol after the first and fourth day of cultivation was
observed.
In general, the comparison of the concentration of cis,cis-muconic acid in all analyzed
samples revealed that the tested strains may be able to more efficient production this
compound (at higher concentrations) where they are cultivated with the use of inoculums
prepared without the starving step (Fig. 5b). For experiments without the starving step, among
tested yeast strains, the highest value of produced cis,cis-muconic acid level was observed for
strain B021 (ipc 750) and was almost 10 mg I-1 (Fig. 5b). Also, for this culture condition and
for this yeast strain and the initial phenol concentration, we measured the highest specific
activity of catechol 1,2-dioxygenase (Table 2, 2.17 U mg-1), enzyme responsible for
production of cis,cis-muconic acid via mechanism of ortho-cleavage ring of catechol.
However, for experiments with the starving step, among tested yeast strains, the highest level
of produced cis, cis-muconic acid were detected for strain L012 (ipc 500) and was almost
1.7 mg I-1.
From the biotechnological point of view, the presence of catechol 1,2-dioxygenase activity
and the presence of cis,cis-muconic acid in cultures of examined yeast strains provide a
starting point for research focused on obtaining a new cis, cis-muconic acid producer through
metabolic engineering of yeast. To date, to the best of our knowledge, the studies regarding
microbial production of cis,cis-muconic acid employ two main strategies of the

“construction”  of cis,cis-muconic acid producers: i) genetic modification of microorganisms
which do not possess the natural ability to the production of cis,cis-muconic acid e.g. yeast

Saccharomyces cerevisiae [44,45] and E. coli [43], ii) metabolic engineering bacterial strains
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naturally capable of utilizing phenol, catechol and other small aromatic compounds [41,42].
The second of the presented strategies led to obtaining recombinant strains of microorganisms
capable of very efficient production of cis,cis-muconic acid. Becker et al. [41] reported that

the metabolically engineered strain Corynebacterium glutamicum MA-2 was able to produce
from catechol around 85 g I-1 of cis,cis-muconic acid after the 60 hours of fed-batch

cultivation and from small aromatics obtained after softwood lignin hydrolysis around

1.8 g I-1 of this acid. Kohlstedt et al. [55] also reported the biotechnological production of
cis,cis-muconic acid from catechol using a genetically engineered Pseudomonas putida strain
MA-6 which was able to produce from catechol around 64 g I-1 of cis,cis-muconic acid within
55 hours of cultivation. In the presented studies, the high rate of the production of cis,cismuconic
acid seemed to be connected with: /) deletion/inactivation of genes encoding an

enzyme of muconate cycloisomerase enables the production of MA via the catechol branch of
the f3 -ketoadipate pathway from small aromatics and ii) overexpression of gene encoding
catechol 1,2-dioxygenase in bacterial cells. Hence, the presented metabolic engineering
strategies of bacterial strains naturally utilizing phenol, catechol or other small aromatics
compounds seem to be also an attractive starting point for the developing of analogous
strategies of metabolic engineering for one of our psychrotolerant peatland yeast strains

utilizing phenol and catechol, selected for further study.

4. Conclusions

Although Margesin et al. [26] has identified the cold-adapted yeast strain belonging to
Rhodotorula sp. isolated from Alpine glacier cryoconite which utilizes phenol via the metacleavage
pathway, in this study, all tested cold-adapted yeast strains promoted phenol

degradation via the ortho-cleavage pathway. This conclusion is based both on the results of
the relevant enzyme tests for detection of C120 or C230 enzymatic activities (also

preliminary tests), as well as on the results of the GC-MS tests. In this study, GC-MS analysis
was performed to examine possible products of phenol metabolism obtained during yeast
cultivations under different conditions. This approach was applied to the detection of products
produced by ortho-cleavage or meta-cleavage, which led to the formation and detection of
cis,cis-muconic acid or 2-hydroxymuconic semialdehyde, respectively. To the best of our

