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Microbial Biocatalysis
Tao Pan 1,* and Zhilong Wang 2,*

1 Jiangxi Province Key Laboratory of Mining and Metallurgy Environmental Pollution Control, School of
Resource and Environmental Engineering, Jiangxi University of Science and Technology,
Ganzhou 341000, China

2 State Key Laboratory of Microbial Metabolism, School of Pharmacy, Shanghai Jiao Tong University,
Shanghai 200240, China

* Correspondence: t.pan@jxust.edu.cn (T.P.); zlwang@sjtu.edu.cn (Z.W.)

Biocatalysis, which can be performed by whole cells and isolated enzymes, has become
a topic of public interest for its potential use in the chemical industry in manufacturing,
monitoring, and waste management. Enzymes are proteins that organisms produce to cat-
alyze the biochemical reactions needed for life. However, the isolation and purification of
enzymes may be costly and time-consuming, and cofactors may need to be added or recov-
ered. An alternative approach is to use whole cells as “Microbial Biocatalysts” to perform
multiple enzyme reactions in a single strain and regenerate cofactors internally. Whole-cell
biocatalysts can be used for different types of processes, such as biotransformation and
fermentation. They involve one or more steps of biocatalysis to produce valuable chemicals
through biosynthesis/biotransformation or degrade organic pollutants completely.

Fermentation is a whole-cell biosynthesis process that involves multiple enzymes
and native pathways. α-Ketoglutaric acid (KGA) is a valuable compound that can be
produced by Yarrowia lipolytica CBS146773 using a mixed carbon source of glycerol and
rapeseed oil [1]. This strain requires thiamine for growth and overexpresses genes encoding
glycerol kinase, citrate synthase, and the mitochondrial acid transporter. By optimizing
the fermentation conditions, the KGA yield reached 82.4 g/L. In contrast to the pure
compound KGA, extracellular polymers (EPS) are complex secondary metabolites produced
by microorganisms. They consist of proteins, polysaccharides, humic acids, and nucleic
acids. A Cordyceps strain C058 and its bioaugmented biofloc, named mycelium biofloc
(MBF), have shown high water purification efficiency due to their high EPS production [2].
MBF was constructed by both fungi and bacteria, with C058 being the main contributor to
EPS synthesis. Multifunctional enzymes (MFEs), including various synthetases and post-
modification enzymes, are involved in the biosynthesis of such secondary metabolites [3].
The review summarized the research advances of MFEs such as polyketides, non-ribosomal
peptides, terpenoids, and a wide range of cytochrome P450s that participate in secondary
metabolite synthesis [3].

Whole-cell biocatalysis relies on finding suitable biocatalysts for specific conversion
reactions. A team from Shenyang Pharmaceutical University reported three examples of
whole-cell biotransformation reactions in three articles: the 7α- and 7β-hydroxylation of
Dehydroepiandrosterone by Gibberella sp. CICC 2498 and Absidia coerulea CICC 41050 [4];
the O-demethylation of rabeprazole by Cunninghamella blakesleeana 3.970 [5]; and the non-
oxidative deamination of L-phenylalanine and L-tyrosine by recombinant Escherichia coli
BL21 [6]. These reactions are useful for the synthesis of important pharmaceutical inter-
mediates. α-Amylase is an important industrial enzyme that has not been extensively
studied in marine sources. The α-amylase from the symbiotic bacteria Bacillus sp. HR13
and HR16 isolated from the intestines of Sillago sihamas and Rastrelliger Kanagurta exhibited
high thermostability at 60 ◦C [7]. This suggests that they have potential applications in
food and detergent industries. Phenol-degrading bacteria have been widely reported, but
little is known about phenol degradation by cold-tolerant strains in extreme environments
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such as Antarctica. Two cold-adapted Arthrobacter strains that only possessed catechol 1,2-
dioxygenase were able to degrade phenol via an ortho-cleavage pathway at temperatures
between 10 and 15 ◦C [8].

In order to improve the efficiency of whole-cell catalysis, the catalyst can be modified
by mutation, directed evolution, and immobilization. Random mutagenesis was the first
technology that enabled the efficient generation of large diversity and is still used in many
laboratories. For example, UV mutagenesis of the nystatin-producing strain Streptomyces
noursei D-3-14 resulted in the mutant strain 72-22-1, with a high yield of polyfungin B
and high fungicidal activities [9]. The mutant strain showed a 1.58 and 1.91-fold increase
in chemical and biological potency, respectively, and had stable genetic characteristics.
However, random mutagenesis has some limitations, such as the incompleteness of the
diversity introduced. This can be overcome by combining it with other technologies to
achieve the directed evolution of catalysts. A case in point is the use of error-prone PCR
for random mutagenesis and a suitable and efficient high-throughput screening method
to enhance the acetophenone tolerance of short-chain dehydrogenase/reductase (SDR)
from Empedobacter brevis ZJUY-1401 [10]. The mutant M190V exhibited a 74.8% activity
improvement compared with the wild-type when using 200 mM acetophenone as the
substrate. Another way to improve whole-cell catalysis efficiency is to immobilize cells
to keep them alive, stabilize their catalytic efficiency, and enable their reuse. This also
simplifies cell recycling and downstream processing. For instance, immobilized whole E.
coli pRSF-AfNit2 cells were able to effectively catalyze the hydrolysis of 3-cyanopyridine
to nicotinic acid in a semi-continuous packed-bed bioreactor (sPBR) using recombinant
nitrilase [11]. The conversion rate remained at 100% after repeating the operation for
41 batches of sPBR. A review of diclofenac biodegradation by microorganisms and im-
mobilized systems was presented [12]. It showed that immobilized fungal and bacterial
systems can achieve complete degradation of diclofenac by a metabolic relay that avoids
the accumulation of toxic intermediates.

Process intensification can be an effective way to improve the efficiency of microbial
biocatalysis. For example, in the water-organic solvent two-phase system, hydrophobic
Mycolicibacterium can act as emulsifiers to stabilize the Pickering emulsion. This can enhance
the interfacial biotransformation of phytosterols by increasing the substrate concentration
to cause phase inversion and overcome substrate inhibition [13]. However, this strategy
may not work for all biocatalytic reactions. In the same water-organic solvent two-phase
system, the biodegradation of atrazine was inhibited by the organic solvent [14]. This
could be because the atrazine-degrading bacterium is hydrophilic and the organic solvent
limits substrate transfer between oil and water. The biodegradation process of pollutants
in natural environments is also influenced by various environmental factors. Bioplastics
are a potential alternative to petroleum-based polymers that can be degraded in compost,
soil, and aquatic environments [15]. The review focused on the intensification of bioplastic
biodegradation through composting technology.

To conclude, this Special Issue on “Microbial Biocatalysis” provides a comprehensive
overview of the recent developments in catalyst discovery, its modification, and process
intensification for whole-cell catalysis in the fermentation, biotransformation, or biodegra-
dation processes. We hope that this collection of key studies will inspire further research in
this field.

We would like to express our sincere gratitude to all authors for their valuable contri-
butions, as well as to the editorial team of Catalysts, especially Miss Cathy Yang, for their
kind support.

Author Contributions: The contribution of T.P. and Z.W. is equal. All authors have read and agreed
to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

2



Catalysts 2023, 13, 629

References
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Multifunctional Enzymes in Microbial Secondary
Metabolic Processes
Jun-Tao Wang, Ting-Ting Shi, Lin Ding, Juan Xie and Pei-Ji Zhao *

State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, School of Life Sciences,
Yunnan University, Kunming 650091, China
* Correspondence: pjzhao@ynu.edu.cn

Abstract: Microorganisms possess a strong capacity for secondary metabolite synthesis, which
is represented by tightly controlled networks. The absence of any enzymes leads to a change
in the original metabolic pathway, with a decrease in or even elimination of a synthetic product,
which is not permissible under conditions of normal life activities of microorganisms. In order to
improve the efficiency of secondary metabolism, organisms have evolved multifunctional enzymes
(MFEs) that can catalyze two or more kinds of reactions via multiple active sites. However, instead
of interfering, the multifunctional catalytic properties of MFEs facilitate the biosynthetic process.
Among the numerous MFEs considered of vital importance in the life activities of living organisms
are the synthases involved in assembling the backbone of compounds using different substrates and
modifying enzymes that confer the final activity of compounds. In this paper, we review MFEs in
terms of both synthetic and post-modifying enzymes involved in secondary metabolic biosynthesis,
focusing on polyketides, non-ribosomal peptides, terpenoids, and a wide range of cytochrome
P450s(CYP450s), and provide an overview and describe the recent progress in the research on MFEs.

Keywords: multifunctional enzymes; secondary metabolic; synthases; post-modifying enzymes

1. Introduction

The life activities of organisms involve a large number of functionally rich enzymes,
among which multifunctional enzymes (MFEs) are a class of enzymes with two or more
catalytic functions. The polypeptide chains of MFEs are linked together by covalent
linkages, which help maintain the homeostasis of MFEs. In addition, the function of
polypeptide chains in MFEs is not affected by the separation of polypeptide chains, which
is an important way to distinguish them from multi-enzyme complexes [1]. There are also
a large number of MFEs in the biosynthesis pathway of microbial secondary metabolites,
especially synthetases and modifying enzymes. To assemble the basic skeleton of the
products, synthases use specific substrates, which are the basis upon which the products are
distinguished [2,3]. The most representative synthetic enzymes are polyketide synthases
(PKSs), non-ribosomal peptide synthases (NRPSs), and terpene synthases (TPSs). The
modification enzymes, which are the main contributors to the abundance of secondary
metabolites and the key to their ultimate activity, modify the product skeleton, resulting
in products with different functions. As an important modifying enzyme, cytochrome
P450s (CYP450s) participate in the post-modification process, and the abundant number
and function of CYP450s indicates that they are multifunctional [4]. Hence, it is reasonable
to speculate that MFEs can make full use of energy and substances in vivo and in vitro,
enabling a faster and more accurate response when regulation occurs and facilitating the
vital activities of the organism. Therefore, exploring MFEs in microbial secondary metabolic
processes is a meaningful task to more clearly demonstrate the process of certain important
biosynthetic products (Figure 1) and to provide precise data for application.
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2. Multifunctional Synthases in the Synthesis of Secondary Metabolic Processes

Polyketides, non-ribosomal peptides (NRP), and terpenoids are secondary metabolites
widely found in microorganisms [5,6] and have been widely applied in antibiotic, anti-
infective, antineoplastic, and immunization applications due to their excellent activity [3,7,8].
In this section, we mainly introduce the MFEs that are typically representative secondary
metabolites (Figure 1). Interestingly, PKSs and NRPSs are analogous in many aspects
concerning the function of domains and the biosynthesis process. On the one hand, the
basic extension domains of PKSs are the acyltransferase (AT), acyl carrier protein (ACP), and
condensation (KS) domains, which play the role of substrate loading, substrate transport,
and condensation, respectively [9–12], while in NRPSs, these roles are performed by the
adenylation domain A (A), peptidyl carrier protein (PCP) domain, and condensation
domain C (C), respectively [13–17]. In the context of the biosynthesis process, the ACP
(PCP) of PKSs (NRPSs) transports the substrate that is loaded and activated by AT (A),
and finally KS (C) catalyzes the attachment of the substrate to the intermediate until the
completion of all catalytic processes, after which the compound skeleton is formed. The
backbone is extended via catalysis by the structural domain, which is eventually released
by the terminating domain (TE) and modified by a post-modifying enzyme, resulting
in the final active compound [13,14,16–31]. MFEs are ubiquitous, especially according
to the available classification, and type I PKSs and type I NRPS are all MFEs. They are
further divided into two categories, modular and iterative, where we focus more on the
elaboration of iterative PKSs (IPKSs) and iterative NRPSs (INRPSs). Compared with
modular enzymes, iterative enzymes contain structural domains that are reused in multiple
rounds to complete product extension, although they have only one functional module.
Interestingly, despite the smaller size and fewer structural domains of iterative enzymes,
their synthesis capacity is not weaker than that of modular enzymes and, moreover, has
the potential to be developed. Regarding multifunctional TPSs, their multifunctionality
is more often seen in bifunctional enzymes with both isoprenoid transferase (PT) and
TPS activities—for example, bifunctional terpene synthases (BTSs), which are bifunctional
enzymes that continuously catalyze the proceeding key steps in terpene biosynthesis and
have excellent terpenoid synthesis capabilities. In addition, there exist some TPSs with
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modifying roles that are directly involved in the post-modification process in addition to
cyclization, all of which will be elaborated in this section.

2.1. Multifunctional Polyketide Synthases

6-Methylsalicylic acid synthase (6-MSAS), first isolated from Penicillium patulum, is
a representative of IPKS [32]. 6-MSAS was found to be involved in the biosynthesis of
6-methylsalicylic acid (6-MSA), which is one of the simplest polypeptides produced [33].
The single protein of 6-MSAS contains all the catalytically active domains required for the
synthesis of 6-MSA [34]. 6-MSAS catalyzes the biosynthesis of 6-MSA from one acetyl
coenzyme A and three malonyl coenzyme A units by successive decarboxylation condensa-
tion [35–37]. 6-MSAS initiates the reaction by loading an acetyl starting unit and a malonyl
extension unit, and the growing polyketide midbody is bound to the ACP until the end of
synthesis. Usually, PKSs releases products through the termination domain (TE), which
is absent in 6-MSAS. Thus, the question of what 6-MSAS releases its products through
has persisted for some time. There are specialized domains for product release in other
IPKSs, such as the Claisen cyclase domain, as well as the R domain [38,39]. The results
of Tomomi et al. suggest that the product release of 6-MSAS is inextricably linked to its
dehydratase domain (DH), called the thioester hydrolase domain (TH), with which 6-MSAS
hydrolyzes the thioester bond of the tetraketone intermediate linked to the ACP for product
release (Figure 2) [40].
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Figure 2. The representative IPKS 6-MSAS is involved in the biosynthesis of 6-MSA. 6-MSAS
repeatedly uses a module to complete the biosynthesis, and each domain is reused in this process.
This is a typical way for IPKSs to synthesize products.

In addition, IPKSs responsible for the biosynthesis of aromatic polyketides also occur
in bacteria, where they may even be more prevalent. As the first bacterial 6-MSAS identified
for 6-MSA biosynthesis, ChlB1, first isolated from Streptomyces antibioticus Tü99, is involved
in the biosynthesis of the antibiotic chlorothricin (CHL) [41]. ChlB1 is responsible for the
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synthesis 6-MSA, which is methylated and chlorinated to give the 2-methoxy-5-chloro-6-
methylsalicylic acid fraction of CHL [42,43]. In the biosynthesis of maduropeptin (MDP),
an enediene from actinomyces, MdpB, similar to ChlB1, is involved in the biosynthesis of
part of 6-MSA, namely the part that is modified and used as a component of MDP [44].
PtmQ from Streptomyces pactum ATCC 27456, which is highly similar to ChlB1, is thought
to be involved in the biosynthesis of 6-MSA in this organism [45]. As the first discovered
bacterial 6-MSAS, ChlB1 is homologous to the fungal 6-MSAS in organization and sequence,
and phylogenetic analysis shows that ChlB1 is genetically closer to AviM, CalO5, and NNS,
which are bacterial IPKSs [43].

The representative IPKS LovB is responsible for the biosynthesis of lovastatin, a
cholesterol-lowering drug formed from dihydromonacolin L (DML) [46] found in As-
pergillus oryzae. LovB contains an enoyl reductase (ER)-like structural domain that lacks the
corresponding activity and therefore requires the assistance of a separate enoyl reductase,
LovC, for the biosynthesis of lovastatin [47,48]. The entire process of lovastatin biosynthesis
involves eight cycles of synthesis, and throughout the biosynthesis of lovastatin, the indi-
vidual structural domains of LovB are used in selective combinations: the MT–KR–DH–ER
domains combination are used in the third cycle; the KR–DH–ER domains combination are
used in the fourth and sixth cycles; the KR–DH domains combination are used in the first,
second, and fifth cycles; and only the KR domain is used in the seventh and eighth cycles
(Figure 3). The study by Suzanne et al. demonstrated that the C-terminus of LovB contains
neither the TE nor other common unloading domains. When using LovB and LovC to
produce polyketides in vitro, the polyketides remain attached to LovB and, therefore, the
other structural domains release DML [49]. A study by Xu et al. identified that the gene
lovG, located between lovB and lovC in the biosynthetic gene cluster of lovastatin, belongs
to the esterase–lipase family of serine hydrolases and is involved in the release of LovB
products, which is in agreement with the results that the presence of a LovB-independent
structure is involved in DML release [50].
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Figure 3. LovB, as an IPKS, is involved in the biosynthesis of lovastatin. LovB reuses its domain
combinations to participate in different stages of lovastatin synthesis, and different domain combina-
tions give lovastatin a complex structure and excellent activity. The methyltransferase domain (MT)
is active only during the fourth cycle, producing the intermediate α-methyl 3-ACP, a reaction that
follows chain elongation catalyzed by ketone synthase (KS) and precedes the function of the keto
reductase (KR), dehydratase (DH), and alkenyl reductase (ER) domains.
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IPKSs play an important role in the formation of polyketone structures during the
biosynthesis of a noteworthy class of antibiotics, the enediynes. Calicheamicin, a non-
pigmented enediyne from Micromonospora that can be used as an antitumor agent, possesses
two specific polyketide structural elements, PKS E and PKS O, of which PKS E is known
as the calicheamicin warhead and is an important functional structure of calicheamicin.
Two genes in the biosynthetic gene cluster of calicheamicin, calE8 and calO5, encode
two independent IPKSs, CalE8 and CalO5, respectively. CalO5 shares a high degree of
similarity to the IPKS-AviM responsible for avilamycin synthesis. Joachim found that
the CalE8 of a Micromonospora disruption mutant produced neither calicheamicin nor
enediene activity nor compounds that would be produced by disruption of the PKS O
synthesis machinery, consistent with disruption of PKS E, suggesting a role for CalE8 on
PKS E [51]. Another study showed that an IPKS-SgcE from Streptomyces globisporus is
involved in the biosynthesis of the slug portion of the enediene antibiotic C-1027, which,
unlike calicheamicin, is a class of pigment protein enediene [52]. By comparing the slug
structures of C-1027, calicheamicin, and the fellow nonchromoprotein dynemicin, it was
hypothesized that a highly conserved PKS is responsible for the biosynthesis of the slug
structures of both the pigmented and nonchromoprotein enediynes [51]. In addition, it was
shown that the naphthalene fraction of enediyne, another enediyne antitumor antibiotic, is
synthesized via condensation of six intact acetate units by naphthalene synthase, an IPKS
that, similarly to CalO5 above, shares a high degree of sequence homology with AviM [53].

2.2. Multifunctional Non-Ribosomal Peptide Synthase

INRPSs are often found to be involved in the biosynthesis of NRPs with repetitive
sequence composition, and these NRPSs often reuse a domain, especially the TE. Many
microbial siderophores are synthesized by NRPSs [54], such as coelichelin, fuscachelin C, etc.
Hai et al. proposed the INRPS involved in fuscachelin C biosynthesis and demonstrated a
mechanism for fungal NRPS in assembling iron carriers [55]. Enterobactin NRPS, a typical
representative INRPS, is a siderophore found in Gram-positive bacteria that promote
cellular iron transport. Enterobactin is a circular trimer consisting of a dihydroxybenzoyl
group and serine. Prior to biosynthesis, conversion of dihydroxybenzoyl from an aromatic
amino acid precursor branching acid to an isobranching acid is first required, then to
2,3-dihydro-2,3-dihydroxybenzoate, and finally to 2,3-dihydroxybenzoic acid (DHB) [56].
Amide linkage of DHB and L-serine is catalyzed by EntD, EntE, EntF, and the C-terminal
aryl carrier of EntB [57], in which EntF consists of four domains, C, A, PCP, and TE.
L-Serine is activated by domain A and subsequently bound to PCP in the form of an
acyl-S-pantothiamine intermediate awaiting binding to DHB [58], which is activated by
EntE and binds to EntB [59]. The formation of a peptide bond is catalyzed by domain C
of EntF, which binds DHB and L-serine, forming a dihydroxybenzoyl–serine unit. This is
followed by the most interesting process in the biosynthesis of enterobactin, wherein the
dihydroxybenzoyl–serine unit is transferred to the TE of EntF, leaving the site open for
assembly of the next unit (Figure 4). This process is repeated three times and, finally, the
cyclization on TE forms a cyclic trimer of dihydroxybenzoyl–serine units, which are finally
released by hydrolysis [60]. Even more interesting is that there are countless examples
of such iterative use of the TE in such modules as 2,3-dihydroxybenzoate (DHB)-glycine,
an iron carrier produced by Bacillus subtilis during iron deficiency that is very similar to
enterobactin and is deduced to be a DHB–Gly–Thr trimer with the same DHB portion
as enterobactin. Similarly, 2,3-dihydroxybenzoate (DHB)–glycine uses the TE at the end
of the C-terminus of INRPS for iterative repeated triple condensation to form the final
product. The proteins DhbE, DhbB, and DhbF are involved in the whole biosynthesis
process, among which DhbE and DhbB function similarly to EntE and EntB in enterobactin
for loading and activating DHB; DhbF is different from EntF, being divided into DhbF–Gly
and DhbF–Thr, which are correspondingly responsible for loading Gly and Thr to form the
DHB–Gly–Thr monomer, after which TE plays an iterative role to complete biosynthesis of
the product [58]. The biosynthetic processes of enedimycin, valinomycin, echinocandin,
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and gramicin, compounds of bacterial origin, are similar in that they are all formed from
repetitive condensation of TE monomers [61–65], which seems to foreshadow the similarity
in the biosynthesis of this class of compounds in bacteria.
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Figure 4. DHB is synthesized under the action of EntC, EntB, EntA, and EntE, in which EntE
(a bifunctional enzyme) repeatedly plays a role. EntF is an INRPS that binds L-serine and catalyzes
its binding to DHB. This process occurs three times, during which the intermediate product binds to
the TE domain, and the final product, enterobactin, is released under the catalysis of TE.

In 2012, Oikawa et al. performed in vitro expression and biochemical testing of the
NRPS for saframycin A biosynthesis and proposed that NRPS SfmC plays an iterative role
in completing the final assembly of saframycin A, which is a potent antitumor antibiotic.
SfmC plays an iterative role by add two tyrosine derivative units to its skeleton. Unlike
the biosynthesis process of NRP, such as for enterobactin described above, the C-terminal
structural domain R of SfmC, according to the in vitro reaction results, catalyzes multiple
steps of other reduction reactions during this biosynthesis in addition to playing a role in
catalyzing the reductive cleavage and release of the mature polypeptide chain from the last
PCP structural domain adjacent to the R structural domain [66].

2.3. Multifunctional Terpene Synthases

Two key enzymes play a role in terpenoid biosynthesis: isoprenoid transferases
(PTs), which are responsible for the production of C5 precursors, and terpene synthases
(TPSs), which catalyze the formation of the basic terpene backbone by cyclizing these chain
precursors synthesized by PTs. Generally speaking, PTs and TPSs are two separate enzymes;
however, PTs and TPSs have increasingly been found to coexist in the same protein as
separate active sites involved in catalytic sequential reactions, and these bifunctional
enzymes are called bifunctional terpene synthases (BTSs) [67,68]. Type I BTSs contain
αα structures, such as the fusicoccadiene synthase PaFS from Phomopsis amygdali, while
type II BTSs have αβγ structures, such as the copalyl diphosphate synthase (CDS) from
Penicillium verruculosum [69–71]. In recent years, both PaFS and CDS have been researched
relatively in-depth by David’s group [72]. PaFS is the first BTS identified to catalyze the
first two steps of diterpene glycoside fusicoccadiene biosynthesis [68,73]. Its C-terminal
PT structural domain generates geranylgeranyl diphosphate (GGPP), which is used by
the N-terminal class I cyclase structural domain to generate the tricyclic hydrocarbon
backbone of fusicoccadiene. CDS was the first BTS found to possess both PT and class
II TPS activity [74]. The α structural domain of PT catalyzes the condensation of C5
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dimethylallyl diphosphate with three successive additions of C-5 isopentenyl diphosphate
(IPP) to form C-20 GGPP, which is then cyclized in the N-terminal class II cyclase structural
domain to form copalyl diphosphate [75]. Based on the attraction of the efficient biological
activities of terpenoids, various techniques are being actively attempted in the expectation
of improving product yields or obtaining structurally novel structures. The yields achieved
using ophiobolin synthase, a BTS that is highly homologous to PaFS, have been increased
more than 100-fold by constructing a high-yield chassis, a method that can efficiently
increase synthetic yields [76]. It was demonstrated that the depth of the PT active site
determines the final length of the product [77], and fixed-point mutagenesis experiments
showed that the length of the product chain can be changed by altering the depth of the
active site pocket [78]. Thus, David et al. demonstrated that CDS can be modified to
produce sesquiterpenes and that PT partially produces farnesyl diphosphate (FPP) instead
of GGPP [75]. Extending the biosynthetic potential of BTS through combinatorial biology
is a good option, but this aspect remains to be explored in relation to PKSs and NRPSs.
Some studies have made some progress in demonstrating the applicability of combinatorial
biology approaches to the development of TPS [79].

In another study, Tiangang Liu selected two TPSs with a substrate admixture by
constructing a phylogenetic tree, and their broad substrate specificity was verified by
modifying the mevalonate pathway such that it could provide sufficient amounts of C5
precursors. Six BTSs were constructed by combining the screened TPSs with PT for efficient
synthesis of FPPS, GGPPS, and GFPPS, resulting in seven new terpenoids with three new
backbones [80]. This modular-like combination seems to be a feasible way to exploit the
potential of TPSs and rapidly expand the number of terpenoids. However, because of
limited substrate specificity, there is still a need to discover new TPSs. New compounds can
be obtained by constructing multifunctional TPS using combinatorial biology methods [81].

Genome-based mining for BTS is a fast and efficient route, and new enzymes are
constantly being discovered [80,82–86]. Two BTSs, PbSS and PvPS, were presumably
obtained by analyzing the genomes of Penicillium brasilianum NBRC 6234 and Penicillium
verruculosum TPU1311, and their cyclization mechanisms were investigated using isotope
labeling experiments [87]. Genome mining of Aspergillus ustus 094102 led to identification
of a BTS, AuAS, whose heterologous expression resulted in five new diester terpenoids,
while coexpression of AuAS and the upstream CYP450 (AuAP450) yielded four new diester
terpene alcohols [88]. Subsequently, AcAS from Aspergillus calidoustus, a homologue of
AuAS, was heterologously expressed and found to be involved in the biosynthesis of six
ester terpenoids, one of which is the new skeleton ester terpenoid calidoustene, and the
other five are the five diester terpenoids found after the aforementioned heterologous
expression of AuAS (Figure 5) [89]. Liu et al. made remarkable progress by systematically
analyzing the genomes of 477 fungal species and found a total of 227 homologous BTS
genes, which includes 20 PTTS genes whose functions are known. In order to obtain more
information on the catalytic functions of these BTSs, 74 were selected based on the results
of functional identification. Yeast engineered strains of 74 BTSs were constructed using a
high dipterpene producing yeast chassis, of which 34 new functional BTS were successfully
identified. This study presents some new evidence on the origin of BTSs and the consistency
of their functions, as well as the convergent evolution of gene functions in fungi, plants,
and bacteria [90].

In addition to the BTSs mentioned above, there are also some multifunctional TPSs that
tend to have some additional modifying effects, and these additional modification activities
are often conducive to the formation of the final products. The volatile sesquiterpene deriva-
tive geosmin from Streptomyces coelicolor is synthesized by geosmin synthase (GS), the first
bifunctional TPS found in bacteria, and is present in various Gram-positive soil bacteria. GS
is a bifunctional TPS with two α structural domains: the N-terminal α structural domain of
type I TPS catalyzes the FPP reaction to form cyclized sesquiterpenes, which are precursors
of geosmin, and the C-terminal α structural domain catalyzes the cyclization break reaction
to produce hyoscyamine and acetone [91–93]. A bifunctional synthase encoded by the
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gene crtYB was found to synthesize octahydro lycopene and cyclize lycopene to β-carotene.
First, the octahydro lycopene-β-carotene synthase active domain condenses two GGPP
molecules to produce octahydro lycopene, and four desaturation reactions subsequently
take place to produce lycopene. Finally, lycopene cyclase activity results in cyclization of
both ends of lycopene to produce β-carotene [94].
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Figure 5. AuAs and AcAs are homologous BTSs containing PT and TPS active domains, and they
can use the same substrates to synthesize five different terpenoids: aspergitriene A and aspergidiene
A, B, C, and D. AuAs and CYP450 can use aspergidiene A, B, C, and D to produce the corresponding
oxidation products aspergilol A, B, C, and D. In addition, AcAs were found to synthesize calidoustens,
another compound with a new skeleton.

3. Multifunctional Post-Modifying Enzymes in the Synthesis of Secondary
Metabolic Processes

After the synthases complete the assembly of the compound backbone, modifying
enzymes, such as oxidases, methyltransferases, glycosyltransferases, and halogenases,
catalyze highly diverse and complex structural modifications, a critical step in conferring
biological activity to the compounds [2,3]. Among them, oxidases are extensively involved
in structural modifications to obtain complex and highly oxidized structures, which are
essential for the products to acquire biological activity. The main oxidases commonly found
in microbial secondary metabolism are CYP450s, flavin-dependent monooxygenases (FMO),
and dioxygenases represented by non-heme α-ketoglutarate-dependent dioxygenases,
which present multifunctional activity.

3.1. Multifunctional Cytochrome P450

As an essential modifier enzyme in many secondary metabolic processes, the CYP450
gene is typically integrated in biosynthetic clusters [95] and functions to hydroxylate hy-
drocarbon bonds through insertion of oxygen atoms to produce hydroxylated metabolites
and H2O [96], which can catalyze region-specific and stereospecific oxidation of precur-
sors, allowing for structural diversity and enhanced biological activity. More and more
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MFEs are being discovered, and many CYP450s from fungi and bacteria are found to
be multifunctional.

The same CYP450 enzymes can catalyze different biosynthetic processes or different
stages of the same biosynthetic process. Most of the multifunctional CYP450s function
in the same biosynthetic process. In contrast to pure hydroxylation and epoxidation
reactions, these multifunctional CYP450s are usually responsible for sequential reactions,
catalyzing sequential hydroxylation or epoxidation combinatorial reactions, directly using
the products of the previous reaction as substrates [97,98]. The most typical example of
this is the synthesis of gibberellins (GAs) in fungi, for example, a gibberellic acid called
GA3, a tetracyclic dihydroxy gamma-lactone acid containing two ethylene bonds and a
free carboxylic acid group. In fungi, such as Fusarium fujikuroi, the main final product
of the gibberellin synthesis pathway is gibberellic acid, which is synthesized by seven
genes located in a gene cluster. During subsequent modification, four CYP450 genes
encode four multifunctional P450s, namely P450-1, P450-2, P450-3, and P450-4 [99]. Five
oxidases participate in the GA biosynthetic pathway, including P450-1, P450-2, P450-3,
P450-4, and a 2-oxoglutarate-dependent dioxygenase DES. The role played by oxidases in
the biosynthesis of GA3 is well elucidated: P450-4 is responsible for the oxidation of ent-
kaurene to ent-kaurenoic acid. P450-1 oxidizes ent-kaurenoic acid to GA14 and catalyzes
four sequential steps in the GA biosynthetic pathway: 7β-hydroxylation, oxidation of C-6
to give a contractile ring B, 3β-hydroxylation, and C-7 oxidation [100]; P450-2 functions as
a GA20-oxidase, oxidizing GA14 to GA4, and is able to oxidize GA12 to GA9 [101]; P450-3
encodes a 13-hydroxylase responsible for the conversion of GA7 to GA3 and also catalyzes
the 13-hydroxylation of GA4 to GA1 [102]; and 2-oxoglutarate-dependent dioxygenase
DES is responsible for desaturation and conversion of GA4 to GA7 (Figure 6) [102,103].
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A multifunctional CYP450 is involved in the biosynthesis of a well-known compound,
lovastatin, and its backbone synthesis is described in the IPKS section above. However,
there is no clear explanation of how the cyclic ninhydrin DML is converted to monacolin
J and of how the double bond and hydroxylation are formed. Both in vivo and in vitro
characterizations by Jorge Barriuso and Don T. Nguyen showed that LovA can catalyze
the regio- and stereospecific hydroxylation of monacolin L-acid to produce monacolin J
acid. MycG, a multifunctional CYP450 found in Micromonospora griseorubida A11725, which
is involved in the biosynthesis of mycinamycin II, a 16-membered macrolide antibiotic.
Mycinamycin II contains two types of sugars, deglycosamine and mycinamycin, at C5
and C21, respectively. Genetic complementation analysis and in vitro characterization of
MycG confirmed that it is a multifunctional CYP450 that catalyzes sequential hydroxy-
lation and epoxidation of substrates [104]. During the biosynthesis of mycinamycin II,
MycG can continuously catalyze the hydroxylation of C14 and the epoxidation of C12 and
C13 of macrolides on the substrate mycinamicin IV to obtain mycinamycin II [105,106].
AurH, a CYP450 from Streptomyces thioluteus, catalyzes two sequential oxidation reactions
in the biosynthesis of the polyketide antibiotic aureothin, in which AurH first catalyzes
hydroxylation of the allyl groups and then oxidation of the methyl groups to generate
tetrahydrofuran rings, which are important active structures of aureothin [107,108]. The
researchers who discovered this multifunctional CYP450 subsequently revealed the struc-
tural and biochemical basis of AurH-catalyzed tetrahydrofuran ring formation [109]. In
addition, the multifunctional CYP450 Fma-P450 is involved in three successive oxida-
tion steps of the antiparasitic and antiangiogenic drug, namely the terpenoid fumagillin
from Aspergillus fumigatus [110]. CYP450 RosC is responsible for the formation of hydrox-
ymethyl, formyl, and carboxyl groups during the biosynthesis of rosamicin (16-membered
macrolide) produced by Micromonospora rosaria IFO 13697 [111–113]. Similar examples
have been described elsewhere [114–117]. Aflatoxin is a class of toxic and carcinogenic
microbial secondary metabolites, among which the most famous and toxic is aflatoxin
B1. To obtain the final chemical structure in the biosynthesis of aflatoxin B1, two suc-
cessive oxidation reactions are required. These two successive oxidation reactions have
been shown to be catalyzed by a CYP450 OrdA encoded by a single gene. The synthesis
intermediate o-methyl-sterimatocystin is first catalyzed by OrdA, which adds a hydroxyl
group to the A-ring of O-methyl-sterimatocystin and then continues to produce an unstable
seven-membered lactone ring under OrdA catalysis. After deacidification and rearrange-
ment, it is converted to aflatoxin B1. ordA-encoded proteins have previously been found
to be involved in the biosynthesis of aflatoxins B1, G1, B2, and G2 by functioning as a
CYP450s, and they have shown the ability to convert OMST to aflatoxin B1 independently
(Figure 7) [118,119].
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Figure 7. OrdA functions as a multifunctional CYP450 in the modification of aflatoxin B1. OrdA
catalyzes a two-step oxidation reaction in the post-modification of aflatoxin B1. Firstly, a hydroxyl
group is added to the A-ring of O-methyl-sterimatocystin, and the unstable seven-membered lactone
is then generated under OrdA catalysis. Subsequent deacidification and rearrangement are also
thought to involve CYP450, a putative formation step shown in the figure.

A fraction of multifunctional CYP450 can function in different synthetic processes
due to their wide range of substrate properties. For example, the first reported CYP450
hydroxylase, PikC, can accept macrolide substrates of different ring sizes, catalyzing the
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addition of hydroxyl groups at two different positions on the macrolide. In Streptomyces
venezuelae, it is the enzyme responsible for hydroxylation during the biosynthesis of the
12-membered ring compounds methymycin and neomethymycin and the 14-membered
ring ketolide pikromycin [120]. CYP170A is a bifunctional enzyme that catalyzes the last
two consecutive allylic oxidations in the biosynthesis of albaflavenone [121]. CYP170A1
first catalyzes the hydroxylation reaction to generate a heteromeric mixture of albaflavenols
and then converts these heteromeric albaflavenols to albaflavenone [122]. Crystal structure
and mutagenesis analysis revealed that CYP170A1 also has a separate non-CYP450 active
site, a novel TPS active site that converts FPP into a mixture of farnesene isomers [123].

3.2. Other Oxygenases

FMO is a common enzyme for biochemical Baeyer–Villiger oxidation and also accom-
plishes a variety of oxidation reactions, including epoxidation, hydroxylation, oxidative
decarboxylation, halogenation, and sulfonation oxidation, and MFEs exist for this class
of oxidases [124–126]. XanO4 is an MFE responsible for catalyzing the oxidative substitu-
tion of carbonyl and methoxy in anthraquinone compounds during the biosynthesis of
yellow phospholipids, leading to the formation of xanthenone rings and the replacement
of methoxy with hydroxyl groups. Through isotopic labeling experiments, it has been
shown that the reaction involves the sequential insertion of two oxygen atoms and is
accompanied by demethoxylation [127]. Cytochalasin, an angiogenesis inhibitor produced
by Aspergillus oryzae, contains a vinyl carbonate fraction, and CcsB is an FMO responsible
for the introduction of the carbonate fraction via two oxidations of the ketomacrocyclic
precursor [128]. Bradley and colleagues have shown that the FMO EncM catalyzes two
sequential oxidations of the polyketide midbody, followed by an unusual Favorskii-type
rearrangement to produce enteromycin [129,130].

Non-heme α-ketoglutarate-dependent dioxygenases are representatives of dioxy-
genases that are widely distributed in nature and usually use α-ketoglutarate as a co-
substrate and ferrous iron as a cofactor to oxidize the substrate through decarboxylation of
α-ketoglutarate into succinic acid with subsequent oxidative coupling of the substrate. Hy-
droxylation is probably the most common reaction performed by these enzymes, but they
can also catalyze other oxidation reactions [131–133]. Austinol is a fungal diterpene derived
from 3,5-dimethylmustardic acid with a unique chemical structure and a remarkable and
unusual spirolactone ring system, whose formation requires the α-ketoglutarate-dependent
dioxygenase AusE, along with two FMOs for catalysis. AusE is responsible for iterative
oxidation steps, including oxidation of the spirocyclic ring formation reactions, to pro-
duce the austinol scaffold [134]. This is the first example of an α-ketoglutarate-dependent
dioxygenase that catalyzes the formation of spirolactone rings. PrhA from Penicillium
brasilianum has high homology with AusE, and the two enzymes can catalyze the same
substrate via a similar catalysis process, except that AusE first desaturates at C1-C2 to
form preaustinoid A2 and then rearranges, leading to the formation of spirolactone in
preaustinoid A3, whereas PrhA first desaturates at C5-C6 to form berkeleyone B and then
rearranges the A/B ring to form the cycloheptadiene portion of berkeleydione [135,136].
Interchanging the non-conserved residues on AusE and PrhA by targeted mutagenesis was
used to demonstrate the possibility of functional conversion. After interchanging residues
Val150 and Ala232 in PrhA and the corresponding residues Leu150 and Ser232 in AusE,
both mutants lost their original function. The results demonstrate that the catalytic function
of non-heme iron α-ketoglutarate-dependent oxygenases can be altered by a certain degree
of substitution with non-conserved residues, and that subtle differences in the active site
structure can lead to dramatic changes in the reaction results, serving as an example for the
modification of such enzymes [137].

Other multifunctional non-heme iron α-ketoglutarate-dependent oxygenases, such as
CAS, catalyze three oxidation reactions in the production of clavulanic acid, an important
β-lactamase inhibitor [138,139]. In cephalosporin C biosynthesis, DAOC, a bifunctional
enzyme present in eukaryotes, such as Cephalosporium acremonium, is responsible for the
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sequential oxidative ring expansion of penicillin N, to produce deacetoxycephalosporin C,
and its hydroxylation to form deacetylcephalosporin C [140,141]. A bifunctional α-KG oxy-
genase, carbapenem synthase (CarC), catalyzes differential isomerization and desaturation
reactions in the formation of carbapenem-3-carboxylate, a carbapenem antibiotic [142].

3.3. Post-Modifying Enzymes in the Synthesis of Lanthipeptides

Peptide secondary metabolites of microorganisms are a class of natural products
with a wide range of biological activities, typically represented by NRP, and another
class represented by ribosomally synthesized post-translationally modified peptides
(RiPPs) [143,144], which result from the ribosomal synthesis of polypeptide chains fol-
lowed by post-modification. The biosynthesis of RiPPs is usually accompanied by a
critical hydrolysis step that separates the N-terminal lead peptide from the C-terminal core
peptide [145], of which the core peptide is the biologically active RiPPs. Lanthipeptides
comprise one of the largest subfamilies of RiPPs and are widely utilized as an antibi-
otic [145]. According to the biosynthesis pathway, lanthipeptides are classified into four
categories [146], and with the exception of type I lanthipeptides, the post-modification
enzymes of the other three types of lanthipeptides are MFEs. Although these enzymes are
involved in post-modification, they are, in most cases, referred to as lanthipeptide synthases.

Type I lanthipeptides are post-modified by two enzymes: LanB, a dehydratase, and
LanC, a cyclase. Type II lanthipeptides are synthesized by LanM, a bifunctional enzyme
with a dehydratase domain at the N-terminal end and a cyclase domain at the C-terminal
end. Type III and IV lanthipeptides are post-modified by the trifunctional enzymes LanKC
and LanL, both of which contain an N-terminal cleavage domain and a central kinase
domain with a LanC-like domain at the C-terminal end [147]. However, different structures
exist at the end of their C-termini, with the C-terminal domain of LanL containing a
conserved zinc-binding motif, and such motifs are not found in the C-terminal cyclase
domain of LanKC [148,149]. Notably, new lanthipeptides are still being discovered, and
the first V-type lanthipeptide cacaoidin, a glycosylated lanthipeptide, was discovered
in 2020 [150,151].

All lanthipeptides contain either the cyclic amino acid lanoline (Lan) or the methyl
lanoline (MeLan), the formation of which requires the dehydration of Ser and Thr residues
into dehydroalanine (Dha) and dehydrobutyrine (Dhb), followed by a subsequent cy-
clization reaction in which the Cys residues undergo conjugate addition to Dha and Dhb,
corresponding to the formation of thioether cross-linked lanoline and methyllanoline, re-
spectively [152]. In addition, the dehydration mechanism for Ser and Thr residues is the
main way to distinguish lanthipeptides [153]. Phylogenomic studies have shown that
although these enzymes have very similar cyclase structural domains, the three classes of
LanM, LanKC, and LanL have evolved independently. At present, there are a few studies
on the structures of these post-modifying enzymes. Only the crystal structure of CylM,
which is involved in type II lanthipeptides synthesis, has been revealed and shows the
expected structure [154].

The discovery of type III lanthipeptides was relatively late. The first type III lan-
thipeptide synthase identified was RamC, which is involved in the biosynthesis of the
lanthipeptide SapB. A sequence analysis showed that this enzyme contains a Ser/Thr
protein kinase structural domain and a C-terminal structural domain [155]. Shortly af-
terward, a new lanthipeptide synthase with homology to the N-terminus of RamC was
discovered, which was shown to contain three catalytic structural domains, including a
kinase-like domain responsible for phosphorylation of Ser/Thr residues, an N-terminal
lyase domain responsible for phosphate elimination, and a C-terminal cyclase domain. The
truncated protein without the C-terminal cyclase domain can also independently catalyze
the dehydration reaction. The C-terminal cyclase domain has the same cyclization strategy
as LanM and LanC proteins, except that this enzyme contains a conserved zinc-binding
motif, which shows that its C-terminal cyclase domain is zinc ion-dependent, whereas
RamC-type enzymes do not have a zinc-binding motif [156]. Type III and IV lanthipeptides
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synthases differ in that the C-terminal cyclization sequence of type III lanthipeptides syn-
thase has no zinc-binding motif and is known as LanKC, whereas the C-terminal cyclization
sequence of type IV lanthipeptide synthase contains a zinc-binding motif and is known as
LanL [157]. The mechanism of LanL cyclization is similar to that of cyclase LanC due to
the similarity of the cyclization structural domain. The cyclization mechanism of LanKC is
the most puzzling because their cyclization structural domains do not have a conserved
zinc-binding motif. In addition, the presence of a lanthionin or labionin carbon ring in type
III lanthipeptides indicates the presence of another type of cyclization, and there are no
clear studies showing how this occurs.

3.4. Other Multifunctional Modifying Enzymes

The introduction of fluorine, chlorine, bromine, and iodine substituents into com-
pounds by halogenases can lead to organohalides with high biological activity, due to the
significant electronic and spatial properties conferred by the halogen part [158,159]. Of
the nearly 5000 or so halogenated natural products identified, chlorinated and brominated
metabolites predominate, with iodinated and fluorinated metabolites being fairly rare [160].
A new halogenase, AoiQ, has been identified in Aspergillus oryzae and is representative of
multifunctional halogenases. It is involved in the synthesis of the halogenated polyketide
compound dichlorodiaporthin and is responsible for catalyzing the highly regiospecific
sequential aliphatic dichloride of independent polyketide substrates. Prior to this, only a
few aliphatic halogenases have been biochemically characterized compared with the large
number of well-studied aromatic halogenases, and all are Fe II ketoglutarate-dependent
enzymes. This is the first flavin-dependent halogenase (FDH) for fungal aliphatic halogena-
tion. Bioinformatic analysis and functional genetics indicate that AoiQ is a bifunctional
enzyme. Successful recombination of AoiQ in vivo and in vitro demonstrates its ability
to progressively add gem-dichloride inactive carbon atoms onto independent substrates.
cDNA sequencing confirmed that AoiQ has 1014 amino acids and contains two distinct
functional domains: one with FDH activity for catalytic halogenation and the other with a
conserved S-adenosylmethionine (SAM) binding domain with methyltransferase activity,
suggesting it is an unidentified halogenase–methyltransferase heterodimer. Furthermore,
the halogenase site catalyzes an unactivated methyl group, whereas almost all other in vitro
reconstituted FDHs are involved in aromatic substitution reactions using Cl+ equivalents,
and achieving regioselective functionalization of inactive carbon atoms, such as aliphatic
halogenation, is a major synthetic challenge. The discovery of the first characterized fungal
aliphatic halogenase, AoiQ, provided a solution for aliphatic halogenation [161,162]. XanH
is a bifunctional protein with both reducing and chlorinating functions, but the reduced
products cannot be fully and efficiently utilized. By constructing the fusion enzyme FDR-
XanH, additional flavin reductase (FDR) can be added to facilitate the halogenation reaction,
and its activity has been verified [163,164].

Carbamoylation is ubiquitous in secondary metabolism, causing oxygen and nitrogen
atoms to undergo O-carbamoylation and N-carbamoylation, and this post-modification
often imparts antibiotic activity and cytotoxicity to its products. The biosynthesis of ansami-
tocin, an antitumor agent similar to maytansinoid [165], involves the addition of seven
polyketide units that undergo a series of post-modifications, including carbamoylation [166].
After some genes were shown to be involved in ansamycin modification [167–169], car-
bamoylated asm21 was presumed to be involved, and the experimental results also indicate
that asm21 encodes a carbamoyltransferase. 4”-O-Aminoformylansamycin was isolated
and identified as a novel ansamitocin with an aminoformylated polyketoskeleton and
glycosylated moiety. As the only carbamoyltransferase gene present in the ansamiline
biosynthetic gene cluster, Asm21 is thought to be involved in carbamylation of the glycosyl
fraction, a conjecture that was confirmed. The results indicate that ASM21 is a MFE with
dual carbamoylation activity on both the polyketide backbone and the glycosyl fraction
(Figure 8). Avermectin, a macrolide natural product containing a 6,6 helix ketone group, is
an important antiparasitic drug, and a bifunctional post-modifying enzyme was also found
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to be involved in its biosynthesis. A specific protein, AveC, has no sequence homology to
any enzyme of known function and was long thought to only be involved in dehydration.
This protein was found to catalyze stereospecific spironoketosis and dehydration of the
dihydroxyketone intermediate during the biosynthesis of avermectin, and the dehydration
precedes the formation of helical ketones [170]. To some extent, it facilitates the progress of
biosynthesis of spironoketone-containing compounds.
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Asm21 catalyzes the carbamoylation of polyketoskeleton and the glycosylates part of a special
ansamitocin (4”-O-aminoformylansamycin), indicating that it has double carbamoylated activity
on the polyketoskeleton and glycosylated part, which sufficiently demonstrates that Asm21 is a
multifunctional post-modifying enzyme.

4. Future Perspective

MFEs in secondary metabolic processes are highly efficient and versatile. It can
be said that catalytic approaches based on MFEs can be used to increase the efficiency
of synthesis and save space and substrate loss, as evidenced by their conservation in
microorganisms. MFEs have been continuously and systematically studied, which allows
us to keep abreast of their progress. In addition to the continuous search for microbial
resources with production potential and fermentation isolation, various techniques have
been actively applied to explore novel compounds, including genome mining, heterologous
expression, and combinatorial biology, and these approaches are used in conjunction. The
application of combinatorial biology in the modification of multifunctional synthetases can
yield some unnatural products. It is of great value to design a perfect biosynthetic pathway
by combining various methods and to exploit the functions of multifunctional enzymes
using suitable biomaterials. In any case, the emergence of MFEs has improved the use of
energy, matter, and space by organisms, and this advantage can be exploited by humans.
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Abstract: Diclofenac is one of the most popular non-steroidal anti-inflammatory drugs. Due to its
over-the-counter availability and high consumption along with municipal and hospital wastewater, it
enters the sewage treatment plant, where it is not completely degraded. This results in the appearance
of diclofenac in the effluents from the treatment plant, and with them, it enters the surface waters.
Due to its structure, it is characterised by its high resistance to degradation in the environment. At the
same time, it shows documented acute and chronic toxicity to non-target organisms. For this reason,
it is necessary to look for cheap solutions that enhance the degradation of diclofenac. The paper
discusses both the pathways of microbiological degradation of this drug described so far, as well as
modern systems of biocatalyst immobilisation, with a particular emphasis on laccases involved in the
biotransformation of diclofenac.