knowledge, this is the first report of identification of ortho-cleavage pathway in cold-adapted
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yeast strains isolated from peatland. Previously, the identification of ortho-cleavage pathway
was reported as the metabolic pathway of phenol utilization among alpine cold-adapted
phenol-degrading yeasts isolated from Alpine glacier cryoconite and petroleum hydrocarbon
contained alpine soils in Austria, respectively [26,37]. On the other hand, by analogy, this is
the first report of the identification of phenol utilizing yeasts via the ortho-cleavage pathway
belonging to the species: Candida subhashii (strain A011), Candida oregonenis (strain B021)
and Schizoblastosporion starkeyi-henricii (strain L012). Interestingly, on the base of the
results of our study and the literature study, it appears that, so far, the ortho-cleavage pathway
seems to be the predominant metabolic pathway of phenol-degrading yeast [15,23-26,37].

It is worth noting that in all analyzed samples, regardless of whether yeast cultures were
prepared with or without the starving step, only 1,2-dioxygenase enzyme activity was
observed. On the other hand, all analyzed yeast strains reach higher OD values in a shorter
time of cultivation (biomass growth is more effective) in cultures prepared without starving
step (Fig. 3-Fig. 4).

However, summing up the discussion of results presented in Section 3.2, we may also
conclude that the individual character of examined yeast strain and also the conditions of
conducting experiments (e.g. experiment conducted with or without the starving step), may
have a noticeable impact on the results of C120 enzymatic activity assay. The inoculum
preparation method, in the cases of two out of three tested yeast strains, seemed to influence
on the obtained results of measuring the specific enzymatic activity of their C120 enzymes.
For inoculum preparation method without starving step, the measured specific enzymatic
C120 activity values for strain BO21 are noticeable higher, and for strain L012 (ipc 500 and
ipc 750) are lower than those measured for both yeast strains when their inoculums were
prepared with the starving step.

Summarizing the results of the GC-MS analyzes, catechol and cis,cis-muconic acid

production were observed for all studied yeast strains, independently of initial phenol
concentration in culture medium and changed during the cultivation time. The majority of
examined yeast strains and different initial concentration of phenol in the culture medium,
catechol was detected at the earlier stages of degradation, whereas cis, cis-muconic acid was
produced at later stages. For analyzed yeast strains and different initial phenol concentration

in culture medium (Fig. 5a and 6a), during the cultivation time, catechol concentration levels
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decreased, with exception A011 (ipc 1000) (inoculum prepared without the starving step, Fig.
5a) and B021 (ipc 500 and ipc 750) (inoculum prepared with the starving step, Fig. 6a),
respectively. Previously publicized reports have shown that ortho-cleavage is induced by
cis,cis-muconate acid, the product of the catechol ring fission [56,57]. In case of cultivations
where inoculum was prepared without the starving step, increasing the initial phenol
concentration caused an increase in cis,cis-muconic acid concentrations (except strain L012 at
ipc 1000). Additionally, increasing cis,cis-muconic acid concentration was correlated with
increasing specific activity of the obtained crude enzyme extracts (Table 2) within each
specific strain. However, this correlation is not highly observed in the case of the experiments
which included the starving step. It may be caused by the fact that during culture growth of
analyzed yeast strains cis,cis-muconic acid was transformed to muconolactone, which was the
next metabolite of the ortho-cleavage pathway and was not assayed during our study.
Considering all factors, this suggests that the study of biodegradation pathways of phenol
should focus not only on enzymatic assays or chromatographic techniques but combine both
techniques. This point of view may be useful for a better understanding of the mechanism of
biodegradation and for an unequivocal identification of biodegradation phenol pathways by
microorganisms.