Keywords: biodegradation; diclofenac; immobilization; toxicity; sewage treatment; laccase

1. Introduction

Pain is a significant public health problem worldwide, with chronic pain affecting
approximately 27% of the adult population in Europe and over 100 million adults in the
United States. Non-steroidal anti-inflammatory drugs (NSAIDs) were discovered over
100 years ago, and the mechanism of action is based on the inhibition of cyclooxygenase
(COX) isoenzymes. To this day, they remain a crucial element in the pharmacological
treatment of inflammation and acute and chronic pain. They are essential for treating
acute pain in the perioperative period and the cornerstone of treating osteoarthritis and
other chronic pain conditions [1]. Due to their low addictive potential, good efficacy and
long history of clinical use are often preferred by physicians [2]. In recent years, there
has been a steady increase in the production and consumption of these drugs. Currently,
over 50 types of NSAIDs are available on the world market, and diclofenac is one of this
group’s best-known and popular drugs. It is difficult to calculate the exact global intake
of NSAIDs as they are sold under different trade names and are often available over the
counter. However, it has been estimated that worldwide consumption of diclofenac is 940
tons per year in capsules, suppositories, tablets, intravenous solutions and ointments, not
including veterinary consumption [3].

Due to the constantly growing problem related to detecting active pharmaceutical
compounds (PhACs) in groundwater, surface water and drinking water, modern and
environmentally friendly methods of wastewater bioremediation with greater efficiency
and effectiveness are sought. The threat is exacerbated by the natural processes of water
circulation in nature, hydrological connections between ecosystems and the accumulation
of various pollutants introduced into the environment for decades. Recently, the micro-
bial degradation of PhACs has been the subject of many studies due to the possibility
of complete or partial degradation of harmful compounds or their transformation into
less toxic compounds. Due to the unfavourable environmental conditions in which the
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biodegradation process is carried out, its efficiency drops significantly. Therefore, appro-
priate immobilisation methods are sought, allowing the immobilisation of biocatalysts. It
is conducive to increasing the degradability of pollutants, extending life, and increasing
the catalytic activity of biocatalysts. Moreover, it increases the chances of survival and
adaptation of microbial cells to the changing environment, including the concentration of
toxic compounds [4,5].

The study aims to assess the toxicity of diclofenac to non-target organisms and to
analyse the possibility of using immobilised preparations in the biodegradation processes
of diclofenac, particularly those based on immobilised laccase and microorganisms with an
increased potential for decomposition of this drug.

2. Diclofenac—Characteristics and Distribution in the Environment

Diclofenac [2- (2,6-dichloroanilino)phenylacetic acid] is one of the most widely used
non-steroidal anti-inflammatory drugs (NSAIDs), acting as an inhibitor of cyclooxygenase
responsible for prostanoid synthesis. After oral administration, diclofenac is rapidly and
completely absorbed in the intestines and is detoxified by hydroxylation and glucuronida-
tion. CYP2C9 and CYP3A4 (cytochrome P450 family of proteins) catalyse its oxidation
to 4′- and 5’-hydroxylated derivatives, and UDP-glucuronosyltransferase-2B7 (UGT2B70)
catalyses glucuronidation. The kidneys excrete 65% of the oxidised metabolites. The rest,
as acyl glucuronide, is excreted in the bile. Diclofenac acyl glucuronides are chemically
unstable compounds that can be epimerised by acyl migration to 2-, 3- or 4-O-glucuronide,
especially in the alkaline environment of bile [6]. Part of diclofenac is not metabolised
after ingestion, and the sewage system discharges it to the sewage treatment plant in an
unchanged or slightly changed form. It is estimated that the maximum concentrations
of this drug in wastewater range from 0.01 to 510 µg/L of diclofenac. Even though the
efficiency of removing diclofenac by advanced oxidation processes is as high as 80%, the
limitations of physic-chemical methods often preclude their use [7,8].

Alternatives to chemical methods using aggressive chemicals are ecologically safe
biological methods. However, diclofenac, a hydrophobic chlorinated derivative with
electron-withdrawing and donor groups having log D < 3.2 at pH 8.0, is not susceptible to
biological degradation [9]. The treatment efficiency in biological treatment plants is 0–80%,
but most often, it is 21–40% [8,10]. Since sewage treatment plants are characterised by a
low degradation efficiency of this drug, diclofenac and its derivatives enter the waters [7,8].
Diclofenac appears in soil, surface waters, groundwater and even in drinking water in
various parts of the world (Table 1) [11–14].

Table 1. Diclofenac concentration in the environment.

Sources Concentration References

Europe
Soil (Jerez de la Frontera, Spain) Nd1 –5.06 ng/g [11]

Sediments Ebro Delta region (Catalonia, Spain) 6.8–7.5 ng/g [15]
Wisła river (Skoczów, Poland) 74 ng/L [16]
Odra river (Wrocław, Poland) 0.429 µg/L [16]

Warta river (Częstochowa, Poland) 0.277 µg/L [16]
Danube river (Budapest, Hungary) 7–90 ng/L [12]

Aabach river (Switzerland) 11–310 ng/L [12]
Swiss lakes (Switzerland) 1–12 ng/L [12]

Vltava river (Prague, The Czech Republic) 0.104 µg/L [16]
Tejo estuary (Portugal) 51.8 ng/L [17]

Seawater (Portugal) 30.6 ng/L [18]
Isar River (Germany) 9–13 ng/L [19]

Wörthsee lake (Germany) 10–15 ng/L [19]
Asia

Beiyun River (China) 1.8–1300 ng/L [20]
Huangpu River (China) 13.6 ng/L [21]
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Sources Concentration References

Malir River (Karachi, Pakistan) 0.08–0.3 µg/L [13]
Korang River (Rawalpindi-Islamabad, Pakistan) 28 µg/L [22]
Sawan River (Rawalpindi-Islamabad, Pakistan) 62 µg/L [22]
Gumrah Kas (Rawalpindi-Islamabad, Pakistan) 14 µg/L [22]
Ling Stream (Rawalpindi-Islamabad, Pakistan) 23 µ/l [22]

Kaveri river (India) 103 ng/L [23]
Africa

Mbokodweni river (KwaZulu-Natal, South Africa) 0.9–5.3 µg/L [24]
Umgeni River (KwaZulu-Natal, South Africa) 10 µg/L [25]

Red Sea (Saudi Arabia) 26.9 ng/L [14]
Antarctica

Stream (Fildes Peninsula, Antarctica) 84 ng/L [26]
Stream (Seymour/Marambio Island, Antarctica) 77 ng/L [26]

North America
Groundwater survey (Montana, USA) 46 ng/L [27]

Mississippi river (Louisiana, USA) 22–107 ng/L [12]
South America

Natural waters (Rio de Janeiro, Brazil) 0.01–0.06 mg/L [12]

Nd1—not detected.

The average world concentration in rivers is estimated at 0.021+/−0.722 µg/L, and its
concentration in fresh water in extreme cases was recorded even in the range of µg/L [28,29].
Moreover, the presence of diclofenac was observed both in sewage sludge, at concentra-
tions up to 87 ng/g, and in soils, where the observed concentrations reach 5.6 ng/g soil,
depending on changing climatic conditions [11]. Such a situation forces the development
of new, efficient and, at the same time, cost-effective methods, including those based on
immobilised organisms, of removing this compound from water.

3. Toxicity of Diclofenac to Non-Target Organisms

The most tragic effect of diclofenac’s influence on non-target organisms was the almost
complete extinction of three species of vultures in the Indian subcontinent [28,30,31]. In the
1990s, in India and Pakistan, this drug was widely used to reduce inflammation caused
by trauma and infectious diseases in cattle and buffaloes. When vultures ate the corpse
of diclofenac-treated animals, the drug accumulated in the bird’s bodies, causing kidney
failure and death [7]. The cause of nephrotoxicity in vultures was the accumulation of
uric acid crystals in the visceral organs (visceral fundus). A detailed study found that
uric acid and alanine aminotransferase (ALT) levels were significantly elevated, and renal
architecture was disturbed [30].

However, effects such as those described above are infrequent due to the low drug
concentration observed in the environment. Nowadays, research is underway to analyse
the risk of adverse effects on organisms inhabiting the aquatic environment and exposed
long-term to low concentrations of diclofenac [32] (Table 2).

Table 2. Toxicity of diclofenac to non-target organisms.

Organism Exposition Time Concentration mg/L Effect References

Danio rerio 96 h 0.48 ± 0.05 Mortality-LC50 [33]
0.09 ± 0.02 Teratogenicity-EC50

90 min 0.00003 Decreased level of lipid peroxidation in zebrafish
embryo

96 h 0.001 Reduced viability of gill cells [34]
48 h 0.01 Reduced viability of digestive cells
48 h 0.001 Reduced viability of haemocytes

Danio magna 21 days 2.0 Mortality-LC50
0.5 Reduction in egg production

Gammarus pulex 24 h 216 Mortality-LC50 [28]
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Table 2. Cont.

Organism Exposition Time Concentration mg/L Effect References

Hyalella azteca 24 h 175 Mortality-LC50
Oncorhynchus mykiss - 0.001 Cytological alterations in the liver, kidney, and gills
Gasterosteus aculeatus 28 days 0.0046 Renal hematopoietic hyperplasia, jaw lesions [35]

21 days 0.271 Mortality-LOEC

Salmo trutta f. fario 25 days 0.1
Irregularly shaped and vesiculated hepatocytes

with a lack of glycogen storage and degenerating
nuclei

[36]

Dreissena polymorpha 6 months 0.00382 High mortality rates, effects on immunity, and high
genotoxicity [29]

1 h 0.25 Destabilisation of lysosomal membranes [34]
0.06 DNA fragmentation

Clarias gariepinus 96 h 25.12 Mortality-LC50 [37]

Lithobates catesbeianus 96 h 1
Induction malformations such as axial

malformations in the tail and notochord, oedema
and stunted growth

[38]

Xenopus laevis 96 h 1
Induction malformations such as axial

malformations in the tail and notochord, oedema
and stunted growth

[38]

Lemna minor 10 days 0.0001

Decrease in the content of photosynthetic pigments,
increased amount of reactive nitrogen and oxygen

species in roots, increased lipid peroxidation,
disturbation in membrane integrity

[39]

Mytillus galloprovincialis 15 days 0.25
Induction of superoxide dismutase and glutathione

reductase in the gills, high catalase activity and
lipid peroxidation levels in the digestive gland

[40]

Oryzias latipes 4 days 0.001 Induction of p53 gene expression [41]
Cirrhinus mrigala 35 days 0.001 Decrease of thyroxine and triiodothyronine levels [42]
Gyps bengalensis 36–58 h 0.25/kg Death from renal failure and visceral gout [43]

Diclofenac physicochemical properties, mainly the n-octanol/water partition coeffi-
cient (log Kow, 4.51), are responsible for bioaccumulation in living organisms, primarily
aquatic microorganisms [9]. The toxic impact of diclofenac, even at low concentrations of
µg/L, has been demonstrated in studies on such species as common carp (Cyprinus carpio),
brown trout (Salmo trutta fario), rainbow trout (Oncorhynchus mykiss) and stickleback
(Gasterosteus aculeatus) [28]. Exposure of brown trout embryos to diclofenac did not show
any evidence of embryotoxicity of this drug up to concentrations of 100 µg/L. NOEC
is administered at a level of 500 µg/L for mortality, hatching, development and terato-
genicity. Similar results were obtained for the embryonic and larval stages of Danio rerio,
Oncorhynchus mykiss and Cyprinus carpio, where significant effects were found only at con-
centrations higher than 1 mg/L. Juvenile brown trout responded much more sensitively
to diclofenac exposure than the larvae. The increase in mortality is alarming, occurring at
diclofenac concentrations in the low µg/L range. There was a concentration-dependent
increase in mortality in sticklebacks exposed to diclofenac, reaching a significance at 320
µg/L. A similar effect was observed by Näslund et al. [35] for the tricuspid stickleback at
271 µg/L of diclofenac. Acute toxicity tests of diclofenac in adult fish showed that the EC50
for carp was 71 mg/L [36]. Exposure to increasing concentrations of diclofenac from 2 to
32 mg/L also changed the growth curves of the populations of rotifers Plationus patulous
and Moina macrocopa, leading to a decrease in the density of organisms with increasing
drug concentration and a reduction in the daily population growth [34]. Mortality (LC50
480 ± 50 µg/L) and teratogenicity (EC50 90 ± 20 µg/L) have been demonstrated in Danio
rerio after 96–h exposure to diclofenac. Chronic toxicity bioassays on the viability of Danio
rerio embryos exposed for ten days to diclofenac allowed for the determination of NOEC
and LOEC values at the levels of 4000 and 8000 µg/L, respectively [33]. The chronic
toxicity of diclofenac has also been studied at the molecular and biochemical levels in
Daphnia magna. Mortality of individuals increased after 24 h of exposure to high con-
centrations of diclofenac (486 mg/L). Exposure to 2 mg/L of diclofenac resulted in 50%
mortality of D. magna after 21-day exposure and a significant reduction in egg production
at a concentration of 0.50 mg/L. 96–h exposure to 50 µg/L diclofenac induced substantial
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changes in the expression of some genes related to detoxification, growth, development and
reproduction. Their expression was inhibited after 24 h, and overexpression was observed
after 48 h of exposure [34].

Joachim et al. [29] conducted studies on the harmfulness of diclofenac concerning
primary producers and consumers in a long-term freshwater mesocosm experiment. The
effective concentrations were 0.041, 0.44 and 3.82 µg/L, and the experimental time was six
months. In such a constructed experiment simulating natural conditions, it was shown
that the toxicity of diclofenac towards non-target organisms was higher than previously
observed in laboratory conditions. During the six-month exposure period, the bio-volume
of macrophytes (Nasturtium officinale and Callitriche platycarpa) decreased significantly.
In Dreissena polymorpha, high mortality, reduced immunity and high genotoxicity were
observed at all examined concentrations. Moreover, the highest concentration used changed
the structure of the Gasterosteus aculeatus population. After one month of exposure, the
total fish stock and the percentage of juveniles decreased while the percentage of adults
increased. It led to a general change in the F1 generation length and frequency distribution
compared with the control [29].

In the context of the negative impact of diclofenac on non-target organisms, the toxicity
of the intermediates of diclofenac biotransformation is very important. Fu et al. [28] studied
this phenomenon in two key aquatic invertebrates: Gammarus pulex and Hyalella azteca.
In both of these species, diclofenac was converted into several oxidation products and
conjugates, including the taurine-diclofenac conjugate and the diclofenac methyl ester.
A significant increase in the bioconcentration factor for these intermediates relative to
the parent drug has been demonstrated. Moreover, diclofenac methyl ester was also
characterised by higher acute toxicity than diclofenac for both species, which correlated
well with the increased potential for bioconcentration. The LC50 of diclofenac for H. azteca
was 216 mg/L, while the LC50 diclofenac methyl ester was only 0.53 mg/L, which is a
430-fold increase in acute toxicity compared to diclofenac. The diclofenac-taurine conjugate
was less toxic to H. azteca than its parent compound, which may be due to its slightly lower
hydrophobicity [28]. In addition, it was observed that the two most frequently detected
hydroxylated derivatives of diclofenac: 4′-OH-diclofenac and 5-OH-diclofenac can be
further oxidised to reactive benzoquinone imines that interact with the protein nucleophilic
groups, resulting in the formation of adducts [9]. These studies clearly show that when
researching the toxicity of drugs toward non-target organisms, it is also crucial to look at
the toxicity of their biotransformation products more broadly [28].

Histological evaluation helps to better understand the mechanism of diclofenac toxicity.
In fish exposed to this drug, severe tissue reactions and lesions, especially in the liver, were
more frequently observed. Näslund et al. [35] showed renal hematopoietic hyperplasia,
and jaw lesions of the tricuspid stickleback at the lowest concentration tested at 4.6 µg/L.
Importantly, it is an identified concentration in the environment. Ultrastructural studies
of rainbow trout liver revealed glycogen level reduction and macrophage infiltration [36].
Moreover, it has been shown that even low concentrations of diclofenac found in the
environment (1 µg/L) lead to cellular changes in the liver, kidneys and gills of rainbow
trout, which reduces the functionality of the kidneys and gills [41]. In another in vitro
experiment, the toxicity of diclofenac was tested in a range of concentrations of 0.001, 0.01,
0.1, 1 and 10 mg/L on three different cell types of zebra mussels: haemocytes, gill cells and
digestive gland cells. After 96 h of exposure, a significantly reduced viability of diclofenac-
treated gill cells was observed already in the presence of the lowest concentration applied.
Moreover, the viability of diclofenac-treated digestive cells was significantly reduced
after 48 h of exposure to 0.01 mg/L, while the haematocyte viability was decreased at a
concentration of 0.001 mg/L [34].

The apparent effect of diclofenac on inter-individual relationships in exposed fish
is surprising. The percentage of individuals showing signs of aggressive behaviour in-
creased significantly with increasing diclofenac concentration, with a LOEC of 10 µg/L.
Behavioural changes of African catfish (Rhamdia quelen) at 25 mg/L of diclofenac were also
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observed. These included respiratory failure, loss of balance, and irregular swimming,
but no signs of aggression were seen. It may be the effect of reduced ability or propensity
to act in defence, resulting from the weakened condition of the animals. For example,
stickleback was leaving food behind and having a higher percentage of skin ulceration after
exposure to diclofenac. Open wounds can cause infections with pathogens, making ani-
mals vulnerable to potentially lethal consequences. On the other hand, diclofenac-induced
mortality may increase aggressive behaviour through changes in fish density. Another
possible explanation for the increased aggressiveness observed in juvenile fish relates to
the finding that diclofenac leads to corneal perforation in rainbow trout. The behavioural
abnormalities of juvenile brown trout can be attributed to panic reactions due to visual
impairment [36,37].

Studies on carp showed a significant increase in hydroperoxide and lipid peroxidation
content at a diclofenac concentration of 7.1 mg/L [36]. Reduced lipid peroxidation (LPO)
levels were observed in zebrafish embryos after exposure to 30 ng/L diclofenac for 90 min.
At the environmental concentration (ng/L), diclofenac showed toxicity to Perna perna
mussels, leading to decreased lysosomal membrane stability and increased cyclooxygenase
activity, higher levels of oxidative stress and DNA damage. An increased level of lipid
peroxidation was also observed in zebra mussels treated with diclofenac at a concentration
of 1 µg/L. However, oxidative stress was induced in the mussel Mytilus galloprovincialis
even after exposition to 0.25 µg/L of diclofenac [32]. Moreover, in zebrafish, in response
to oxidative stress induced by diclofenac and its photolysis products, elevated levels of
enzymes such as catalase, superoxide dismutase, and glutathione transferase and lipid
peroxidation were observed [44]. The presence of diclofenac results in oxidative stress also
in the cultures of microorganisms. Among other things, increased activity has been shown
in superoxide dismutase and catalase and the formation of lipid peroxidation products.
Changes accompanied this phenomenon on the cell surface and within the biological
membrane. Multivariate analysis showed that exposure of the Pseudomonas moorei KB4
strain to diclofenac caused a decrease in the zeta potential with a simultaneous increase in
the hydrophobicity of the cell wall. In addition, significant stiffening of the membrane was
observed as a result of changes in the fatty acid composition of the membrane (including
the appearance of a branched fatty acid-19:0 anteiso and cyclopropane-17:0 cyclo) [9,45].
Not only the parent form of diclofenac but also its intermediates can cause oxidative stress
in cells of non-target organisms. Aissaoui et al. [46] assessed the toxicity of diclofenac
intermediates obtained during the degradation of this drug by Enterobacter cloacae isolated
from compost toward mouse liver cells. It was shown that diclofenac at therapeutic
concentrations and its metabolites affected oxidative stress parameters, including a decrease
in glutathione reserve, lipid peroxidation and disorders of the liver detoxifying enzymes,
including superoxide dismutase, catalase, and glutathione S-transferase. However, these
researchers emphasise the lack of a negative influence of diclofenac and its metabolites on
the oxidative stress parameters in mice cells after applying environmental concentrations
of this drug [46].

Lymnaea stagnalis snails were used to assess the immunotoxicity of diclofenac. They
were exposed to diclofenac for three days at environmental concentrations (1–10 µg/L)
and therapeutic concentrations (100–1000 µg/L). Diclofenac significantly influenced the
immune capacity and the performance of the cochlear haemocytes. This effect is typical of
the inflammatory response, confirmed by an increase in NADPH oxidase activity, mainly
after using the drug at a concentration of 1000 µg/L [34]. The expression of hepatic
c7 genes was also shown to be dependent on the concentration of diclofenac. The c7
protein is a complement of the system part of the innate immune system. It forms a
membrane attack complex with other complement component proteins that lead to the
lysis of foreign cells. Complement components are linked via the arachidonic acid pathway,
which explains the effect of NSAID exposure on c7 [35]. In turn, the cytogenotoxicity of
diclofenac was tested in vitro through the 1-h exposition of haemocytes collected from
Dreissena polymorpha to 60, 126 and 250 µg/L of the drug. A significant cytotoxic effect in
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the destabilisation of lysosomal membranes was noted only after exposure to 250 µg/L of
diclofenac, while both primary genetic changes (e.g., DNA fragmentation) and permanent
DNA damage occurred after exposure to all tested concentrations [34]. Increased DNA
fragmentation was also observed in the mussel Mytilus galloprovincialis after exposure to
the environmental concentration (2.5 µg/L) [32]. On the other hand, Oryzias latipes showed
induction of p53 gene expression after 4-day exposure to 1 µg/L of diclofenac. The p53
gene is an important biomarker in analysing environmental toxin carcinogenicity, and
DNA damage, as its product plays a crucial role in cell cycle arrest, apoptosis and DNA
repair [41]. The studies on the toxicity of diclofenac do not give conclusive results, and
some reports show that in environmental concentrations, diclofenac does not threaten
aquatic animals. Memmert et al. [47] indicated very low bioconcentration of diclofenac
in fish, corresponding to the chemical properties of diclofenac, including the dissociation
constant of pKa 3.99–4.16. Moreover, these authors indicate that although the NOEC is
estimated at 10 µg/L, only a concentration above 320 µg/L causes a reduction in growth in
zebrafish [46]. However, considering the number of reports of adverse effects of diclofenac
on non-target organisms, the conclusions of Näslund et al. [35] seem to be justified. These
authors postulate the reduction in the environmental risk associated with diclofenac toxicity
through the substitution of diclofenac, where possible from a therapeutic point of view,
with naproxen-a drug with a similar effect in the treatment of pain. Although naproxen
and diclofenac have similar effects in fish, environmental hazards and risks are lower with
naproxen than diclofenac because the toxic effects appear at higher naproxen concentrations
than diclofenac [35].

Due to the increasing concentration of NSAIDs in soils, plants are also exposed to
the toxic effects of diclofenac. Studies of the stress response to diclofenac of two crops,
maize and tomato, showed that the sensitivity to diclofenac is species-dependent. The
tomato was more sensitive, with growth inhibition, a decrease in the content of photosyn-
thetic pigments and a decrease in the maximum PSII quantum efficiency and PSII activity.
However, no effect of diclofenac in maize was observed in the content of photosynthetic
pigments or growth. However, an effect of diclofenac on the quantum efficiency of the PSII
photosystem was observed. In both plants, oxidative stress was also observed, manifested
by an increased concentration of hydrogen peroxide. In response, the plants triggered a
defence mechanism in the form of the synthesis of phenolic compounds [48]. Similarly,
Copolovici et al. [49] showed in beans the effect of diclofenac on the reduction in assimila-
tion coefficients and stomatal conductivity for water vapor. In addition, an increase in the
concentration of monoterpenes was also found: a-pinene, camphene and 3-carene). The
authors postulate that diclofenac may also interfere with the methylerythritol phosphate
pathway in plastids [49].

4. Diclofenac Biodegradation by Bacteria and Fungi

Few fungi and bacteria capable of degrading diclofenac have been described so far. More-
over, only a partial decomposition of this drug is most often described in the literature due to
the emergence of difficult-to-degradable intermediates. The fungi that can degrade diclofenac
include Trametes trogii, T. polyzona, Yarrowia lipolytica, Aspergillus niger, Phanerochaete chrysospo-
rium, Mucor circinelloides, Trichoderma longibrachiatum, Rhizopus microspore [50,51]. Among the
bacteria that degrade diclofenac, strains of Raoultella sp. DD4, Bacillus subtilis, Brevibacillus
laterosporus, Rhodococcus ruber, Labrys portucalensis F11, Alcaligenes faecalis, Staphylococcus aureus,
Staphylococcus haemolyticus, Pseudomonas moorei KB4, Klebsiella sp. KSC and Proteus mirabilis have
been described [9,10,45,52–56].

The most frequently observed transformation of diclofenac by fungi is hydroxyla-
tion by laccase, manganese peroxidase and the cytochrome P450 enzyme system to in-
termediates such as 4-hydroxydiclofenac, 5-hydroxydiclofenac, 3-hydroxydiclofenac and
4,5-dihydroxydiclofenac [50,51] (Figure 1).
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Figure 1. Diclofenac biotransformation by fungi [50,51].

Moreover, ligninolytic fungi: T. polyzona, M. circinelloides, and T. longibrachiatum degraded
diclofenac into the intermediates: adduct of 2,6-dicholorobenzoic, 2,4-dichlorobenzoic and
3,5-dichlorobenzoic acid, which proved the breaking of the C-N bond in the drug structure.
After ten days of incubation, these intermediates disappeared from the culture, indicating
their further degradation with ring cleavage. A positive correlation was observed between
the activity of manganese peroxidase and the drug tolerance of the fungi. In contrast, no such
correlation was observed concerning the drug degradation efficiency, which shows that these
strains’ mechanism of diclofenac degradation is more complex [51].

Metabolites of diclofenac, commonly observed in fungi, were also shown during
bacterial degradation. Among others, strains of Bacillus and Brevibacillus decomposed
diclofenac into 4’-hydroxydiclofenac [53].

The first described bacterial strains capable of diclofenac degradation were Raoultella
sp. DD4 and Rhodococcus ruber IEGM 346 [52,54]. Raoultella sp. DD4 degraded 0.6 mg/L
of diclofenac within 28 days and was highly resistant to the toxic effects of this drug [52].
Rhodococcus ruber strain IEGM 346 can degrade high diclofenac concentrations (50 mg/L).
It was confirmed that the C-N bond is broken during degradation, and the aromatic ring
opens in the structure of diclofenac. 16 intermediates of the decomposition of this drug
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by the IEGM 346 strain have been identified. The described pathway leads through a
series of oxidation reactions to homogentisic acid. The further oxidation of this acid
through a quinone derivative leads to the end products: acetoacetic acid, fumaric acid and
4,6,7-trioxooct-2-enedioic acid (Figure 2).

Figure 2. Diclofenac degradation by bacteria [9,10,55,56].

The adaptation mechanisms of Rhodococcus ruber IEGM 346 to high concentrations
of this drug are altered ζ potential of bacterial cells, increased cell hydrophobicity and
total cell lipid content, formation of multicellular conglomerates, and altered surface-
to-volume ratio [54]. In addition, Moreira et al. [10] showed that the degradation of
diclofenac by the Labrys portucalensis F11 strain took place through hydroxylation and the
formation of benzoquinone imine as a key metabolite. The resulting product was further
decarboxylated and hydroxylated. The stoichiometric release of chlorine and the lack of
detected metabolites at the end of the experiments indicated complete degradation of the
drug by the F11 strain. It was also the first time that a sulphation reaction was described
during bacterial diclofenac decomposition, indicating the similarity of metabolites during
bacterial diclofenac degradation to the conjugates which appeared during the Phase II
detoxification diclofenac in mammals [8]. For another example, the similarities between
the detoxification pathways of drugs in mammals and bacterial metabolism have also been
shown by Murshid et al. [55]. They described Staphylococcus sp. and Alcaligenes sp. with
the glucuronidase activity responsible for the conjugation of diclofenac with glucuronic
acid to diclofenac 1-acyl-glucuronide [55].
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Żur et al. [9,45] described the Pseudomonas moorei KB4 strain as capable of degrading
0.5 mg/L of diclofenac in a mono-substrate culture. In contrast, in a culture supplemented
with glucose and sodium acetate, this strain degraded 1 mg/L of diclofenac within 12 days.
4′-OH-diclofenac and diclofenac-lactam were identified as intermediates. Gene expression
analysis revealed up-regulation of selected genes encoding biotransformation enzymes
in the presence of diclofenac such as monooxygenase, dihydroxylating and aromatic ring
cleaving dioxygenases, and cytochrome p450 system [9,45]. In turn, the bacterial strain
Klebsiella sp. KSC, isolated from the livestock soil, has been described as a strain capa-
ble of biodegradation of diclofenac high concentrations. Klebsiella sp. KSC exposition to
70 mg/L of diclofenac caused the mineralisation of diclofenac after 72 h. In this case, 12 bio-
transformation products of diclofenac have been identified, indicating that hydroxylation,
dehydroxylation, decarboxylation and dechlorination are critical steps in the degradation
of this compound. As a result of these mechanisms, alcohols and ketones compounds are
formed. Both mono-, di-, tri- and tetrahydroxylated derivatives were observed. The genera-
tion of such products resulted from removing the carboxyl group and two hydrogens from
diclofenac with the simultaneous addition of hydroxyl groups to the parent compound.
In addition, hydroxylation products formed after the cleavage of the acetate group from
the structure of the parent substance were observed. In addition, the cyclisation product
between the carboxyl group and the nitrogen atom was also identified [56].

5. Diclofenac Biodegradation in Immobilised Systems

Conventional diclofenac wastewater treatment methods, such as physical and chemical
procedures, have severe limitations, such as poor treatment, low efficiency, high cost,
generation of hazardous by-products and application to a narrow range of concentrations
of organic compounds in the wastewater. Therefore, the challenge for environmental
engineers and biotechnologists is to develop an efficient, economical and environmentally
safe bioremediation technique to provide outstanding remediation solutions instead of
current treatment technologies [57]. Due to the confirmed toxicity of diclofenac towards
microorganisms, including microorganisms capable of biodegradation, more and more
attention is paid to immobilised biopreparations usage (Table 3).

Table 3. Immobilisation matrix/technologies in diclofenac biodegradation.

Immobilisation
Matrix/Technology Pros and Cons of Matrix/Technology Microorganism/Enzyme References

Sodium alginate-silicon dioxide-polyvinyl alcohol Highly effective in subsequent cycles with
an electron mediator

Laccase (Sphingobacterium
ksn-11) [58]

Electrospun nanofibers poly(L-lactic
acid)-co-poly(ε-caprolactone)

Thin structure, porosity, biocompatibility,
a high number of functional groups Laccase (Trametes versicolor) [59]

Porcine manure biocarbon High adsorption capacity, effectiveness,
high storage stability Laccase [60,61]

Polyvinylidene chloride membrane modified with
multi-wall carbon nanotubes

Resistance to contaminants, specific
surface area, mechanical strength, water

permeability, selectivity, thermal resistance
Laccase (Trametes hirsuta) [62]

Granulated activated carbon Large specific surface, high adsorption
capacity, porous structure, availability Laccase [63]

Palladium nanoparticles Resistance to aggregation Microorganisms [64]

Currently, the most commonly used methods in immobilising live microorganisms
are the so-called self-immobilisation in pellets and adhesion to a fixed or porous surface.
The first method is based on the natural tendency of some species of microorganisms in
submerged cultures for pellet development. The second method is based on the adhesion
of cells to the support material with a secreted exopolysaccharide acting as an adhesive
material. Immobilisation in the support material can also occur by encapsulating in pores
or through physical or chemical traps in porous solids or matrices. Recently, the use of
mushroom pellets has attracted attention due to the appropriate ability to self-immobilise
and the possibility of connecting another microorganism to such an aggregate or material,
resulting in the formation of self-immobilised biomixes [65].
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Both whole cells of microorganisms and selected oxidising enzymes have been used
in biodegradation and biotransformation processes [45,52,59]. An example of the use of
whole immobilised microorganisms in the degradation process of diclofenac was the de-
signed bioreactor based on a biofilter with immobilised activated sludge microorganisms.
After a two-month adaptation period, the removal efficiency of diclofenac in the designed
system reached 97.63%. Based on Illumina sequencing, the major bacterial taxa in the
biofilter were identified, which included Granulicella pectinivorans, Rhodanobacter terrae,
Castellaniella denitrificans, Parvibaculum lavamentivorans, Bordetella petrii, Bryocella elongata
and Rhodopseudomonas palustris. Wickerhamiella was the dominant fungal taxa in the im-
mobilised cell biofilter, indicating its leading share in diclofenac degradation in activated
sludge systems. Such enormous biodiversity of microorganisms allowed for the efficient
operation of the reactor. However, a decrease in pH was observed during its process, which
did not affect the degradation efficiency. Moreover, this arrangement proved successful
during the implementation of a wide range of carbon sources [8]. Pereira et al. [65] indicate
the potential of using the so-called biomixes to enhance microorganisms’ ability to degrade
organochlorine derivatives, including diclofenac. In the construction of biopreparation, the
ability of fungi and bacteria to autoaggregate is used. These authors, however, point out
that this requires research to understand interspecies interactions between fungal granules
and bacteria, especially as co-immobilisation affects pellet fixation and the possibility of
their use in continuous operation. Such research can contribute to developing cost-effective
and efficient biodegradation techniques for diclofenac and other substances resistant to
degradation [65].

The literature data show that not only microorganisms but also enzymes isolated
from them can be used to degrade diclofenac. However, there are few reports on the
involvement of enzymes in the degradation/biotransformation of diclofenac. The process
of enzymatic degradation of diclofenac was most fully described by Żur et al. [9], indicating
the involvement of enzymes such as hydroxylating mono- and dioxygenases, aromatic ring-
cleaving enzymes (catechol 1,2-dioxygenase, homogentisate 1,2-dioxygenase and salicylate
1,2-dioxygenase) in the decomposition of the drug structure. In addition, it was shown
that deaminase had a significant impact on the decomposition of the dicyclic structure
of diclofenac. However, Żur et al. [9] have not proposed any purification system based
on immobilized enzymes based on the enzymes shown. Other enzymes involved in the
degradation of diclofenac include the cytochrome P-450 system and laccase responsible for
hydroxylation, as well as the enzymes responsible for the transformation to glucuronide
derivatives [5,55,66,67] However, so far, only laccases have found broader applications
in systems based on immobilized enzymes used to transform diclofenac due to its low
specificity and high oxidising capacity towards diclofenac (Figure 3). Both simple and
popular carriers, such as alginate and new-generation synthetic carriers, were used for this
enzyme [58,59,62,64]. An example of laccase usage in the biodegradation of diclofenac is
the enzyme derived from Sphingobacterium ksn-11 immobilised in sodium alginate-silicon
dioxide-polyvinyl alcohol beads. It was shown that the immobilised laccase oxidised
diclofenac to 4-OH of diclofenac after 4 h of incubation, and the preparation itself was
highly effective in subsequent cycles. Moreover, the application of an electron mediator
(2,2-azino-bis-(3-ethylbenzthiozoline-6-sulfonic aid) shortened the transformation time to
90 min [58].

Zdarta et al. [59] immobilised laccase from Trametes versicolor on electrospun nanofibers
poly(L-lactic acid)-co-poly(ε-caprolactone) (PLCL) by adsorption, encapsulation and co-
valent bonding. Thin structures characterise materials produced by the electrospinning
method with a diameter ranging from 100 nm to 1 µm and a length of up to several thou-
sand meters. Due to features such as porosity, biocompatibility and the high number of
functional groups on nanofibers’ surfaces, these materials are favourable in immobilising
enzymes. As a result, over 90% biodegradation of 1 mg/L diclofenac was achieved under
optimal conditions. The immobilised enzyme was also active in the following cycles, main-
taining 40% efficiency after the fifth cycle. In addition, a thorough toxicity analysis of the
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biodegradation products was carried out. It was also shown that the solution obtained
after this process was about 65% less toxic than the initial diclofenac solution [59].

Figure 3. Products of diclofenac biodegradation in the immobilised system. Small letters indicate the
type of carrier, where (a,b) electrospun nanofibers, (c) carbon nanotubes, and (d) sodium alginate-
silicon dioxide-polyvinyl alcohol beads [58,59,63].

In turn, the complete biodegradation of diclofenac (500 µg/L) within five hours was
observed after applying laccase immobilised by adsorption on porcine manure biocarbon
(BC-PM) at the initial concentration of 500 µM diclofenac. Among other biocarbon carriers,
such as those obtained from pine wood (BC-PW) or almond shell (BC-AS), BC-PM showed
the highest adsorption capacity of laccase. It was observed that after using biocarbon
carriers, along with an increase in the initial concentration of laccase in the solution,
the enzyme binding capacity and, consequently, the effectiveness of immobilisation also
increased. The pre-treatment of the biocarbon carrier with citric acid increased its ability to
bind the enzyme. It was also established that the primary mechanism of enzyme adsorption
on biochar is homogeneous monolayer adsorption. Immobilised laccase showed higher
storage stability. Three times longer life was observed than free laccase [57,60,61].

Another example of enzymatic decomposition of diclofenac is the use of laccase
derived from Trametes hirsuta, immobilised by a covalent bond on PVDF/MWCNT mem-
branes ((polyvinylidene chloride (PVDF) membrane modified with multi-wall carbon
nanotubes (MWCNTs)). Polymer materials increase the resistance to contamination of the
resulting nanocomposite membrane. Nanomaterials can be used in the membrane matrix
or on its surface. They exhibit unique properties, including increasing their specific surface
area and mechanical strength, physicochemical properties such as water permeability,
resistance to contaminants, selectivity and thermal resistance. Carbon-based nanomaterials,
including MWCNTs, are popular membrane reinforcement materials used in wastewater
treatment. Polymer membranes are compatible with sewage treatment plant devices and
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do not interfere with their functioning. During the immobilisation of laccase on MWC-
NTs, there was a problem with nanoparticle separation at the purification stage. Mixing
MWCNT with PVDF membranes made it possible to avoid this problem. The addition of
MWCNTs to PVDF improves the physical properties of the membrane. It increases the rate
of electron transfer between the laccase and the substrate, thus, increasing the effectiveness
of laccases. Covalently immobilised laccase showed a high activity of 4.47 U/cm2 and an
activity recovery of 38.31%. Using chemically immobilised laccase in the mini-membrane
reactor by covalent bonding on PVDF/MWCNT membranes allowed for 95% of diclofenac
degradation within 4 h [62].

As a carrier for the immobilisation of laccase by physical adsorption, granulated
activated carbon (GAC) is also used. GAC characterises by a large specific surface, high ad-
sorption capacity, porous structure and wide availability on the market. These features give
GAC an excellent potential for enzyme immobilisation. It was shown that the adsorption
process on GAC did not change the structure of the laccase, which allowed it to maintain its
activity. GAC can efficiently adsorb micropollutants such as diclofenac. However, as with
all adsorbents, GAC adsorption of the micropollutants decreases with exposure time due
to surface saturation. Due to this issue, GAC regeneration is required to maintain system
performance. Hence, a regeneration strategy was developed by pre-adsorbing laccase to
the GAC. Immobilised laccase degrades the adsorbed micropollutants, thus releasing the
adsorption sites. In addition, the co-adsorption of laccase and micropollutants on GAC im-
proves biodegradation efficiency due to the increased electron transfer between laccase and
micropollutants. The immobilisation of laccase on GAC does not influence micropollutants’
adsorption because, after the enzyme’s immobilisation, about 65% of the carbon surface is
still available for the adsorbates. Moreover, sorption sites on the GAC surface are released
after biodegradation, and the sorption-degradation cycle can start anew. As a result, the
efficiency of diclofenac removal increases with subsequent cycles. Laccase prevents the
complete saturation of GAC, which is a must for continuous operation. Higher laccase
load, i.e., “full saturation”, allowed obtaining the highest diclofenac degradation result in
all cycles. The use of GAC-bound laccase overcomes some problems associated with using
free laccase for the catalytic degradation of micropollutants. The immobilisation of laccase
improved its reusability and stability over a wide range of pH and temperature, and the
enzyme removed micropollutants more effectively [63].

Recently, catalysts based on palladium (Pd) have aroused increasing interest. They
can catalyse many reactions, such as denitrification and hydrodechlorination. Palladium
catalysts are usually prepared by chemical methods and then immobilised on supports
such as silica. This avoids their aggregation and facilitates recycling. The production of
palladium nanoparticles using microbial reduction is a promising solution. This process
allows for using fewer toxic chemicals and does not require stabilisers or carriers, which
makes it environmentally friendly. The biomass-supported nanoparticles show more
excellent resistance to aggregation than those supported by conventional supports. Several
microorganisms, both pure strains and mixed bacterial cultures, can produce biogenic
nanopalladium (Bio-Pd) in their cell membranes and cytoplasm. One example of Bio-Pd
producers is the anaerobic granular sludge (AGS). AGS is a particular form of microbial
aggregates consisting of mixed cultures of microorganisms with a three-dimensional,
heterogeneous structure. Biocatalizator Pd-AGS combines AGS’s microbial metabolic
role with palladium’s catalytic function. As a heterogeneous catalyst consisting of Pd
nanoparticles and microbial granules, it has the advantage of initiating Pd autocatalysis
using hydrogen donors or electrons generated from organic compounds by microbial
transformation and fermentation. It has been shown that many factors, such as hydrogen
and electron donors, remediation medium, immobilisation vehicle, and pH, can influence
the catalytic activity of Pd during diclofenac bioremediation. Hydrogen is the most effective
electron donor for Pd-AGS, which is then more resistant to inactivation by chloride or
sulphide than free Pd nanoparticles. Using the Pd-AGS system allowed the decomposition
of 96% of diclofenac during four iterations of reduction, and the purification with water
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quickly regenerated its catalytic activity. Pd-AGS appears to be a viable and economical
alternative to homogeneous Pd complexes or a conventional supported heterogeneous Pd
catalyst [64].

6. Conclusions

The literature review clearly shows that diclofenac has a multidirectional effect on non-
target organisms living in waters contaminated with this drug, causing several negative
changes. At the same time, data analysis shows that there are microorganisms capable of
degrading low concentrations of this drug. However, most of the described fungi used
in the biodegradation processes of diclofenac, in fact, only transform to hydroxylated
derivatives without disturbing the aromatic structure of this compound. Such products
may be more toxic than the parent compound. In addition, using immobilised systems
using laccase as enzymes involved in the oxidation of diclofenac does not solve this
problem because the enzymes only carry out the initial hydroxylation. To solve the problem
of environmental pollution with diclofenac, it is necessary to look for microorganisms
capable of completely degrading diclofenac. It may be promising to use immobilised fungal
and bacterial systems, which would make it possible to use the high potential of non-
specific fungal enzymes for the activation of diclofenac. The activated substrate could then
be degraded sequentially into primary metabolism intermediates with the participation
of bacteria. However, research related to the analysis of fungal-bacterial interactions is
necessary for such systems to be used as an application.
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6. Krasniqi, V.; Dimovski, A.; Domjanović, I.K.; Bilić, I.; Božina, N. How polymorphisms of the cytochrome P450 genes affect
ibuprofen and diclofenac metabolism and toxicity. Arch. Ind. Hyg. Toxicol. 2016, 67, 1–8. [CrossRef]

7. Chen, J.; Gao, H.; Zhang, Y.; Zhang, Y.; Zhou, X.; Li, C.; Gao, H. Developmental Toxicity of diclofenac and elucidation of gene
regulation in zebrafish (Danio rerio). Sci. Rep. 2014, 4, 4841. [CrossRef]

8. Navrozidou, E.; Remmas, N.; Melidis, P.; Karpouzas, D.G.; Tsiamis, G.; Ntougias, S. Biodegradation potential and diversity of
diclofenac-degrading microbiota in an immobilised cell biofilter. Processes 2019, 7, 554. [CrossRef]
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Abstract: A recombinant E. coli, expressing nitrilase from Acidovorax facilis 72W with dual-site expres-
sion plasmid pRSFduet (E. coli pRSF-AfNit2), was constructed. It showed higher soluble expression
of nitrilase than that in the pET21a plasmid. The recombinant nitrilase can efficiently catalyze the hy-
drolysis of 3-cyanopyridine to nicotinic acid. The whole cells of E. coli pRSF-AfNit2 were immobilized
by using sodium alginate/glutaraldehyde/polyethylene imine as the best immobilized reagents. The
immobilized cells showed 95% activity recovery and excellent mechanical strength, with improved
thermal stability and pH stability. They also retained 82% of initial activity after nearly two months
of storage at 4 ◦C. A semi-continuous packed-bed bioreactor (sPBR) filled with the immobilized cells
was studied for efficient production of nicotinic acid. After optimization, the highest space–time
yield of 1576 g/(L·d) was obtained on 0.8 M substrate concentration at 2 mL/min of flow rate. The
sPBR was repeatedly operated for 41 batches, keeping 100% conversion in the presence of 30 mM
CaCl2. Finally, 95 g of nicotinic acid were obtained at 90% yield after separation and purification. The
developed technology has potential application value.

Keywords: nitrilase; cell immobilization; nicotinic acid; reaction optimization; semi-continuous
packed-bed bioreactor

1. Introduction

Nicotinic acid (NA) and nicotinamide are two main forms of vitamin B3, and they are
collectively referred to as vitamin PP, and they are also known as anti-sculpturial factors.
Named 3-pyridinic acid in the chemistry of NA, commonly known as Nicotinic acid or
vitamin B3, is an indispensable nutrient component in the human body [1,2]. NA, usually
in the form of coenzymes (coenzyme I and coenzyme II) in the human body, participate in
the oxidative reactions in the body, thereby promoting the metabolic activity of the human
body, maintaining the normal function of the human organs [3].

Traditional chemical synthetic methods of NA typically require harsh conditions, such
as strong alkali, high temperatures, etc., which not only increase the process costs, but
also produce certain pollution to the environment. Therefore, biocatalytic methods have
been increasingly applied to NA synthesis [4–9]. There are two main routes (Scheme 1) for
the biocatalytic synthesis of NA. One is the direct hydrolysis of 3-cyanopyridine to NA
by nitrilase, releasing the ammonia molecule at the same time. So far, there were many
reports on the synthesis of NA by wild nitrile hydrolase from different sources [10–13].
Mathew, C.D. et al. reported the production of NA from 3-cyanopyridine by resting whole
cells of Rhodococcus rhodochrous J1, and the highest yield was achieved, being 172 mg of NA
per 1.0 mL of reaction mixture containing 2.89 mg (dry weight) of cells in 26 h according to
feed batch addition of substrate [8]. Another route is that the 3-cyanopyridine is hydrolyzed
by nitrile hydratase to nicotinamide, which is then hydrolyzed by amidase to NA and
ammonia. Cantarella, L. et al. reported a cascade bioconversion of 3-cyanopyridine to
NA using a nitrile hydratase–amidase containing resting cells of Microbacterium imperiale
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CBS 498-74 in an ultrafiltration-membrane reactor, operated in either batch or continuous
mode [9]. It is worth mentioning that the Swiss company Lonza commecialized the biocon-
version of 3-cyanopyridine to nicotinamide by immobilized cells of Rhodococcus rhodochrous
J1 at >10,000 t/year scale [14].
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Although the production of NA by recombinant nitrilases were reported, there were
several shortcomings, which restricted the practical application of nitrilase, such as low
substrate concentration, low catalytic efficiency, and low stability of the enzyme [15,16]. In
addition, most of such reaction was carried out in a batch reactor [17–19]. There were few
reports on using packed-bed bioreactor for the production of NA by recombinant nitrilase.
Therefore, we constructed the recombinant nitrile with dual-site expression. In order to
achieve the industrial production of niacin, cell immobilization of recombinant bacteria
was studied and constructed a semi-continuous packed-bed bioreactor (sPBR).

The vector pRSFDuet-1 contains two multiple cloning sites, and each of them is
preceded by a T7 promoter and ribosome binding site. There were several reports on the
successful co-expression of two enzymes [20–22]. The use of pRSFDuet as recombinant
plasmid may improve the expression level of nitrilase in E. coli.

Therefore, the development of a highly efficient bioprocess by high active and stable
nitrilase under high substrate concentration in a suitable kind of bioreactor will facilitate the
practical application process. The current research was mainly focused on the construction
of recombinant E. coli pRSF-AfNit2 capable of two-site expression of nitrilase for the
hydrolysis of 3-cyanopyridine to nicotinic acid, cell immobilization, and the development
of an efficient process in a semi-continuous packed-bed bioreactor (sPBR). Finally, the
preparation of NA by an immobilized whole cell of nitrilase at hectogram scale in sPBR
was firstly reported.