Because cis,cis-muconic acid is produced by microorganisms in only one of the known main
metabolic pathways which they use to utilize such environmental aromatic pollutants like e.g.
catechol, phenol, toluene and benzene as carbon sources [46] the research carried out in this
work allowed us to answer an important question: “If the psychrotolerant phenol-degrading
yeast strains isolated by us from the peatland may be interesting in terms of their further

research on the development of a biotechnological method of obtaining cis,cis-muconic

acid?” In this research, we found that all examined yeast strains utilize phenol via the orthocleavage

pathway, where cis,cis-muconic acid is one of the intermediates. The highest value

of cis,cis-muconic acid concentration in all analyzed yeast cultures was detected for Candida
oregonensis strain B021 (initial phenol concentration 750 mg I-1, inoculum preparation
without the starving step) and was almost 10 mg I-1. Hence, in our opinion, this yeast strain
seems to be the most promising for achieving a metabolically engineered Candida
oregonensis strain capable of efficient production of cis, cis-muconic acid by biotechnological

biotransformation of phenol, catechol and other small aromatic compounds resulting from
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lignin hydrolysis.
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Tables

Table 1 Total enzymatic C120 activity [U] of yeast strain cultures where inoculum was

prepared without the starving step.

Yeast strain Total enzymatic C120 activity
(initial phenol concentration [mg I'}]) [U]

A01; (500) 0.007 = 0.0003

A011 (750) 0.014 =0.0007

A01; (1000) 0.007 = 0.0004

B02; (500) 0.005 = 0.0003

B02; (750) 0.001 = 0.0001

L01; (500) 0.006 = 0.0003

LO01; (750) 0.001 = 0.0001

LO12 (1000) 0.0001 < 0.000

Table 2 Total [U] and specific C120 activity [U mg '] of crude enzymatic extracts obtained

from yeast cultures where inoculum was prepared without the starving step.

Yeast strain
(initial phenol concentration [mg 1'])

Total enzymatic
C120 activity

Specific enzymatic
C120 activity

U] [Umg]
A01; (500) 0.071 = 0.0036 0.084 = 0.0042
A01; (750) 0.16 =0.0081 0.14 = 0.0070
A01; (1000) 0.19 =0.0092 0.25+0.012
B021 (500) 0.16 =0.0081 041=0.021
B02; (750) 0.13 =0.0067 217=0.11
L012 (500) 0.023 =0.0011 0.044 = 0.0022
L012(750) 0.13=0.0067 0.16+ 0.0082

L1012 (1000)

Table 3 Total enzymatic C120 activity [U] of yeast strains cultures where inoculum was

prepared with the starving step.

0.0051 = 0.00062

0.058 = 0.0029

Yeast strain Total enzyvmatic C120 activity
(initial phenol concentration [mg 'l [U]

A011 (500) 0.001 =0.0001

A0L1 (750) 0.010 = 0.0005

A011 (1000) 0.008 = 0.0004

B02; (500) 0.002=0.0001

B02, (750) 0.003 =0.0002

LO1; (500) 0.002 =0.0001

L01, (750) 0.004 = 0.0002

LO1; (1000) 0.051 £0.0025
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Table 4 Total [U] and specific C120 activity [U mg '] of crude enzymatic extracts obtained

from yeast cultures where inoculum was prepared with the starving step.

Yeast strain
(initial phenol concentration [mg I''])

Total enzymatic
C120 activity

Specific enzvmatic
C120 activity

[U] [Umg]
A0l (500) 0.071 £0.0035 0.17=0.0086
A011 (750) 0.0041 = 0.00022 0.0064 <= 0.00032
A01; (1000) 0.27 = 0.00092 0.57=0.029
B02: (500) 0.0034=0.00014 0.0047 = 0.00023
B021 (750) 0.016 = 0.00083 0.023 =0.0012
L012 (500) 0.0093 = 0.00052 0.36=0.018
L01; (750) 0.35=0.0052 0.47=+0.023
L01; (1000) 0.0032=0.00014 0.012 = 0.00060
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Fig. 1. Schemes of the ortho- and meta-pathways present in phenol and its derivates-

degrading microorganisms: based on Paisio et al. [47].
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Fig. 2. GC-MS spectra (Electron impact ionization) of derivatized analytes — a) phenol TMS

derivative: b) catechol TMS derivative: ¢) ¢is, cis-muconic acid TMS derivative.
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