2. Results
2.1. Expression of Recombinant Bacteria

After the strains of E. coli pRSF-AfNit2 were constructed, the strains of E. coli pRSF-
AfNit2 and E. coli pET21a-AfNit were cultured [23,24]. SDS-PAGE was conducted in
order to verify the expression level of nitrile hydrolase from different recombinant strain
E. coli. The size of the band was similar to the target band and the theoretical values were
consistent. It can be seen, from Figure S1, that the strains of E. coli pRSF-AfNit2 had higher
expression of soluble nitrilase. Under the condition of optimal flask level, the cell amount
and enzyme activitiy of E. coli pRSF-AfNit2 reached 4.8 gdcw/L and 3218 U/L, respectively
(the enzyme activity was determined according to the hydroysis of 3-cyanopyridine at
30 ◦C and pH 7.0, see Section 4.4 for details).

2.2. Immobilization of Whole Cells of E. coli pRSF-AfNit2 by Different Entrapment Method

This experiment was mainly based on the sodium alginate (SA) gel carrier, selecting
other different complexes to further combine with calcium alginate to immobilize the
cells [25]. The beads prepared using different immobilization methods were between
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3~5 mm in size. Immobilized cells were prepared by different methods, and their enzyme
activity and mechanical strength were compared to judge which immobilization method
was better (Table 1).

Table 1. Effect of different cellular immobilization methods on stability of nitrile hydrolase.

Immobilization Method Bead Dimeter (mm) Color Mechanical Strength a Relative Activity (%)

SA gel beads 3 milky * 87.3 ± 0.1
Fe3O4-SA 5 dark brown * 70.3 ± 0.3

SA-GA 3 light pink ** 91.7 ± 0.2
SA-GA/PEI 3 pink *** 95.1 ± 0.1

Activated carbon-SA 4 black * 78.8 ± 0.4
PVA-SA 3 white ** 87.7 ± 0.5

a The mechanical strength is expressed by the time (t) required for the breakage rate of the immobilized pellets to
reach 25%. One star (*): t < 30 min; two stars (**): 30 min < t < 60 min; three stars (***): t > 60 min.

It can be seen that, because the polyvinyl alcohol (PVA) solution was too viscous
and the solubility was too poor, it was not easy to prepare the polyvinyl alcohol–calcium
alginate (PVA-SA) immobilized cells, and other methods were relatively easy to prepare; the
mechanical strength test results showed that the calcium alginate, Fe3O4-calcium alginate
pellets, and activated carbon–calcium alginate pellets had poor mechanical strength and
were easy to swell and break. Calcium alginate–glutaraldehyde (SA–GA) and calcium
alginate–glutaraldehyde-polyethyleneimine (SA–GA/PEI) had moderate to high mechnical
strength, with both having over 90% activity recovery. Therefore, the best method was the
SA–GA/PEI method [25].

2.3. Enzymatic Properties of SA-GA/PEI Immobilized Cells and Free Cells

Temperature has always been an important factor affecting an enzymatic reaction. Too
high of a temperature will cause an enzyme to denature and inactivate; if the temperature
is too low, the catalytic reaction rate will be slower, and the enzyme activity will not be
high. This experiment compared the enzyme activity of free cells and immobilized cells at
different temperatures to determine the optimal temperature for free cells and immobilized
cells. It can be seen from Figure 1a that the optimum temperature for free cells was 55 ◦C,
and the optimum temperature for immobilized cells was 60 ◦C. When the temperature
was greater than the optimum temperature, as the temperature rised, the enzyme activity
of both free cells and immobilized cells all have decreased, but the enzyme activity of
immobilized cells was higher than that of free cells at the same temperature. For example,
the relative enzyme activity of free cells was only 18% at 70 ◦C, while the relative enzyme
activity of immobilized cells was 50%. This showed that its heat resistance was improved,
and the temperature range has been broadened [26].
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Figure 1. Effect of reaction temperature (a) and pH (b) on the activity of free and SA–GA/PEI
immobilized cells.

47



Catalysts 2023, 13, 371

In the enzymatic reaction, only when the catalyst exists in an appropriate pH buffer
system can the enzyme achieve higher catalytic activity. As shown in Figure 1b, the optimal
pH for free cells was 8.0, while it was 7.0 for immobilized cells. The activity of immoilized
cells decreased less than that of free cells with the increase in pH value under alkaline
conditions, which indicated that immobilized cells had a higher pH tolerance than free
cells in the alkaline range [26].

2.4. Storage Stability of Immobilized Cells

In practical industrial applications, an important evaluation criterion for the applica-
tion value of a catalyst was its storage stability. In this experiment, the storage stability of
free cells and immobilized cells was studied, and the results were shown in Figure 2. The
residual enzyme activity of free cells was only about 15% after being stored in a refrigerator
at 4 ◦C after 55 days. However, it was still more than 80% for immobilized cells after nearly
two months, which showed a much better storage stability of immobilized cells than free
cells [27].
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Figure 2. Storage stability of free and immobilized cells.

2.5. Research on Semi-Continuous Synthesis of NA in a Packed-Bed Reactor with
Immobilized Cells

The packed-bed bioreactor can also be called a fixed-bed bioreactor, because the biocat-
alyst in the reactor was always in a static state, and the reaction happened when substrate
solution flowed through the biocatalyst [28]. Since different methods of immobilizing
cells produced different cell shapes, the catalyst in the reactor can be filled in different
forms. When there existed product inhibition, the use of this type of reactor had certain
advantages. Since the catalyst in the reactor is always static, the fluid flow pattern can be
regarded as a plug flow. Compared with the continuous stirred tank bioreactor (CSTR),
the shear force was smaller, which facilitated keeping the stability of the biocatalyst. Up to
now, only scarce research was focused on the biosynthesis of NA in packed-bed bioreactors.
In the current research, we studied the effect of flow rate of substrate solution and substrate
concentration on the efficiency of catalytic reaction.

It can be seen, from Figure 3a, that the reaction rate increased with the increase in the
flow rate when it was increased from 0.5 to 2.0 mL/min. Further increasing the flow rate
from 2.0 to 3.0 mL/min, it was maintained in a stable state, which means the influence of
external diffusion could be negligible. Therefore, the optimal flow rate was 2.0 mL/min.

After determining the optimal flow rate, the substrate concentration was investigated.
It can be seen from Figure 3b that as the substrate concentration was increased, and the
conversion rate was decreased at the same time. When the substrate concentration was
greater than 0.8 M, the time for full conversion of the substrate was gradually increased.
The space–time yield at different substrate concentrations was shown in Table 2. When
the substrate concentration was 0.8 M, the space–time yield reached the highest value of
1576 g/(L·d). Therefore, the optimal substrate concentration was 0.8 M.
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Figure 3. Study on different parameters on the conversion of NA in semi-continuous packed-bed
bioreactor. (a) Flow rate (after operation for 90 min); (b) substrate concentration.

Table 2. The space–time yield at different substrate concentrations.

Substrate Concentration (M) 0.2 0.5 0.8 1.0 1.25

Full conversion time (h) 1.5 1.5 1.5 3.0 3.0
Space–time yield (g/(L·d)) 393 ± 1.0 984 ± 0.5 1576 ± 0.7 981 ± 0.5 1227 ± 0.5

2.6. Reusability of Immobilized Cells in the Bioreactor

According to the optimal substrate flow rate and substrate concentration, repeated
batch experiments were performed in the reactor to verify the operational stability of the
immobilized cells. The effect of calcium ions on the stability of immobilized cells was also
investigated (Figure 4). When no calcium ions were added to the substrate solution, the
immobilized cells began to swell and broke after only five batches, resulting in a sharp
decrease in the conversion. However, the immobilized cells with CaCl2 (30 mM) in solution
can be reused for at least 41 batches, keeping 100% of conversion. After 41 batches, the
immobilized cells started to swell and partially break, leading to a decrease in conversion.

When the reaction finished, the immobilized cells in the bioreactor were washed. The
washing liquid was combined with all the product solutions for each batch, and NA was
furthur seperated and purified. Finally, 95 g of pure NA were obtained from 43 batches,
corresponding to 90% of isolated yield [28]. Since the immobilized cells packed in sPBR
contained around 0.6 g dry cell weight of cells, it can be estimated that preparing 1 ton of
NA requires an immobilized biocatalyst containing only 6 kg of dry weight cells.
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Figure 4. Repeated use of immobilized cells in sPBR for the production of nicotinic acid.

3. Discussion

In this paper, by molecular cloning, the nitrilase gene derived from Acidovorax facilis
was ligated to a vector with two independent multiple cloning sites for two-site expression,
and the nitrilase-producing recombinant strain E. coli pRSF-AfNit2 showed higher soluble
expression of nitrilase than that of E. coli pET21a-AfNit2.

In order to further improve the stability of nitrilase, the whole cell immobilization of
nitrilase was systematically studied, and the immobilized cells were used to catalyze the
semi-continuous hydrolysis reaction of 3-cyanopyridine in a packed bed column bioreactor.
The results of the study were the following: the best immobilization method was the
calcium alginate–glutaraldehyde–polyethyleneimine cross-linking method, and the enzyme
activity of immobilized cells was 95% of free cells, and the residual enzyme activity of
immobilized cells was still more than 80% after nearly two months storage at 4 ◦C. In the
semi-continuous packed-bed column reactor, it was found that both the substrate solution
flow rate and the substrate concentration affected the catalytic efficiency. Regarding this,
the catalytic efficiency reached its highest when the substrate flow rate was 2.0 mL/min
and the substrate concentration was 0.8 M. The space–time yield of the reactor during
stable operation can reach 1576 g/(L·d). When the substrate solution contains 30 mM
CaCl2, the immobilized cells can be reused for at least 41 batches, and the conversion
was still kept at 100%. Finally, 95 g of NA were obtained in 90% isolated yield through
seperation and purification. It can be estimated that producing 1 ton of NA would require
immobilized biocatalyst containing only 6 kg of dry weight cells, which fufill the needs of
pactical applications.

4. Materials and Methods
4.1. Chemicals, Plasmids and Strains

3-Cyanopridine, nicotinic acid, protein marker, and soluble starch were from the
Aladdin reagent company (Shanghai, China); NaCl and yeast extract powder were from
sinopharm chemical reagent Co., Ltd. (Shanghai, China); anhydrous ethanol, CaCl2,
K2HPO4, KH2PO4 and MgSO4·7H2O were purchased from Shanghai Taitan Technology
Co., Ltd. (Shanghai, China); kanamycin was from Shanghai Yuanye Biotechnology Co., Ltd.
(Shanghai, China).

Plasmids pET-21a(+) (Novagen, Merck, Darmstadt, Germany) and pRSFDuet-1 (No-
vagen, Merck, Darmstadt, Germany) were preserved in the Biocatalysis and Biophar-
maceutical Laboratory (Shanghai Institute of Technology, Shanghai, China). Restriction
endonucleases (NdeI, XhoI, PstI, NcoI) were purchased from Takara Biotechnology (Dalian,
China). E. coli BL21 (DE3) and E. coli DH5α were purchased from Friction Biological Engi-
neering (Shanghai) Co., Ltd. (Shanghai, China). The recombinant plasmid pET21a-AfNit
was constructed in our previous work [23].
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4.2. Construction of Recombinant E. coli Strains Expressing Nitrilase

The nitrilase gene (FJ851547) [29] from Acidovorax facilis 72W (AfNit) was synthesized
by Shanghai Generay Biotech Co., Ltd. (Shanghai, China). AfNit was ligated into pET21a
via NdeI/XhoI restriction sites to generate expression plasmid pET21a-AfNit. The pET21a-
AfNit was transformed into E. coli BL21 (DE3) to construct the recombinant strain E. coli
pET21a-AfNit. For the construction of E. coli pRSF-AfNit2, the AfNit gene was ligated
into the first multi clone site (MCS1) via PstI/NcoI restriction sites, and the second MCS
(MCS2) was ligated via the NdeI/XhoI restriction sites to generate the expression plasmid
pRSF-AfNit2. The pRSF-AfNit2 was transformed into E. coli BL21 (DE3) to construct the
recombinant strain E. coli pRSF-AfNit2. The construction of recombinant pRSFDuet-1 plas-
mids and their transformation into E. coli were performed according to standard protocols.

4.3. Cultivation of Recombinant E. coli Expressing Nitrilase

A pure colony (E. coli pRSF-AfNit2 or E. coli pET21a-AfNit) was picked and cultivated
overnight in the 50 mL LB medium with 50 µg/mL kanamycin at 37 ◦C and 200 rpm. Then,
the 2 mL culture was incubated in 50 mL of culture medium (Soluble starch: 20 g/L, yeast
extract powder: 15 g/L, NaCl: 5 g/L, K2HPO4: 4 g/L, MgSO4·7H2O 1 g/L) with 50 µg/mL
kanamycin, and the cells were cultured at 30 ◦C and 200 rpm. When the OD600 value
reached 0.4 to 0.6, IPTG (0.4 mM) was added to the culture to induce enzyme expression
at 30 ◦C for 4 h [23]. Harvested cells were suspended in 50 mM PBS buffer (pH 7.0) and
then ultrasonicated on ice. Centrifugation was used to remove cell debris for 10 min at
12,000× g and 4 ◦C. The protein molecular mass was evaluated by SDS-PAGE [30,31].

4.4. Enzyme Assay

To assay the enzyme activity of AfNit, 0.5 mg of dry weight resting cells were sus-
pended in 475 µL of phosphate buffer (pH 7.0, 100 mM). The cell suspension was preheated
for 5 min on thermo-mixer compact at 30 ◦C and 1000 rpm, then 25 µL of 3-cyanopyridine
solution (1 M) in ethanol were added to the cell suspension, corresponding to 50 mM of
final substrate concentration. The reaction was performed at 30 ◦C for 15 min, and the
reaction solution was immediately added to 100 µL of HCl (2 M) to terminate the reaction.
Then, 1900 µL of anhydrous ethanol was added to the reaction mixture for dilution. After
centrifugation at 12,000× g for 5 min, the supernatant was filtered with organic filter mem-
brane (25 mm × 0.45 µm, sinopharm chemical reagent Co., Ltd., Shanghai, China.), and the
filtrate was assessed by HPLC. One unit of the enzyme activity was defined as the amount
of enzyme releasing 1 µmol of NA per minute under the described conditions [25].

4.5. Analytical Methods

The NA and 3-cyanopridine were quantitatively determined by HPLC (Shimadzu LC-
20AT, Kyoto, Japan), equipped with UV detector and a reversed phase column (Diamonsil®

Plus C18 5 µm 250 × 4.6 mm, Cat. No.: 99409, Dikma Co., Shanghai, China), and monitored
under UV 217 nm at a column temperature of 25 ◦C. The mobile phase was acetonitrile:
phosphate buffer (10 mM sodium dihydrogen phosphate, pH 2.5) = 15:85 (v:v). The sample
was eluted at a flow rate of 1.0 mL/min. The retention time of the product and substrate
are 3.2 min and 6.8 min, respectively.

The molar response factor of NA to 3-caynopyridine was 0.5345. It was determined
by the analysis of equal molar amounts of NA and 3-cyanopyridine standards with
HPLC, and the molar response factor was obtained by mapping the peak area of NA
and 3-caynopyridine.

4.6. Preparation of Immobilized Cells and Enzyme Assay

General procedue for the immobilization of E. coli pRSF-AfNit2 whole cells (exampled
as SA-GA/PEI): the E. coli fermentation broth was washed twice with 0.1 M phosphate
buffer (pH 7.0). It was resuspended in certain amount of 0.8% NaCl solutions to 10 g/L. The
cell suspension was then mixed with equivalent volume of alginate solution (30 g/L). The
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mixture was added to 2% (w/v) CaCl2 solution with a syringe or a peristaltic pump, and
the curing time was 2 h, then a small ball having an approximately diameter of 3 mm can be
obtained, and it is finally washed with deionized water. The prepared alginate immobilized
pellets were crosslinked in 2 wt% glutaraldehyde aqueous solution for 1 h. The additional
glutaraldehyde was washed away, and 3% of the polyethyleneimine solution was added
for 1 h, and the surface residual polyethyleneimine was washed away. After curing for
12 h, it was finally washed three times with deionized water, and the enzyme activity of the
immobilized cells was measured [25,26].

Immobilized cells containing 0.5 mg dry weight of free cells were placed in 475 µL of
Tris-HCl (0.1 M, pH 7.0) buffer solution, and they were preheated in a constant temperature
mixing instrument at 30 ◦C and 1000 rpm for 5 min, and then 25 µL of 3-cyanopyridine
solution (1 M) in ethanol was added to the mixture (final substrate concentration: 50 mM).
After reaction for 15 min, the product concentration was determined in the sample by
HPLC, as described in Section 4.4, and the enzyme activity was calculated from the degree
of conversion. One unit of the immobilized enzyme activity was defined as the amount of
enzyme releasing 1 µmol of NA per minute under the described conditions.

4.7. Determination of Mechanical Strength of Immobilized Cells

The immobilized cells studied in this experiment were spherical gel particles. There-
fore, when measuring the mechanical strength of immobilized cells, 100 balls of immobi-
lized cells were directly counted and placed in Tris-HCl (0.1 M, pH 7.0) buffer at 30 ◦C and
180 rpm while shaking, and the gel breakage was observed at different times.

4.8. Effect of Different Reaction Temperature and pH on the Activity of Free and Immobilized Cells

To determine the effect of temperature, the activity of free cells (1 gdcw/L) or immobi-
lized cells (containing 1 gdcw/L free cells) was assayed in Tris-HCl buffers (100 mM, pH 7.0)
at various temperatures (20–70 ◦C). The relative activity referred to the ratio of the enzyme
activity at different temperatures to their respective highest activity (free cell: 3076 U/gdcw,
immobilized cell: 2462 U/gdcw). Experiments were independently performed in triplicate.

To determine the effect of pH value, the activity of free cells (1 gdcw/L) or immo-
bilized cells (containing 1 gdcw/L free cells) was assayed at 30 ◦C in various buffers
over a pH range of 3.0~11.0 (pH 3.0~6.0, citrate–citric acid buffer; pH 6.0~7.0, PBS buffer;
pH 7.0~9.0, Tris-HCl buffer; pH 9.0~11.0, Gly-NaOH buffer). The relative activity was
expressed as a percentage of their respective maximum activity of free or immobilized cells.
Experiments were independently performed in triplicate.

4.9. Semi-Continuous Packed-Bed Bioreactor

The column bioreactor used in this experiment (Figure 5) was made by Chengxin
Glass Technology Co., Ltd. (Shanghai, China). It was a jacketed glass column reactor, and
the temperature of the bioreactor was controlled by an external circulating water bath. The
height of column was 100 mm, and the inner diameter was 17 mm. The effective volume
of the column was approximately 20 mL. There was a round sand core at the bottom of
column to prevent the beads from leaking. The wet weight of immobilized cells packed into
the bioreactor column was 7.8 g (~10 mL volume, containing 600 mg dry weight of cells).
When the reaction begins, the substrate solution entered from the bottom at a constant flow
rate, made contact with the immobilized cells, and reacted. The reaction solution flowed
out from the top of the column and was pumped back into the substrate storage tank.

To investigate the effect of flow rate, 25 mL of 0.8 M substrate solution in (Tris-
HCl buffer, 0.1 M, pH 7.0) was pumped into the column with different flow rate (from
0.5 mL/min to 3.0 mL/min). Substrate conversion was determined at different times to
determine the best flow rate.
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To investigate the effect of substrate concentration, 25 mL of different concentrations
of substrate (0.2 M, 0.5 M, 0.8 M, 1.0 M, 1.25 M) solutions were pumped into the column
at 2.0 mL/min, and the conversion of the substrate was monitored at different time to
determine the optimal substrate concentration.

To study the operational stability of immobilized cells in sPBR, 25 mL of 0.8 M substrate
solution (Tris-HCl buffer, 0.1 M, pH 7.0, with or without 30 mM CaCl2) were pumped
into the column with a flow rate of 2 mL/min, and the conversion of the substrate was
monitored by HPLC. When the reaction for each batch finished, the reaction solution was
stored in a collection tank, and 25 mL of fresh substrate solution (0.8 M) was added into
substrate storage tank to operate a new batch [28]. The batch reaction was repeated until
the conversion at the same time decreased significantly. When the batch reaction finished,
the immobilized cells were washed with 0.1 M Tris-HCl buffer (25 mL × 3, pH 7.0). The
collected washing liquid was centrifuged (10,000 rpm, 5 min) to obtain the clear supernatant.
The supernatant and the accumulated reaction solutions for each batch were combined
together for the preparation of NA.

4.10. Preparation of NA

The combined solutions mentioned in Section 4.9 were heated at 70 ◦C for 30 min,
and then they were centrifuged for 30 min at 10,000 rpm. The precipitate (mainly broken
immobilized cells) was washed with normal saline (20 mL × 2) to dissolve NA absorbed
in the precipitate. Finally, the supernatant and washing solution were collected, and
concentrated hydrochloric acid was dropped into the collected solution at pH 3.7 (NA
isoelectric points). After all the crystals were precipitated, they were heated to 70 ◦C, and
the obtained solution was filtered while it was hot by a Büchner funnel to remove insoluble
impurities. The filtrate was placed at room temperature for natural cooling for 30 min,
and then it was placed in a refrigerator at 4 ◦C for low temperature recrystallization. The
crystals were obtained by air pump filtration with a Büchner funnel. The filtrated liquid
was concentrated by rotary evaporation, and the above operation of recrystallization was
repeated to further obtain more NA and to increase the total yield of NA [32].

The NA product (see Figure S2a for its morphology) was analyzed qualitatively
and quantitatively. Its melting point was determined by melting point analyzer (mp.
238.7–238.9 ◦C, ref. 236–239 ◦C), and its purity was analyzed by HPLC (Figure S2b).
The chemical structure was determined by nuclear magnetic resonance (NMR) 1H NMR
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(501 MHz, DMSO-d6): δ 13.49 (s, 1H), 9.27–9.06 (m, 1H), 8.83 (dd, J = 4.8, 1.7 Hz, 1H),
8.32 (dt, J = 7.9, 2.0 Hz, 1H), 7.58 (ddd, J = 7.9, 4.8, 0.9 Hz, 1H) (Figure S2c) and Fourier
infrared spectroscopy (Figure S2d).

5. Conclusions

A highly efficient biocatalytic process for NA production from 3-cyanopyridine by
immobilized whole cells of recombinant strain E. coli pRSF-AfNit2 in sPBR was developed.
The immobilized cells prepared by SA-GA/PEI method showed excellent activity recovery,
improved stability, and the highest mechanical strength among the tested ones. The
immobilized cells were used to catalyze the hydrolysis reaction of 3-cyanopyridine in sPBR.
After optimization, the space–time yield of the reaction reached 1576 g/(L·d) during stable
operation. The sPBR was repeatedly operated for 41 batches, keeping 100% conversion
in the presence of 30 mM CaCl2, resulting in 95 g of NA (90% yield). It can be estimated
that producing 1 ton of NA would require an immobilized biocatalyst containing only
6 kg of dry weight cells, which fufill the needs of practical applications. In summary, the
developed method exhibits good application potential for the biosynthesis of NA.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13020371/s1, Figure S1: SDS-PAGE of recombinant AfNit from
E. coli pET21a-AfNit and E. coli pRSF-AfNit2; Figure S2: Characterization spectrum and picture of
prepared nicotinic acid.
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Abstract: In recent years, the adoption of sustainable alternatives has become a powerful tool for
replacing petroleum-based polymers. As a biodegradable alternative to petroleum-derived plastics,
bioplastics are becoming more and more prevalent and have the potential to make a significant
contribution to reducing plastic pollution in the environment. Meanwhile, their biodegradation is
highly dependent on their environment. The leakage of bioplastics into the environment and their
long degradation time frame during waste management processes are becoming major concerns that
need further investigation. This review highlights the extent and rate of the biodegradation of bio-
plastic in composting, soil, and aquatic environments, and examines the biological and environmental
factors involved in the process. Furthermore, the review highlights the need for further research
on the long-term fate of bioplastics in natural and industrial environments. The roles played by
enzymes as biocatalysts and metal compounds as catalysts through composting can help to achieve
a sustainable approach to the biodegradation of biopolymers. The knowledge gained in this study
will also contribute to the development of policies and assessments for bioplastic waste, as well as
provide direction for future bioplastics research and development.

Keywords: biopolymers; aerobic composting; sustainability; depolymerization; enzymes

1. Introduction

Single-use plastic consumption has been increasing for years due to its durability,
light weight, and low cost [1]. The use of plastic has led to many technological advances,
including high strength-to-weight ratio construction, automotive materials, and highly re-
sistant packaging materials for food [2]. Approximately 9.2 billion tons of plastic have been
produced worldwide, and the annual global production of plastic increased to 368 million
tons in 2019 [3,4]. As estimated, the annual production of plastic waste is 34 million
tons, and 93% of it is disposed of in landfills and oceans [5]. In 2015, 322 million tons of
petroleum-based plastic were produced globally, compared with 1.7 million tons in 1950 [6].
Synthetic petroleum-based plastic leads to an increase in plastic waste, which contributes
to adverse effects on the environment, such as ozone depletion, eco-toxicity, the release
of carcinogens, global warming, and eutrophication [7]. Approximately 2.8 kg of CO2 is
released into the environment when 1 kg of plastic is burned [8]. Bioplastics emerged in
response to environmental concerns about non-biodegradable plastics.

In the circular economy, bioplastics are expected to play an important role in achieving
sustainable development goals, such as avoiding fossil fuels, introducing new degradation
or recycling approaches, and reducing toxic chemicals during the manufacturing process.
Biodegradable plastics derived from renewable biomass have become increasingly popular
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and bioplastics are currently produced on a scale of 4 million tons annually [9]. Globally,
bioplastic production is expected to increase from 2.11 million tons in 2019 to 2.42 million
tons by 2024. A major market for bioplastics is the packaging industry, which accounts for
nearly 40% of global production [10]. Although many reviews discuss bioplastics, few ad-
dress the positive and negative impacts of bioplastics on the environment comprehensively
and simultaneously [11]. Nonetheless, not all polymers that are derived from bio-based
sources are biodegradable, and not all polymers that are derived from fossil sources are
non-biodegradable [12]. In nature, bioplastics are primarily composed of renewable re-
sources, such as cellulose, starch, sugar, etc. [13]. In fact, biodegradation rates differ among
bioplastics, and biopolymer properties depend on external environmental factors, intrinsic
biopolymer properties, and filler properties in blends and composites [14]. In addition
to their original source, production processes also have a great deal to do with degra-
dation [15]. Moreover, many reports show that bioplastic composites and films degrade
slowly in normal water and soil environments [16]. Due to this, there are concerns about
their disposal in landfills and in soils at the end of their useful lives. Thus, composting
bioplastics becomes an important tool for their effective environmental management at
end-of-life.

Composting is considered more environmentally friendly and cost-effective than
recycling or incineration. Specific microorganisms, such as Pseudomonaceae, Comamon-
adaceae, Erythrobacteraceae, Streptomycetaceae, Caulobacteraceae families, and Enterobac-
teriaceae, and enzymes, such as N-acetyl-β-glucosaminidase, esterase, β-glucosidase, acid
phosphatase, alkaline, and phosphohydrolase, are involved in the degradation and micro-
bial decomposition of bioplastics [17,18]. Specifically, enzymatic decomposition has been
regarded as a means of minimizing environmental pollution. Microbiological degradation
of bioplastics, particularly microbial enzymatic catalysis, has drawn attention as a means
of reducing the amount of pollution in the environment.

The process of composting involves decomposing organic matter and turning it into
humus, which can be used to strengthen soil structure and its fertility rate [19,20]. Bioplastic
waste is typically disposed of in landfills, followed by recycling, incineration, and compost-
ing [16,21]. In contrast, landfilling produces greenhouse gases and creates environmental
concerns. Landfilling not only produces greenhouse gases but also occupies and contami-
nates future agricultural land [22,23]. Therefore, composting would be a more profitable
and desirable method for disposing of bioplastic waste. As a cost-effective and safe waste
management solution, composting technology is being adopted by several industries [24].
In the literature, industrial composting of bioplastics has been demonstrated to be one of
the most desirable methods for managing the material’s end of life [25].

Compostable polymers are being developed as environmentally friendly alternatives,
especially if they can be recycled organically and derived from renewable resources. Using
lifecycle assessment techniques, ASTM D7075 and ISO 14000 have developed standards
to evaluate biobased products and their environmental performance [26,27]. However,
only some of the biopolymers are listed as compostable materials by ASTM. In order for a
polymer to be considered compostable, it must convert 90% of its carbon content to carbon
dioxide in accordance with ASTM International (D5338). An ASTM International (D5338)
polymer can only be considered compostable if 90% of its carbon content is converted
into carbon dioxide. This prepared polymer undergoes three primary steps in order to
become biodegradable: biodeterioration, fragmentation, and assimilation [28]. In addition,
plant-based polymers, thermoplastic starch, polyhydroxyalkanoates (PHAs), and polylactic
acid or polylactide (PLA) are commonly reported as biopolymers [29]. It is important to
know that a number of factors affect the biodegradation rate of biopolymers in nature,
such as their chemical structures, functional groups, crystallinities, and polymer chains [8].
Furthermore, temperature, oxygen, and pH content play a significant role in polymer
biodegradation [30]. It has been reported that PLA degradation in the soil is much slower
than in compost medium because compost has a higher moisture content and temperature
range encouraging PLA hydrolysis and the assimilation of PLA by thermophilic microor-
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ganisms. According to [31], Zn was used as catalyst in PLA depolymerization, but the
problem with these catalysts was that they could not be recycled or re-used. However,
ref. [32] reported that the degradation of PLA in soil takes much longer than in compost
medium due to thermophilic bacteria which are able to hydrolyze and assimilate PLA
with a higher temperature range and moisture content in the compost. After 47 days of
composting, it was determined that the average rate of biodegradation for cellulose was
96.8 ± 6.7% [33] according to standard composting methods [34]. In addition, the compost-
ing of biobased polymers and the use of the compost in agriculture can result in significant
emission and energy credits. Biobased polymers can be made even more sustainable
through composting, which is an integral part of sustainable agriculture practices.

This review aims to gather information about the biodegradation of bioplastics in
diverse environments and to discuss it to examine the compostability rate of different types
of bioplastics through composting. Finally, this review concludes by discussing the com-
posting technology in the biodegradation of bioplastics as well as classifications of different
bioplastics according to the degradation rate through home and industrial composting.

2. Types of Bioplastics
2.1. Starch-Based Bioplastic

Biopolymers made from starch are becoming increasingly popular due to their abun-
dant availability, renewability, low-cost, and biodegradability. In addition, starch is re-
garded as a promising raw material for biopolymer production. After polylactic acid (PLA),
starch-based plastics accounted for the second-highest share of the total bioplastics produc-
tion [35]. There are two types of polymers involved in its composition: linear amylose and
branched amylopectin [36]. An important feature of bioplastics is their elasticity, which
is provided by linear amylose, while amylopectin has a branched structure that controls
tensile strength and elongation [37]. Among the most promising biopolymers for producing
edible films, starch is particularly popular because of its affordability.

2.2. PLA-Based Bioplastic

Polylactic acid is a commercial biodegradable thermoplastic based on lactic acid also
called polylactide or PLA (also known as polylactic acid, lactic acid polymer). The most
widely used biodegradable aliphatic polyester, PLA is a thermoplastic that is aliphatic
non-cyclic, non-aromatic, derived from lactic acid and lactide, and formed by polymerizing
sugars obtained from various agricultural biomass sources [38]. Polylactides are developed
for degradable packaging materials, and polylactide decomposes within three weeks in
industrial composting processes. Polylactide is the first synthetic polymer to be synthesized
from renewable resources [39]. Moreover, polylactic acid exhibits a number of desirable
characteristics, including being easy to fabricate, biocompatible, biodegradable, non-toxic,
and having better thermal properties [40]. When polylactic acid biodegrades, it releases
water, CO2, and decomposed organic matter that green plants are able to utilize, which
reduces greenhouse gas emissions. Additionally, when oxygen is added to polylactic acid,
no toxic intermediates or byproducts are produced. In comparison with other synthetic
polymers, polylactic acid emits relatively fewer greenhouse gases [41].

2.3. PHAs-Based Bioplastic

Several types of microalgae produce PHAs, which are biodegradable biopolymers [42,43].
In nutrient-limited environments, diverse prokaryotic microbes produce PHAs for carbon
storage [44]. In PHAs, the carboxylate group of one monomer forms ester bonds with the
hydroxyl group of the adjoining monomer to form polymers of 3 hydroxy-acid, sometimes
called hydroxy alkanoic acids [45]. In terms of physical properties, PHAs can be compared
to petro-chemical polymers, which makes them viable alternatives for the growing global
bioplastic market [46]. In bioplastics, PHAs have not been widely applied, and this may
be due to their high production and recovery costs [47]. Scientists are searching for cost-
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effective feedstocks to replace PHA. Approximately 90 percent of the microbes that degrade
PHAs also breakdown starch as the biodegradation pathways are similar [48].

2.4. Cellulose-Based Bioplastic

A variety of biomass can be used to produce cellulose, including wood, seed fibers,
bast fibers, grass, marine animals (tunicates), algae, fungi, invertebrates, and bacteria [49].
Additionally, acetic acid bacteria can synthesize cellulose in addition to higher plants [50].
As with starch, cellulose consists of linear chains with glycosidic bonds that join a few
hundred to more than ten thousand glucose units. Although starch and cellulose have the
same monomer unit, they differ in how their polymeric chains are oriented [51]. In recent
years, cellulose-based biopolymers have gained attention due to their strength, stiffness,
high durability, and biodegradability [52]. In addition to being low-density, low-price,
and nonabrasive, cellulose-based reinforced composites are also non-abrasive [1]. As
cellulose-based bioplastics contain distant tenuous molecules with weak hydrogen bonds,
they degrade rapidly. Conversely, bioplastics made from cellulose have weaker hydrogen
bonds, and therefore have lower mechanical properties, such as strength and flexibility.

3. Biodegradation of Biopolymers in Soil and Aquatic Environments

In biodegradation, naturally occurring microorganisms, such as bacteria and fungi,
mineralize materials through their action [53]. The degradation of bioplastics varies in
three different surroundings (soil, aquatic system, and compost). In contrast, bioplastics
derived from biological sources take significantly less time to degrade than petroleum-
based plastics. Because plastics have a high molecular weight, chemical structure, low
water solubility, and contain xenobiotics, their biodegradation is limited [54]. In previous
studies in the literature, many scholars investigated the biodegradation of bioplastics which
are listed in Table 1.

Bioplastic Degradation in Soil

Soil contains a wide diversity of microorganisms, making plastic biodegradation more
feasible than in other environments such as water and air [55]. A number of microorgan-
isms isolated from soil media utilized bioplastic as a carbon source. Actinobacteria species,
such as Nonomuraea, Amycolatopsis, Streptomyces, Laceyella, Actinomadura, and Ther-
momactimyces species, were obtained from soil. However, among these the Streptomyces
and Amycolatopsis were the most common species that play a crucial role in bioplastic
degradation in soil environments. Bulkholderia, Pseudomonas, Paenibacillus, and Bacillus
species were mainly isolated from different soil environments, and they were capable of
degrading the bioplastics. Most commonly, Aspergillus, Fusarium, and Penicillium were
identified as soil-isolated fungi responsible for bioplastic degradation [56]. In spite of the
fact that cellulose, which was used as a positive control, was fully degraded, the biodegra-
dation process was slow. Possibly, this is due to the lower temperature of the system under
real conditions and the longer time span of the experiment. Consequently, these bioplastics
required higher temperatures and longer degradation times to degrade effectively [57]. The
biodegradation of polymers depends on the chemical nature of the polymer as well as on en-
vironmental factors, such as moisture, temperature, acidic nature, etc. [58]. Including these
factors, bioplastics biodegrade differently in different soil compositions. Figure 1 depicts
the biodegradation mechanism of biopolymers in soil environments. Starch-based plastics
are found to reduce in weight and faster degradation were observed in field soil than PHAs
and PLA, while PLA sustains its weight for a long period of time, about 12 weeks [59].
The highest biodegradability was found with cellulose-based bioplastics (80 to 100%) after
100 days [60,61]. Based on the kinetic constants of degradation of the three blends studied
in soil, PHAs, blends showed the highest kinetic constant, followed by PLA blends [62].
Overall, the bioplastic-composted soil increases the soil fertility and increase the yield of
crops. It is generally observed that microbiological content increases after biodegradable
films are buried, as the organic mulch increases bacterial populations because of the differ-
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ent chemical compositions and decomposition rates of these materials [63]. However, in
composting processes, the PHAs’ films enrich the soil more than PLA since they increase
the microbial population present in the soil [64]. In addition to an increase in Clostridia
species and mesophilic aerobic bacteria, there was also a significant increase in fungi. There
is no doubt that these changes were caused by the swift degradation of the protein-based
bioplastic, which resulted in the release of carbon and nitrogen compounds, which served
as food and increased the microbial population.

Table 1. Biodegradation of different types of bioplastics in soil and aquatic environments.

Bioplastics Environment Temperature/Moisture/pH Biodegradability Days Taken for
Biodegradation References

Starch-based Soil 20 ◦C, 60% 14.2% 110 [54]

Starch-based
blends Sea water 25 ◦C 1.5% 90 [65]

Starch/chitosan
(35/65) Soil Soil burial test method 96% 28 [66]

Starch-based Sea water Room temperature 1.5% 90 [67]

PLA Soil 30% 10% 98 [68]

PLA Soil 25 ◦C, 60% 13.8% 28 [69]

PLA (powdered) Soil 25 ◦C, 60% 13.8% 28 [66]

PLA Sea water 25 ◦C 8.4% 365 [70]

PHA Soil 20 ◦C, 60% 48.5% 280 [54]

PHA Compost/Soil
(10/90%) 25 ◦C, 65% 50% 15 [71]

PHA Soil 39% pH 6.8 75% 80 [72]

PHAs Sea water 25 ◦C 8.5% 365 [73]

Cellulose Soil Undefined 100% 103 [60]

Sponge fibers
Compost

containing
synthetic soil

Aerobic, 58 ◦C >80% 154 [74]

Cellulose Municipal solid
waste Room temperature 44% 14 [75]

There is no doubt that the aquatic environment is the most susceptible to plastic
contamination. However, bioplastic degradation in both seawater and fresh water generally
appears to be slower than biodegradation in composting, anaerobic digestion, and soil
environments. Specifically, this was related to the characteristics of aquatic environments
that play a critical role in bioplastic degradation. In addition to bioplastics’ properties, some
environmental parameters, such as nutrients content, temperature, pH, microbial diversity,
and microbial population density, have an important impact on bioplastic degradation in
aquatic environments. As a result of the study in [76], the PHAs degraded in seawater, and
temperature played a significant role in the degradation process. According to the authors,
seasonal changes in water temperature led to the difference in degradation rates. There
are a number of factors that could contribute to the slow biodegradation of bioplastics
under aquatic environments, including low temperatures, nutrient levels, and microbe
population density. Several bacteria species were capable of degrading bioplastics in
aquatic environments, such as river water and marine environments; Bacillus, Lepthotrix,
Tenacibaculum, Pseudomonas, Entrobacter, Variovorax Gracilibacillus, and Avanivorax
were isolated from these environments as reported in several studies [55]. Figure 2 depicts
the biodegradation mechanism of biopolymers in aquatic environments.
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In aquatic environments, PLA blends showed the slowest rate of degradation. There
was an average estimated time of more than ten years for complete degradation. The
degradation of starch-based blends in fresh water and seawater shows high variability.
The authors of the study [65] concluded that the starch-based bioplastic obtain only a 1.5%
degradation under marine and freshwater environments (25 ◦C, 90 days), while other
studies have reported significantly higher degradation rates. The results of [67] showed
that starch-based shoppers degraded by 69% (weight basis) within 236 days, probably
due to both the material characteristics and the environmental conditions (sea water and
sediment). In addition, aquatic environments are less likely to degrade bioplastics than soil
environments due to the lack of microbial diversity.

Recently, microscale plastics have entered the marine environment through wastew-
ater discharges, which have caught the attention of researchers. In the current litera-
ture, however, no information was found about wastewater discharges releasing and/or
shedding bioplastics.

4. Biodegradation of Bioplastics in Compost

There is a significant amount of plastic waste disposed in landfills, which eventually
generates greenhouse gases and leachate. Recycling or composting are generally regarded
as more suitable ways of recovering plastic from solid waste. Composting occurs when
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microorganisms convert organic matter into CO2 and humus by consuming it [58,77]. A
number of modern techniques have been introduced to detect the presence of microor-
ganisms, among them, polymerase chain reaction (PCR) and next-generation sequencing
(NGS) are two well-known techniques that can be used to analyze and sequence in depth
the specific microbial communities involved in the degradation of plastics [78,79]. In ac-
cordance with the ASTM’s definition of compostable plastics [80], the decomposition of
such polymers produces CO2, water, inorganic compounds, and biomass without leaving
behind any visible or toxic residues. The composting process is particularly appropriate
for dealing with food-contaminated packaging, as recycling facilities cannot deal with
food-contaminated plastics, and the compost formed can be used for soil improvement [81].
A biodegradable plastic is not necessarily a bio-based plastic, as degradability depends
on the structure and polymer chemical composition, as well as its interaction with its
surroundings [82]. In addition to reducing our global ecological footprint, composting is
an excellent end-of-life option. It has been extensively studied over the past decade how
compost can be used to biodegrade different types of bioplastics (Table 2).

4.1. Degradation of PLA through Composting

PLA is one of the latest materials to be commercialized for use in organic food packag-
ing, such as bags, containers, and films, and it has been proven to decompose under com-
posting conditions [32,83]. PLA degradation in compost occurs only in high-temperature,
humid environments containing relevant microorganisms [84]. In the process of biodegra-
dation of PLA, it undergoes two stages: first, hydrolysis or oxidation into monomers
and oligomers, and then finally metabolization by microorganisms that produce CO2 and
H2O [85]. During degradation, PLA is chemically hydrolyzed in thermophilic conditions to
reduce its molecular weight, and then microorganisms assimilate lactic acid oligomers as
an energy source. A number of enzymes play an important role in the depolymerization of
PLA, including carboxylesterase, cutinase, lipase, and serine protease [86]. Serine protease
has been identified as the most important enzyme involved in PLA degradation by acti-
nobacteria of the genus amycolatopsis [87]. Moreover, enzymes encoded by a multitude of
bacteria and fungi can partially degrade plastics; enzymes are crucial to the depolymer-
ization of polymers, even those that are considered resistant [88]. The enzymes in this
group mostly include carboxylesterases, lipases, cutinases, and proteases as well as several
other enzyme groups (i.e., laccases, oxidoreductases, manganese peroxidases, and alkane
hydroxylases monooxygenases) [89] involved in the degradation of plastics. Despite this,
little information exists on the characterization of PLA-degrading enzymes in previous
studies. Figure 3 shows the biodegradation mechanism of biopolymers in compost. In
terms of chemical and biological degradation, temperature is considered the important
restraining parameter, as the increased flexibility of the chains occurs only above the PLA
glass transition temperature of 55 ◦C [32]. Another relevant parameter is the PLA amount in
the composting pile: in a mixture of 70:30 wt% garden waste/PLA, the chemical hydrolysis
of PLA lowers the pH due to the large amounts of lactic acid that are produced, reducing
the degrading action of compost microorganisms [90]. According to a study, ref. [91], poly
lactic acid (PLA) bioplastics degrade completely through industrial composting within four
to six weeks. This makes PLA incompatible with home composting as the moisture-rich
environments favor chemical hydrolysis [92].

4.2. Degradation of PHAs through Composting

Although PHA is not as well-known as PLA, its easy disposal makes it more popular
among the environmental community [93]. In low-temperature or low-pH home compost-
ing conditions, PHAs show minimal or no biodegradation. Biodegradation is improved by
higher temperatures in industrial composting [94]. Ref. [95] studied the biodegradation of
PHAs when exposed to temperatures between 8 and 30 ◦C for 152 days, and PHB, PHBV
(10% HV), and PHBV (20% HV) degraded at 4%, 6–17%, and 67%, respectively. Ref. [96]
reported that PHBV (HV26%) had fifty-nine-percent mass loss in 186 days, suggesting that
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it is biodegrading more slowly even though the temperature ranged from 40 to 63 degrees
Celsius throughout the study. Probably, the differences in inoculum and temperature
profiles resulted in PHB degrading by 50% in 84 days at 34–66 ◦C and 74–89% humidity in
organic waste home compost [97]. It was observed that degradation rates for PHBV were
increased more rapidly than those for PHBA, PHBHHx, and PHB when a medium with
PHA depolymerase was used. According to their hypothesis, PHAs with longer side chains,
including PHBA and PHBHHx, have a lower degradation rate than PHAs with shorter side
chains because their side chains slow down depolymerase degradation (Wang et al., 2018).
According to Danimer Scientific, PHAS produced by the company are compostable in
backyard and industrial composting systems. They have obtained third-party certification
from Vinçotte that demonstrates that their products are compostable both in home and
industrial composting systems [98].

Catalysts 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

plastics. Despite this, little information exists on the characterization of PLA-degrading 
enzymes in previous studies. Figure 3 shows the biodegradation mechanism of biopoly-
mers in compost. In terms of chemical and biological degradation, temperature is consid-
ered the important restraining parameter, as the increased flexibility of the chains occurs 
only above the PLA glass transition temperature of 55 °C [32]. Another relevant parameter 
is the PLA amount in the composting pile: in a mixture of 70: 30 wt% garden waste/PLA, 
the chemical hydrolysis of PLA lowers the pH due to the large amounts of lactic acid that 
are produced, reducing the degrading action of compost microorganisms [90]. According 
to a study, ref. [91], poly lactic acid (PLA) bioplastics degrade completely through indus-
trial composting within four to six weeks. This makes PLA incompatible with home com-
posting as the moisture-rich environments favor chemical hydrolysis [92]. 

 
Figure 3. Mechanism of biodegradation of bioplastics through composting. 

4.2. Degradation of PHAs through Composting 
Although PHA is not as well-known as PLA, its easy disposal makes it more popular 

among the environmental community [93]. In low-temperature or low-pH home compost-
ing conditions, PHAs show minimal or no biodegradation. Biodegradation is improved 
by higher temperatures in industrial composting [94]. Ref. [95] studied the biodegradation 
of PHAs when exposed to temperatures between 8 and 30 °C for 152 days, and PHB, 
PHBV (10% HV), and PHBV (20% HV) degraded at 4%, 6–17%, and 67%, respectively. Ref. 
[96] reported that PHBV (HV26%) had fifty-nine-percent mass loss in 186 days, suggesting 
that it is biodegrading more slowly even though the temperature ranged from 40 to 63 
degrees Celsius throughout the study. Probably, the differences in inoculum and temper-
ature profiles resulted in PHB degrading by 50% in 84 days at 34–66 °C and 74–89% hu-
midity in organic waste home compost [97]. It was observed that degradation rates for 
PHBV were increased more rapidly than those for PHBA, PHBHHx, and PHB when a 
medium with PHA depolymerase was used. According to their hypothesis, PHAs with 
longer side chains, including PHBA and PHBHHx, have a lower degradation rate than 
PHAs with shorter side chains because their side chains slow down depolymerase degra-
dation (Wang et al., 2018). According to Danimer Scientific, PHAS produced by the com-
pany are compostable in backyard and industrial composting systems. They have ob-
tained third-party certification from Vinçotte that demonstrates that their products are 
compostable both in home and industrial composting systems [98]. 

  

Figure 3. Mechanism of biodegradation of bioplastics through composting.

4.3. Degradation of Starch-Based Bioplastic through Composting

In bioplastic production, starch is used frequently because of its abundance in na-
ture (especially agricultural products) and low cost [99]. Additionally, starch has been
reported in the literature to be a good compostable material for plastic films, bags, and
agricultural mulching films [100]. Microorganisms can directly attack starch and cellulose
molecules since they are capable of producing enzymes to depolymerize or cleave the
polymer physical structure. This can result in molecular weight abatement outside the
microbial cells [53]. For example, the mineralization of corn starch at 58 ◦C took 44 days
under aerobic conditions [34]. The pH range of 7.0–8.0 and 50% moisture facilitate the
biodegradation of starch films in organic compost obtained from different crops. In the first
stage of degradation, mainly caused by plasticizer leaching, around 30% of the weight was
lost within 24 h. In the second stage, primarily due to biological activity and glycosidic
bond scission, weight slowly decreased until 90% of the original weight in approximately
20 days [101]. Interestingly, several papers reported on starch-based blends’ decomposition
during mesophilic composting (23–25 ◦C) and found that under aerobic conditions, tem-
perature also played a key role in bioplastic degradation. Ref. [65] reported starch-based
bioplastic degradation in non-industrial composting conditions after about 9 weeks of
composting [102].

4.4. Degradation of Cellulose-Based Bioplastic through Composting

Just like starch, cellulose is a polysaccharide arising from glucose monomers. However,
in cellulose structures, these monomers are bound with stronger glycosidic bonds, making
them more resistant to decomposition. Plant cell walls, which are made of cellulose, contain
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high levels of natural cellulose [103]. Among biopolymers, cellulose is considered relatively
fast-degrading in compost environments [54]. A 47-day composting experiment found that
97 + 7% of cellulose mineralized after standard composting methods were applied [34].
Ref. [104] studied the degradation of cellulose powder through a composter bin at lab
scale. During the composting process, the maximum temperature was above 60 ◦C for
at least one week. This shows that cellulose powder biodegrades at a rate of 69% after
65 days. Furthermore, the degradation of cellulose-based products may be dependent on a
favorable environment for microorganisms in terms of temperature, moisture, and oxygen.
In some cases, however, adding other substances (salts, pigments) can inhibit cellulose
decomposition [54].

Bioplastic degradation in composting environments is influenced by a number of fac-
tors, with temperature and the chemical composition of bioplastics playing major roles [27].
In composting, maximum temperatures (above 55 ◦C) allow the most common bioplastics
to reach their glass transition temperature, resulting in amorphous polymers that are more
hydrophilic [105], increased hydrolyzation, and enhanced bioplastic degradation kinetics.
The conditions for industrial composting are adequately standardized and controlled. Com-
paratively, home composting conditions tend to be much more variable, and temperatures
tend to be lower. Thus, composting at home is less effective and slower than composting in
industrial settings. In composting, biodegradable mulch by itself does not provide sufficient
nutrients to compost. However, polymer carbon must be accounted for in determining the
appropriate ratio of carbon to nitrogen.

In general, PLA-, PAHs-, starch-, and cellulose-based bioplastics which are easy to
hydrolyze are considered an end-of-life option by biodegradation, but it should only be
performed under controlled industrial conditions to ensure complete digestion and prevent
side effects that are uncontrollable, such as the formation of microplastics or the leakage
of contaminants on the site. Moreover, composting requires chemical compounds to fully
degrade the bioplastics, but on the other hand these chemical compounds or approaches
have a heavy load on the environment. For a sustainable approach, some studies [106]
reported that some metal compounds and enzymes are commonly used as catalysts to
degrade bioplastics, such as PLA-, PHAs-, starch-, and cellulose-based bioplastics, from
the environment.

Table 2. Biodegradation of different types of bioplastics in compost.

Bioplastics Feedstock Temperature/Moisture
Contents

Biodegradability in
Percentage

Composting Time
Frame (Days) References

Starch-based
(potato almidon) Compost Aerobic, 58 ◦C 85% 90 [107]

Plastarch Compost Aerobic, 55 ◦C, 60% 50% 85 [54]

Starch-based blends Compost/Food
waste 45–65 ◦C 60% 90 [108]

PLA Compost 58 ◦C, 60% 60% 30 [109]

PLA +Clay film Compost Aerobic, 58 ◦C, 55% 34% 130 [110]

PLA Compost 65 ◦C, pH = 8.5, 63% 84% 58 [111]

PHA-based Compost 55 ◦C, 70% 80% 28 [112]

PHAs blends Compost/Cow
manure 50 ◦C 30% 60 [113]

Cellulose-based Compost containing
synthetic material Aerobic, 58 ◦C >80% 154 [74]

Sponge cloth
(Cellulose-based) Compost Aerobic, 58 ◦C 80% 154 [74]

Nylon4
(polyamides, bio-based) Composted soil 25 ◦C, pH 7.5–7.6,

80% 100% 120 [61]
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5. Current Gaps and Future Research Directions

There is a need for further research on the degradation of bioplastics in backyard
compost piles as well as in industrial compost piles. In spite of the fact that there are many
composability standards for bioplastics, data from the literature showed good performance
in industrial composting when proper conditions were followed. In addition, compost is the
most suitable environment for biodegradation, followed by soil and aquatic environments.
Compost or anaerobic digestion can easily degrade some biodegradable plastics, but soil
may not. It is therefore important that biodegradable plastics have clearly defined end-of-
life targets. Aquatic environments may degrade some biodegradable polymers, but they
should never be used as end-of-life disposal. Biodegradation is less feasible in aquatic
environments due to the lower temperatures and less microbial activity than in compost
and soil.

The information here can help industrial companies to categorize the current limits
of bioplastic degradation and identify potential growth areas. In a way, it will boost the
food packaging industry’s sustainable progress toward producing cleaner, environmentally
friendly packaging, meeting consumer and industry expectations for the future of this
important sector. In terms of research, it is also important to look at the relationship between
the biopolymer’s chemical structure and its composability in industrial plants. Therefore,
the understanding of biodegradation processes is progressing and the advancement from a
technological point of view makes this approach an actual opportunity within a certain
maturity level. There are some problems that need to be addressed, such as pollution from
non-compostable plastics, the accumulation of plastics with long degradation times, and
confusion about how additives affect biodegradation rates. A compostable material is
the perfect solution for some applications, such as food waste bags, where organic matter
cannot be separated from plastics. In addition, there is a need to introduce biocatalysts,
such as enzymes and microorganisms, to selectively depolymerize bioplastic waste into its
constituent monomers or other value-added products.

6. Conclusions

Bioplastics are emerging as a sustainable alternative to traditional plastics. The identifi-
cation and biodegradation of bioplastics have been developed through various methods in
recent years. Bioplastics have been reported to biodegrade in various studies. In the studies,
bioplastics were studied in their production as well as their environmental persistence. A
variety of standard biodegradation test methods were described in aerobic biodegradation.
The current knowledge about the degradation of bioplastics through composting, soil,
and aquatic environments is summarized in this review paper. A composting process can
only degrade compostable polymers, and mineralization can begin within the composting
period for other biodegradable materials. With the help of industrial composting, the
volume of bioplastic waste can be reduced in a sustainable way. Therefore, it is important
to identify the conditions that result in safe compost production.
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Abstract: The hydroxylation of dehydroepiandrosterone (DHEA) to 7α -hydroxy-5-androstene-17-
one (7α-OH-DHEA) and 7β-hydroxy-5-androstene-17-one (7β-OH-DHEA) by Gibberella sp. CICC
2498 and Absidia coerulea CICC 41050 was investigated. The media ingredients were optimized.
Single factors such as the DHEA concentration, culture time, medium volume, and inoculum rate
were individually investigated to generate optimum biotransformation conditions. An orthogonal
optimization process using a four-factor, three- level L9 (33) experiment was designed and performed.
Finally, the maximum production of 7β-OH-DHEA from DHEA biotransformation by Absidia coerulea
is 69.61%. This strategy would provide a possible way to enhance the 7β-OH-DHEA yield in the
pharmaceutical industry.

Keywords: DHEA; biotransformation; C7-hydroxylation; Gibberella sp.; Absidia coerulea

1. Introduction

Dehydroepiandrosterone (DHEA) is a major C19 steroid hormone produced by the
adrenal cortex. Meanwhile, it is also produced in small quantities in the gonads and
brain [1]. Due to its long half-life in plasma, most DHEA would become dehydroepiandros-
terone sulfate ester (DHEAS), reserved, and converted into specific hormones when
needed [2]. As a kind of important pharmaceutical steroid, hydroxylation at different
positions would exhibit diversified biological activities. For example, hydroxylation at
position 9α/16α is crucial for the bioactivities of glucocorticoids (dexamethasone, triamci-
nolone, etc.) [3,4]. Hydroxylation at position 11α is essential for anti-inflammatory activities
(hydrocortisone, prednisolone) [5,6]. Hydroxylation at position 14α is vital for the pro-
duction of the 21-acetoxy analog of proligestone, which is a prodrug of Promegestone [7].
Hydroxylation at position 15α is a key intermediate for the production of progesterone [8].

Previous biotransformation investigation towards DHEA-analog steroids had demon-
strated a varieties of metabolites spectrum. Huang et.al reported that 15α-hydroxy-17
a-oxa-D-homo-androst-4-ene-3,17-dione and androst-4-en-3,17-dione, were produced by
Penicillium griseopurpureum [9]. Kołek et al. used androstenediol as a substrate and pro-
duced di- and trihydroxylation products such as 3β,17β-Dihydroxyandrost-5-en-7-one,
3β,7α,17β-trihydroxyandrost-5-ene, 3β,7β,17β-Trihydroxyandrost-5-ene [10,11].

When 7-oxo-DHEA was used as substrate, 3β,16β-dihydroxy-androst-5-en-7,17-dione,
3β-hydroxy-17α-oxa-D-homo-androst-5-en-7,17-dione, and 3β-acetoxy-androst-5-en-7,17-
dione could be produced by Laetiporus sulphureus AM498, Fusicoccum amygdali AM258
and Spicaria divaricata AM423 [12]. Incubation of DHEA with Ulocladium chartarum MRC
72584 produced seven DHEA derivatives, such as 3β-hydroxyandrost-5-en-7,17-dione,
3β,7β-dihydroxyandrost-5-en-17-one, 3β,7α-dihydroxyandrost-5-en-17-one, etc. [13]. A
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7α,15α-dihydroxyl-DHEA product was reported by Li et al. using Colletotrichum lini [14].
Microbial transformation by using Mortierella isabellina AM212 produced 7-Oxo-DHEA,
7α-Hydroxy-DHEA, 7β-Hydroxy-DHEA [10], and Backusella lamprospora VKM F- 944 could
transform DHEA into 7α-hydroxy-DHEA [15]. These single, double, and triple hydroxyla-
tion reactions greatly enriched the DHEA metabolite ingredients.

In this research, two out of twelve filamentous strains of fungi demonstrated their
metabolic abilities for DHEA (Table 1, Figure S1). After the culture, extraction, and isolation,
it could be identified that 7α-Hydroxy-DHEA was produced by Gibberella sp. CICC 2498
and 7β-Hydroxy-DHEA was produced by Absidia coerulea CICC 41050 (Figure 1). Previous
literature had reported several optimizations for the production of 7α-hydroxy-DHEA.
As far as we know, it is the first time that the 7β-Hydroxy-DHEA is obtained by Absidia
coerulea CICC 41050 biotransformation. Thus, we focused on the optimization of the 7β-
Hydroxy-DHEA in this study, and the optimized transformation rate of 7β-Hydroxy-DHEA
is 69.61%.

Table 1. Ability of DHEA biotransformation by the tested microorganisms.

Microorganism Ability * Microorganism Ability *

Absidia coerulea CICC 41050 + Cunninghamella elegans 3.910 −
Aspergillus fumigatus

Aspergillus niger
−
−

Gibberella fujikuroi CICC 40272
Gibberella sp. CICC 2498

−
+

Caldariomyces fumago CGMCC 16373 − Paecilomyces lilacinus −
Cunninghamella blakesleeana 3.970
Cunninghamella echinulata 3.967

−
−

Penicillium
Trichoderma virens CICC 2535

−
−

* Ability of DHEA biotransformation: (+) able, (−) not able.
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Figure 1. 7α- and 7β-hydroxylated DHEA obtained by Gibberella sp. CICC 2498 and Absidia coerulea
CICC 41050.

2. Results and Discussion
2.1. Whole-Cell Biotransformation Results of DHEA

Thin layer chromatography (TLC) was used to identify whether Gibberella sp. CICC
2498 and Absidia coerulea CICC 41050 could transform dehydroepiandrosterone (DHEA).
Figure 2 showed that the substrate control group (Group1, DHEA) has an ocher band, and
the transformation groups (Group 4 and 6) have blue bands of different shades with good
separation between bands, and almost no ocher substrate bands can be seen. The blue
bands (products) are below the red band (DHEA), indicating that the product polarity is
greater than DHEA. In addition to the major metabolite, some other products were also
generated but could not be further identified due to their lower concentration.

2.2. HPLC Analysis of DHEA Transformed by Gibberella sp. CICC 2498 and Absidia Coerulea
CICC 41050

Figure 3A showed the transformation results of DHEA by Absidia coerulea CICC
41050. It can be seen from the comparison between the transformation group 4, and the
substrate control group 3 that the substrate (DHEA) peak in the transformation group
was significantly reduced. This indicated that DHEA was transformed by Absidia coerulea
CICC 41050. By comparing the results of transformation group 4, strain control group 1,
and cosolvent control group 3, the increased peak in transformation group 4 was most
likely the metabolite of DHEA transformed by Absidia coerulea CICC 41050, rather than
the substance produced by microbial growth and metabolism. The types of metabolites of
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DHEA transformed by Absidia coerulea CICC 41050 were few, and the content of metabolite I
was significant, which was conducive to the later separation and purification. The retention
time of metabolite I was 8.588 min (Figure 3A). In brief, incubation of Absidia coerulea CICC
41050 with DHEA (1 g/L) resulted in selective accumulation of the metabolite I.
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Figure 2. TLC analysis of microbial transformation of DHEA. Group 1, substrate (DHEA); Group 2, co-
solvent (acetone); Group 3, Absidia coerulea CICC 41050; Group 4, Absidia coerulea CICC 41050 + DHEA;
Group 5, Gibberella sp. CICC 2498; Group 6, Gibberella sp. CICC 2498 + DHEA. Colored with a 10% sul-
furic acid-ethanol.

Figure 3B showed that the transformation of DHEA by Gibberella sp. CICC 2498. The
separation of the metabolites of DHEA transformed by Gibberella sp. CICC 2498 was good,
which was conducive to the later separation and purification. The main metabolite is
named metabolite II, and the retention time of metabolite II is 11.211 min (Figure 3B).

2.3. Isolation, Purification and Structural Identification of Metabolites

The fermentation broth was further purified by semi-preparative HPLC. Figure 4
showed that the retention times of metabolites I and II were 15.198 min and 17.698 min,
respectively. Metabolite I and II obtained by semi-preparative HPLC were confirmed by
HPLC (retention times were 8.588 min and 11.211 min, respectively). Finally, metabolites I
and II can be isolated from fermentation broth with purities of 94.0% and 96.0%, respectively.
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Figure 4. Semi-preparative HPLC separation diagram. (A), the semi-preparative separation of
metabolite I from fermentation broth after incubation of Absidia coerulea CICC 41050 with DHEA
(5 days, 1 g/L), metabolite I was identified by HPLC. (B), the semi-preparative separation of metabo-
lite II from fermentation broth after incubation of Gibberella sp. CICC 2498 with DHEA (5 days, 1 g/L),
metabolite II was identified by HPLC.
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According to MS (ESI) m/z [M+H]+ 305.1 and [M−H]+ 303.2, the relative molecular
weight of metabolite I is calculated to be 304. Compared with the relative molecular weight
of 288 of the substrate DHEA (C19 H28 O2), an oxygen atom is added, and the molecular
formula is C19 H28 O3 (Figures S2 and S3).

According to MS (ESI) m/z [M+H]+ 305.1 and [M−H]+ 303.2, the relative molecular
weight of metabolite II is calculated to be 304. Compared with the relative molecular weight
of 288 of the substrate DHEA (C19 H28 O2), an oxygen atom is added, and the molecular
formula is C19 H28 O3 (Figures S4 and S5).

The position of the introduced hydroxyl group is analyzed according to the 13 C NMR
and 1 H NMR spectral data (Figures S6–S9).

Metabolite I: 7β-Hydroxy-DHEA: 1 H-NMR (600 MHz, CDCl3) δH: 0.90 (3 H, s, 18-Me);
1.08 (3 H, s, 19-Me); 1.23–1.28 (1 H, m), 1.31 (1 H, d, J = 6.7 Hz, 6-H), 1.42–1.62 (7 H, m),
1.67–1.72 (1 H, m), 1.82–1.89 (4 H, m), 2.08–2.14 (1 H, m), 2.22–2.29 (2 H, m), 2.33–2.37 (1 H,
m), 2.45–2.49 (1 H, m), 3.52–3.59 (1 H, m, 3α-H); 3.96 (1 H, dt, J1 = 5.3 Hz, J2 = 14.8 Hz,
7α-H); 5.31 (1 H, t, J = 1.8 Hz, 6-H). 13 C-NMR (151 MHz, CDCl3) δC: 13.5 (18-C), 19.1
(19-C), 20.3 (11-C), 24.1 (15-C), 31.2 (2-C), 31.4 (12-C), 35.9 (16-C), 36.6 (10-C), 36.8 (1-C), 40.4
(8-C), 41.6 (4-C), 47.7 (13-C), 48.2 (9-C), 51.1 (14-C), 71.2 (3-C), 72.8 (7-C), 125.4 (6-C), 143.7
(5-C), 221.1 (17-C).

Metabolite II: 7α-Hydroxy-DHEA: 1 H-NMR (600 MHz, CDCl3) δH: 0.89 (3 H, s, 18-
Me), 1.02 (3 H, s, 19-Me), 1.10–1.15 (1 H, m), 1.26–1.31 (2 H, m), 1.50–1.61 (3 H, m), 1.66–1.73
(4 H, m), 1.78–1.91 (4 H, m), 2.09–2.19 (2 H, m), 2.28–2.33 (1 H, m), 2.35–2.39 (1 H, m),
2.45–2.50 (1 H, m), 3.55–3.61 (1 H, m, 3α-H), 3.98 (1 H, t, J = 4.7 Hz, 7β-H), 5.65 (1 H, d,
J = 7.4 Hz, 6-H). 13 C-NMR (151 MHz, CDCl3) δC: 13.4 (18-C), 18.4 (19-C), 20.2 (11-C), 22.1
(15-C), 31.2 (2-C), 31.4 (12-C), 35.9 (16-C), 37.1 (10-C), 37.3 (1-C), 37.7 (8-C), 42.1 (4-C), 42.8
(13-C), 45.1 (9-C), 47.2 (14-C), 64.4 (7-C), 71.3 (3-C), 123.7 (6-C), 146.7 (5-C), 221.3 (17-C).The
1 H and 13 C NMR data of metabolites I and II are in agreement with those reported in
the literature [10], which indicated that both 7 α/β hydroxylation DHEA were obtained
(Figure 1) [10].

2.4. Optimization of 7β-OH-DHEA Production by Absidia Coerulea CICC 41050
2.4.1. Influence of Different Cosolvents

Figure 5A showed that, compared with the control group, using ethyl acetate, acetone,
and ethanol as cosolvents can increase the transformation rate; when DMSO and chloroform
were used as cosolvents, the transformation rate decreased. Therefore, acetone was selected
as the best cosolvent. It can be seen from the results in Figure 5B that when the acetone
concentration was 2%, the transformation rate was the highest. If the concentration of
acetone was too low, the substrate could not be completely dissolved. However, with the
increase in acetone concentration, acetone will have a toxic effect on fungi, inhibiting their
growth and the activity of hydroxylase, thus affecting the conversion rate of substrate.
Therefore, 2% acetone was selected as the cosolvent for the subsequent experiment.
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2.4.2. Effect of Key Nutrient Components and pH

It can be seen from the results in Figure 6A that the type of carbon source has a great
impact on the transformation rate of 7β-OH-DHEA. When sucrose is the carbon source, the
transformation rate is the highest, which is consistent with the type of carbon source in the
transformation medium (Section 3.2). The production of 7β-OH-DHEA by Absidia coerulea
CICC 41050 also depends on the concentration of sucrose. The concentration of sucrose
(40 g/L) provides the highest yield of 7β-OH-DHEA, which is higher than that of 30 g/L in
the original transformation medium (Section 3.2) (Figure 6B).
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Figure 6. The effect of carbon source (A,B), nitrogen source (C,D) and initial pH (E) on transformation
rate. (A,B), DHEA 1 g/L, acetone 2%, yeast extract 10 g/L, pH = 6.5, (A), 48 h (B), 24 h. ** p < 0.01.
(C,D), 1: NH4 NO3, 2: (NH4)2 SO4, 3: peptone, 4: yeast extract, 5: yeast extract powder, 6: beef
extract, DHEA 1 g/L, acetone 2%, sucrose 30 g/L, pH = 6.5, (C), 48 h (D), 24 h. * p < 0.05. (E), DHEA
1 g/L, acetone 2%, yeast extract 10 g/L, sucrose 30 g/L.

The Impact of the alternative to yeast extract, nitrogen sources (NH4 NO3, (NH4)2 SO4,
peptone, yeast extract powder, and beef extract) on the improvement of 7β-hydroxylation
catalyzed by Absidia coerulea CICC 41050 was investigated (Figure 6C). Replacement of
yeast extract with peptone provided an 8–10% higher 7β-OH-DHEA yield (up to 37%).
The results showed that peptone as a nitrogen source was superior to the original nitrogen
source (yeast extract) of the transformation medium (Section 3.2). The effect of peptone at
various concentrations on the transformation of DHEA by Absidia coerulea CICC 41050 was
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evaluated. The highest 7β-hydroxylase activity towards DHEA was reached at peptone
content (15 g/L) (Figure 6D).

When studying the influence of pH of the transformation medium on DHEA conver-
sion, it was shown that pH 6.5 provided the highest yield of 7β-OH-DHEA, while higher
acidic or alkaline pH negatively affected the transformation rate.

According to the results of the single factor experiment, a three-factor and three-level
orthogonal experiment were designed to explore the best medium composition (Table 2).
The orthogonal experiment results are shown in Table 3.

Table 2. Orthogonal experiment factors and levels assignment for medium composition.

Level
Factor A/Sucrose (g/L) B/Peptone (g/L) C/Initial pH

1 30 10 5.5
2 40 15 6.5
3 50 20 7.5

Table 3. Orthogonal experimental design and results for medium composition.

No.
Factor A B C Transformation Rate (%)

1 1 1 1 41.75
2 1 2 2 40.48
3 1 3 3 37.92
4 2 1 2 39.80
5 2 2 3 32.02
6 2 3 1 28.75
7 3 1 3 23.58
8 3 2 1 39.29
9 3 3 2 46.57

K1 40.05 35.04 36.60
K2 33.52 37.26 42.28
K3 36.48 37.75 31.17
R 6.53 2.70 11.11

Table 3 showed that the order of influence of the three factors on the transformation
rate is C > A > B. Through range analysis, the optimal combination of the three factors is
C2 A1 B3: initial pH 6.5, sucrose 30 g/L, and peptone 20 g/L. However, the composition-
optimized medium is not in Table 3, and verification experiments are required. Three
parallel experiments were carried out. It was defined that an initial pH 6.5, sucrose 30 g/L,
and peptone 20 g/L provided the maximum production (50.48%) of 7β-OH-DHEA by
Absidia coerulea CICC 41050.

2.4.3. Effect of Biotransformation Conditions

Figure 7A shows that when the inoculum is less than 12%, the transformation rate
increases with the increase of the inoculum, and when the inoculum is more than 12%, the
transformation rate decreases. The production of 7β-OH-DHEA by Absidia coerulea CICC
41050 also depended on medium volume (Figure 7B). The transformation rate is highest
when the medium volume is 60 mL in a 250 mL Erlenmeyer flask. When the volume of the
medium is too large, the ventilation and dissolved oxygen in the medium are poor. The
transformation rate reached its highest when the substrate was added for 48 h and became
extremely low after 96 h (Figure 7C). It is speculated that the nutrients in the medium were
consumed and the enzyme activity decreased. The effect of different concentrations of
substrate (DHEA, 0.5–8.0 g/L) in the transformation medium was estimated. Figure 7D
shows that 1 g/L DHEA can provide the highest transformation rate of 7β-OH-DHEA,
while at more than 1 g/L, the transformation rate is declining; greater than 6 g/L, the
transformation rate is very low, and the substrate is almost completely converted. The
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reason may be that the concentration of cosolvent increases with the increase in substrate
concentration, and the toxicity of cosolvent inhibits the growth of fungi, thus negatively
affecting DHEA conversion.
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According to the results of the single-factor experiment, an orthogonal experiment
with four factors and three levels was designed to explore the optimal biotransformation
conditions (Table 4). The orthogonal experiment results are shown in Table 5.

Table 4. Orthogonal experiment factors and levels assignment for biotransformation conditions.

Level
Factor A/DHEA (g/L) B/Time (h) C/Medium

Volume (mL)
D/Inoculum Rate

(V/V, %)

1 1 24 50 10
2 2 48 60 12
3 3 72 70 14

It can be seen from the results in Table 5 that the order of influence of the four factors
in the orthogonal experiment of biotransformation conditions on the transformation rate is
A > C > B > D. Through range analysis, the optimal combination of the four factors is A1 C2
B2 D1: DHEA 1 g/L, medium volume 60 mL, biotransformation time 48 h, and inoculum
10%. As the optimal biotransformation conditions are not listed in Table 5, validation tests
are required.

Three parallel experiments were carried out. It was defined that sucrose 30 g/L,
peptone 20 g/L, corn steep liquor 10 g/L, K2 HPO4 2 g/L, KH2 PO4 1.6 g/L, MgSO4
0.5 g/L, FeSO4 0.05 g/L, pH 6.5, DHEA 1 g/L, medium volume 60 mL, biotransformation
time 48 h, and inoculum 10% provided maximum production (69.61%) of 7β-OH-DHEA by
Absidia coerulea CICC 41050. Compared with the highest transformation rate of 62.81% in
the orthogonal test and the primary transformation rate of 27.23%, transformation rate was
increased by 6.80% and 42.38% respectively.
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Table 5. Orthogonal experimental design and results for biotransformation conditions.

No.
Factor A B C D Transformation Rate (%)

1 1 1 1 1 53.62
2 1 2 2 2 61.28
3 1 3 3 3 62.81
4 2 1 2 3 38.94
5 2 2 3 1 47.61
6 2 3 1 2 20.07
7 3 1 3 2 30.03
8 3 2 1 3 28.10
9 3 3 2 1 42.73

K1 59.24 40.86 33.93 47.99
K2 35.54 45.98 47.65 37.13
K3 33.62 44.10 46.82 45.56
R 19.98 4.01 16.62 3.31

3. Materials and Methods
3.1. Chemicals

Dehydroepiandrosterone (DHEA) was obtained from Hubei Gongtong Pharmaceutical
Co., Ltd. (Xiangyang city, Hubei, China). Methanol and acetonitrile were purchased from
Concord Technology Co., Ltd. (Tianjin, Tianjin, China). Yeast extract was purchased
from HopeBio Co., Ltd. (Qingdao, Shandong, China). All other chemical reagents were
purchased from Yuwang Chemical Co., Ltd. (Shenyang, Liaoning, China).

3.2. Microorganism and Cultivation

Absidia coerulea 41050 and Gibberella sp. 2498 were purchased from the China Center of
Industrial Culture Collection (CICC).

Potato dextrose agar (PDA) is composed of potatoes (200 g), glucose (20 g), agar (20 g),
and 1000 mL distilled water. Seed culture media (g/L) are composed of potato starch (45 g),
yeast extract (3 g), corn steep liquor (10 g), CaCO3 (3 g), MgSO4 (0.5 g), and FeSO4 (0.05 g).
Transformation media (g/L): sucrose (30 g), yeast extract (10 g), corn steep liquor (10 g), K2
HPO4 (2 g), KH2 PO4 (1.6 g), MgSO4 (0.5 g), FeSO4 (0.05 g), pH 6.5.

The fungi were routinely maintained on PDA slants. To obtain first-generation
mycelium, the spore suspension from one agar slant (1 week old) was inoculated aer-
obically in 50 mL of seed culture media on a rotary shaker (200 rpm) at 28 ◦C, for 48 h in
Erlenmeyer flasks (250 mL). Then 5 mL of seed culture were inoculated into the transfor-
mation medium (50 mL in 250 mL Erlenmeyer flask) and cultured at 28 ◦C, 200 rpm for
5 days. Substrate controls were set without inoculating the fungi into the media and strain
controls were set without adding the substrate into the media, with all other conditions
remaining the same.

3.3. Sample Preparation

The cultivation broth was centrifuged (3000 r/min, 10 min) to obtain mycelia and
transformation solution after 5 days. The mycelium and the transformation solution, with
an equal volume of ethyl acetate, were extracted. After three extractions, the extraction
solution was combined, evaporated under reduced pressure on the rotary evaporator, and
then redissolved with 5 mL of methanol. Added an appropriate amount of anhydrous
magnesium sulfate to dry and obtained the transformation sample for detection.

3.4. Thin Layer Chromatography (TLC)

The concentrated extract was analyzed by TLC. TLC on silica gel 60 F254 (25 aluminum
sheets 20 × 20 cm; Merck, New York, NY, USA) with a solvent mixture of CHCl3-CH3 OH
(10:1, v/v) was applied to separate the metabolites and stained by spraying the plates with
H2 SO4/CH3 CH2 OH mixture (1:9, v/v). A UV light at 254 nm was used to visualize them.
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3.5. HPLC Detection

A 0.1 mL of conversion product containing dehydroepiandrosterone was diluted
five times with methanol and then filtrated by 0.45 µM organic membrane to obtain
the sample solution. HPLC analysis was performed on a WondaSil C18 Superb col-
umn (5 µm, 4.6 mm × 250 mm, Shimadzu, Kyoto, Japan) with a methanol/water mixture
(62:38, v/v), as mobile phase was at 30 ◦C with UV absorbance detection of 206 nm. Flow
rate: 0.8 mL/min; injection volume: 10 µL.

3.6. Isolation and Identification of Major Metabolite

Isolation of the target metabolite was performed by semi-preparative HPLC. HPLC
analysis was performed on a SinoChrom ODS-BP column (5 µm, 10 mm × 250 mm, Elite,
China) with an acetonitrile/water mixture (30:70, v/v) as mobile phase at 36 ◦C with UV
absorbance detection of 206 nm. Flow rate: 3.7 mL/min; injection volume: 100 µL.

Purified metabolites were identified by ESI-MS and NMR analysis under standard
conditions. 1 H, 13 C NMR spectra were taken using a Brüker AVANCE III 400 instrument
(Bruker Biospin AG, Fallanden, Switzerland). 1 H NMR spectra were recorded in CDCl3
and DMSO-d6 using tetramethylsilane (TMS) as an internal standard. Mass spectra were
taken in ESI mode on an Agilent 1200 LC-MS (Agilent, Santa Clara, CA, USA).

3.7. Establishment of Standard Curve and Calculation of Transformation Rate

The 7β-OH-DHEA samples were dissolved in methanol and prepared into solutions
with different concentration gradients (0.05, 0.10, 0.15, 0.20, 0.25 mg/mL). After filtering,
carry out HPLC detection. Draw a standard curve with the concentration of DHEA as the
abscissa and the peak area as the ordinate. The transformation rate is calculated as follows:

Trans f omation rate =
A×Mb
B×Ma

× 100% (1)

where A is the quantity of product (g), and B is the quantity of substrate (g). Ma and Mb
are the relative molecular weight of the product (7β-OH-DHEA, 304.41) and the relative
molecular weight of the substrate (DHEA, 288.43), respectively (Figure S10).

3.8. Optimization of DHEA Converted to 7β-OH-DHEA by Absidia Coerulea CICC 41050
3.8.1. Effect of the Type and Concentration of Cosolvent on Transformation Rate

Take 1 mL ethanol, acetone, ethyl acetate, dimethyl sulfoxide, and chloroform as
cosolvent, respectively; dissolve 50 mg DHEA in the cosolvent, add the transformation
medium, and use no cosolvent in the control group to calculate the transformation rate.

3.8.2. The Biotransformation Medium Was Studied by Single-Factor Experiment and
Orthogonal Experiment

On the basis of the best cosolvent, the nitrogen source, carbon source, and initial pH
were studied by a single-factor experiment. The 30 g/L sucrose in the transformation
medium was replaced with glucose, mannitol, lactose, maltose, starch, etc. of the same
concentration to explore the effect of carbon sources on the transformation yield. And
then, the carbon source concentration in the transformation medium was set to 10 g/L,
20 g/L, 30 g/L, 40 g/L, 50 g/L to explore the effect of carbon source concentration on the
transformation rate. The 10 g/L yeast extract in the transformation medium was replaced
with sodium nitrate, ammonium sulfate, peptone, yeast extract powder, and beef extract of
the same concentration to explore the effect of the nitrogen source on the transformation
rate. The concentration of nitrogen source in the transformation medium was set to 5 g/L,
10 g/L, 15 g/L, 20 g/L, and 30 g/L to explore the effect of nitrogen source concentration on
the transformation rate. Set the initial pH of the transformation medium to 4.5, 5.5, 6.5, 7.5,
or 8.5 and explore the impact of different initial pH values on the transformation yield.

According to the results of the single-factor experiment, an orthogonal experiment
with three factors and three levels L9 (33) was designed.
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3.8.3. Biotransformation Conditions Were Studied by Single-Factor Experiment and
Orthogonal Experiment

On the basis of the best cosolvent and the best culture medium, the single-factor
experiment of transformation conditions was conducted. Set inoculum at 4%, 6%, 8%, 10%,
12%, 14%, and 16% (v/v, 50 mL). Fill a 250 mL Erlenmeyer flask with 30 mL, 40 mL, 50 mL,
60 mL, 70 mL, and 80 mL of transformation medium, respectively. The biotransformation
times are 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168 h. Add 25 mg, 50 mg, 100 mg,
150 mg, 200 mg, 250 mg, 300 mg, and 400 mg of DHEA to 50 mL of transformation medium,
respectively. Inoculate volume, medium volume, biotransformation time, and concentration
of substrate (DHEA) were investigated to explore the effect on the transformation rate.

The orthogonal experiment with four factors and three levels L9 (34) was designed
according to the inoculate volume, medium volume, biotransformation time, and concen-
tration of substrate (DHEA) determined by the single-factor experiment.

3.9. Statistical Analysis

All the experiments were carried out in triplicate, and each presented value was the
average of three independent experiments. Standard deviations (SD) were estimated using
the following equation and shown as errors on the graphs:

SD =

√
∑|x− µ|2

N

where ∑ means “sum of”, x is a value in the data set, µ is the mean of the data set, and N
is the number of data points in the population. SPSS 20.0 software was used to conduct a
t-test on the data to determine the statistical difference; p < 0.05 was significant (*), p < 0.01
was extremely significant (**).

4. Conclusions

The aim of this study was to evaluate 7α and 7β hydroxylation of dehydroepiandros-
terone (DHEA) by Gibberella sp. CICC 2498 and Absidia coerulea CICC 41050 biotransforma-
tion. The biotransformation products were analyzed by HPLC. The retention time of the
main product of DHEA transformation by Absidia coerulea CICC 41050 was 8.588 min. The
retention time of the main product of DHEA transformation by Gibberella sp. CICC 2498 was
11.211 min. A semi-preparative HPLC method was successfully established to separate the
biotransformation products of DHEA. The purity of the two metabolites was 94% and 96%,
respectively. The isolated products were identified by NMR and MS, and the product of
DHEA transformation by Absidia coerulea CICC 41050 was 7 β- OH-DHEA, and the product
of DHEA transformation by Gibberella sp. CICC 2498 was 7α-OH-DHEA. Determined by
single-factor experiment and subsequent orthogonal experiment, the optimized media
composition to produce 7 β-OH-DHEA by Absidia coerulea CICC 41050 was consisted of
30 g/L sucrose, 20 g/L peptone, 10 g/L corn steep liquor, 2 g/L K2 HPO4, 1.6 g/L KH2 PO4,
0.5 g/L MgSO4, and 0.05 g/L FeSO4 with pH 6.5. The transformation rate of 7β-OH-DHEA
reached 50.48%. The optimal biotransformation conditions (DHEA 1 g/L, medium volume
60 mL, biotransformation time 48 h, and inoculum 10%) provided maximum production
(69.61%) of 7β-OH-DHEA by Absidia coerulea CICC 41050. The transformation of the DHEA
substrate by Absidia coerulea CICC 41050 was described for the first time. Meanwhile, the
conversion period was shortened to 48 h.

Previous literature had reported that Absidia griseolla var. igachii could provide C6β,
C7α/β and C14α hydroxylation on androst-4-ene-3,17-dione (4-AD) [4], and Absidia coerulea
AM93 could generate C7α/β hydroxylation on androstenediol [11]. This work extended
our knowledge of DHEA hydroxylation on C7 position to the Absidia coerulea CICC 41050.
It seems that the Absidia species possesses the C7 hydroxylation potential. Further genomic
and proteomic data mining are worthy fo exploration for the rest of the story.
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Steroids are lipophilic compounds with a gonane skeleton and play an important
role in higher organisms. Due to different hydroxylations of steroid molecules, they vary
greatly in their mode of action [16]. Hydroxylation of dehydroepiandrosterone (DHEA)
to positions 3,7, and15 is an essential step in the synthesis of many steroidal drugs [17].
However, low hydroxylation of DHEA production is a difficult issue that must be solved
urgently in industry. At present, DHEA and other steroid substrates could be hydroxylated
by cytochromes P450 [18]. However, cytochrome P450 is a membrane bound protein, that
is not very easy to get in a purified form for extensive research. To overcome at least
some of these drawbacks, whole-cell systems are the method of choice to accomplish
hydroxylation of the DHEA. Thus, this strategy would provide a possible way to enhance
the 7β-OH-DHEA yield in the pharmaceutical industry.
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//www.mdpi.com/article/10.3390/catal13020272/s1, Figure S1. Morphology of Absidia coerulea
and Gibberella sp. Figure S2. (ESI) m/z [M+H]+ diagrams for the metabolite I. Figure S3. (ESI) m/z
[M+H]− diagrams for the metabolite I. Figure S4. (ESI) m/z [M+H]+ diagram for the metabolite II.
Figure S5. (ESI) m/z [M+H]− diagram for the metabolite II. Figure S6. 1 H NMR diagram for the
7α-OH-DHEA. Figure S7. 13 C NMR diagram for the 7α-OH-DHEA. Figure S8. 1 H NMR diagram
for the 7β-OH-DHEA. Figure S9. 13 C NMR diagram for the 7β-OH-DHEA. Figure S10. Standard
curve of 7β-OH-DHEA by HPLC.
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Abstract: Streptomyces noursei D-3-14 was taken as a starting strain and treated with UV (15 W,
30 cm) mutagenesis for 40 s for three consecutive rounds. High yielding strains were screened using
chemical and biological potency determination, and the components of the fermentation products
were detected using HPLC. Finally, the mutant strain Streptomyces noursei 72-22-1 with a chemical
potency of 8912 (U/mL) and a biological potency of 5557 (U/mL) was obtained after the genetic
stability evaluation. After optimization of the fermentation conditions, the chemical potency and
biological potency of Streptomyces noursei 72-22-1 reached 14,082 U/mL and 10579 U/mL, respectively,
which is 1.58 and 1.91 times those before optimization. HPLC analysis indicated that the mutant
strain 72-22-1 displayed a higher content of polyfungin B. When equimolar nystatin A1, A3, and
polyfungin B were tested for their fungicidal activities towards Saccharomyces cerevisiae ATCC 2061,
polyfungin B exhibited a better efficacy than nystatin A1 and A3.

Keywords: Streptomyces noursei; nysfungin; nystatin A1; nystatin A3; polyfungin B; UV mutagenesis

1. Introduction

Nystatin is a kind of polyene macrolide antibiotic [1–3] that was first isolated by
Hazen and Brown from soil in Fauquier County, Virginia in the 1950s [4]. At that time,
it was named Fungicidin and demonstrated fungistatic and fungicidal activities, without
antibacterial action. In 1954, this Fungicidin was first commercialized by Bristol Myers
Squibb and renamed nystatin, with its major ingredient being nystatin A1. Later, Chinese
researchers also isolated and identified additional ingredients of actinomycetes derived
from Fungicidin in Guangdong province soil [5,6]. In 1981, Thomas et al. compared
pharmaceutical grade samples of Fungicidin from China, Hungary, Italy, US, and Russia,
and identified that nystatin A1 represented the majority of the ingredients in the US, Italy,
and Hungarian samples, with a 70% concentration [7], which coincides with the British
Pharmacopoeia in 1980 [8]. Meanwhile, he also reported that only 12% nystatin A1 was
founded in the Chinese samples, with other components nystatin A3 and polyfungin B
ranging from 20 to 50% [9]. Since then, nystatin has usually been assigned as western
nystatin, which has a high A1 content as the major ingredient. While nysfungin is normally
used to name the Chinese-derived nystatin, besides the A1, which may also have A3 and
polyfungin B.

Nystatin is effective against Candida, Cryptococcus, Aspergillus, Histoplasma, and
Blastomyces [10,11]. Nystatin is one of the most commonly used topical antifungal drugs,
with a high efficacy, low cost, and fewer side effects, due to not being absorbed from the
gastrointestinal tract [12,13].
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From their chemical structures, it could be seen that nystatin A3 has an additional
digitoxose compared to nystatin A1 [9,14], while the polyfungin B has an absence of a C10
hydroxyl group compared with nystatin A3 [15]. All three components share the same
macrolide polyene skeleton, as shown in Figure 1.
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In the FDA approved nystatin drugs, the major ingredient is the single nystatin A1,
with the CAS No. 34786-70-4. While in the Chinese pharmacopoeia [16], nystatin is still
considered a multiple-ingredient drug, and was named Nysfungin, so as to differentiate it
from the single major A1 nystatin.

Due to the actinomyces metabolic diversity, in this research, we used an environmen-
tally isolated strain of Streptomyces noursei D-3-14 to perform ultraviolet (UV) mutagenesis,
optimized the culture conditions, and finally obtained a higher production of Nysfungin.
Mutation breeding is a powerful technique, in which microbial strains exposed to mutagen
treatment are screened, to identify positive mutants with specific characteristics. This
method has the advantages of simplicity, rapidity, and high efficiency [17]. UV is possibly
one of the physical mutagens that causes genetic variation and enables the selection of
traits as needed. UV has a strong genotoxic effect, producing DNA damage that leads
to an altered DNA structure [18]. UV irradiation induces covalent crosslinks between
neighboring pyrimidines. If left unrepaired, error-prone replication of this damaged DNA
leads to an increased rate of mutagenesis and genome instability [19]. The aim of this study
was to screen and characterize nystatin-producing Streptomyces noursei strains exposed to
UV, to identify the strain that produced the highest activity of nystatin, thereby obtaining a
high-activity and low-cost raw material for commercial nystatin production.

2. Results and Discussion
2.1. Determination of the Chemical and Biological Potency of the Starting Strain Streptomyces
noursei D-3-14

According to the experimental process in Section 3.3, the chemical potency of the
starting strain Streptomyces noursei D-3-14 was detected as 3464 U/mL, as shown in Table 1,
and the biological potency was detected as 2703 U/mL, as shown in Table 2.

Table 1. Chemical potency detection of Streptomyces noursei D-3-14.

Expt. No OD319
Chemical Potency

(U/mL)
Average Chemical

Potency (U/mL)

1 0.295 3709
2 0.249 3116 3464
3 0.284 3567
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Table 2. Biological potency detection of Streptomyces noursei D-3-14.

Expt. No

Inhibition
Diameter (mm)

80 U/mL
Reference

Inhibition
Diameter (mm)

40 U/mL
Reference

Inhibition
Diameter (mm)

80 U/mL
Sample

Inhibition
Diameter (mm)

40 U/mL
Sample

Biological
Potency
(U/mL)

Average
Biological

Potency
(U/mL)

1 23.42 19.00 21.64 17.50 2658
2 21.98 18.44 20.26 17.18 2538 2703
3 23.22 18.94 22.16 17.88 2914

2.2. HPLC Analysis of the Starting Strain Streptomyces noursei D-3-14

According to the experimental process in Section 3.3, the HPLC analysis of D-3-14 was
similar to the nysfungin reference, as seen in Figure 2.
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2.3. Determination of the UV Irradiation Duration of Mutagenesis

The lethal rate should increase with UV radiation duration. According to our expe-
rience, a 90% lethal rate is acceptable for further research. Figure 3 shows that the UV
radiation duration was set to 40 s.
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2.4. Preliminary and Secondary Screening for Three Consecutive Rounds

According to the experimental process in Section 3.4, three consecutive rounds of
preliminary and secondary screening were performed following the UV mutagenesis.
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In the first round of preliminary screening, 74 mutants were obtained. Then 14 out of
these 74 mutants were selected for the secondary screen. In this round, Streptomyces noursei
74-14-8 was identified as the resultant strain, with a chemical potency of 5783 U/mL and
biological potency of 4626 U/mL, which exhibited about 1.67 and 1.71 times the chemical
and biological potency of the starting strain, as seen in Table 3.

Table 3. Biological potency and Polyfungin B contents of various strains after the first round of
UV mutagenesis.

Strain No. Chemical Potency
(U/mL)

Biological Potency
(U/mL)

Polyfugin B Content
(%)

74-14-8 5783 4626 33.63
74-14-61 5177 3467 27.64
74-14-67 5101 3825 21.61

In the second round of screening, 22 out of 72 preliminary screened mutants were
selected. The resultant Streptomyces noursei 72-22-1 was identified as having a chemical
and biological potency of 8912 U/mL and 5557 U/mL, exhibiting 1.54 and 1.20 times the
chemical and biological potency of Streptomyces noursei 74-14-8 (Table 4).

Table 4. Biological potency and Polyfungin B contents of various strains after the second round of
UV mutagenesis.

Strain No. Chemical Potency
(U/mL)

Biological Potency
(U/mL)

Polyfugin B Content
(%)

72-22-1 8912 5557 53.63
72-22-3 5328 3467 47.64
72-22-5 7214 5679 31.61

72-22-10 5912 3578 44.72
72-22-11 6879 4344 35.11
72-22-14 6020 4684 36.79
72-22-19 5829 3689 32.77
72-22-20 5741 4121 33.04
72-22-49 5311 3877 28.64

In the third round of screening, 24 out of 112 preliminary screened mutants were
selected. The resultant Streptomyces noursei 112-24-63 was identified as having a chemical
and biological potency of 11097 U/mL and 10751 U/mL, which was 1.25 and 1.93 times
the chemical and biological potency of Streptomyces noursei 72-22-1 (Table 5).

Table 5. Biological potency and Polyfungin B contents of various strains after the third round of
UV mutagenesis.

Strain No. Chemical Potency
(U/mL)

Biological Potency
(U/mL)

Polyfugin B Content
(%)

112-24-11 8692 6945 39.66
112-24-23 4463 5007 27.46
112-24-38 4353 5010 26.10
112-24-63 11,097 10,751 31.86
112-24-70 7837 9044 27.92
112-24-78 5545 8539 22.14
112-24-97 7340 2951 23.37

2.5. Genetic Stability Experiment

According to the experimental process in 3.5, genetic stability experiments were
performed on Streptomyces noursei 72-22-1 and 112-24-63. The results can be seen in Figure 4.
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It was observed that Strain 112-24-63 could not withstand the stability test, but 72-22-1
could endure five consecutive generations of culture. Later, Streptomyces noursei 72-22-1
underwent fermentation optimization for a better potency.
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2.6. Single-Factor Evaluation for the Nysfungin Fermentation

Single factor glucose concentration, peanut meal concentration, starting pH, and
inoculation volume ration were evaluated to generate the results in Figure 5. The results
showed that when the content of glucose in the fermentation medium was 5.5%, the yield
of nystatin was higher. A carbon source is one of the essential nutrients in a microbial
culture medium, providing energy for the growth, reproduction, and metabolic activities
of microorganisms. Our previous work found that during streptomycin fermentation,
the glucose concentration in the fermentation broth must be controlled to be lower than
a certain level in the later stage of fermentation. If the glucose concentration is higher
than 10 mg/mL, the synthesis of mannosidase will be inhibited and the production of
streptomycin will be significantly reduced. When the culture medium contains two or
more carbon sources, microorganisms generally use glucose first and then the other carbon
sources. These results indicate that secondary metabolites, such as antibiotics, are regulated
by carbon metabolites, such as glucose.
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Figure 5. Evaluation results for single factors of glucose concentration, peanut meal concentration,
starting pH, and inoculation volume ratio for fermentation.

The nitrogen source not only plays a nutritional role in the fermentation of microorgan-
isms, but also contains inducers, precursors, and other substances required for the synthesis
of secondary metabolites. When there are multiple nitrogen sources in the fermentation
medium, microorganisms always use the simple nitrogen sources first, and then decompose
complex nitrogen sources. Moreover, when the concentration of these simple nitrogen
sources (such as ammonium ions, amino acids) is high, they synthesize few secondary
metabolites. The results showed that when the content of peanut meal in the fermentation
medium was 2.5%, the yield of nystatin was higher.

The experimental results showed that when the initial pH of the fermentation medium
was 7.0, and the inoculation volume was 12%, the yield of nystatin fermentation was higher.

According to the above single-factor evaluation results, a four-factor and three-level
L9 (34) orthogonal experiment was designed, as seen in Table S1. Orthogonal experimen-
tal results and analysis (Table S2) showed that a glucose concentration of 5.5%, peanut
melt concentration of 2.5%, initial pH of 7.5, and inoculation volume ratio of 14% were
the optimal conditions. The final optimized chemical and biological potency results for
Streptomyces noursei 72-22-1 were 14,082 U/mL and 10579 U/mL, which are 1.58 and 1.91
times those before optimization.

2.7. HPLC Analysis for Streptomyces noursei 72-22-1

According to the experimental process in 3.3, the fermentation product in the HPLC
analysis of 72-22-1 was similar to the nysfungin reference, as seen in Figure 6.
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Figure 6. HPLC analysis of the fermentation products of Streptomyces noursei 72-22-1.

It can be seen that in the mutant Streptomyces noursei 72-22-1, nystatin A1, A3, and
polyfungin B exhibited retention times of 9.085 min, 12.288 min, and 16.599 min. The ratio
of polyfungin B was about 53%, which is much higher than the reference.
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2.8. Fungicidal Activity of Nystatin A1, A3, and Polyfungin B towards Saccharomyces cerevisiae
ATCC 2061

Single ingredients of nystatin A1, A3, and polyfungin B were extracted and isolated
using semi-preparative HPLC, and their fungicidal activity was evaluated according to the
experimental process in 3.3.

The results are summarized in Table 6. It can be seen that polyfungin B displayed a
better fungicidal activity than nystatin A1 and A3, which is a novel result in nysfungin
activity research.

Table 6. Results of nystatin A1, A3, and polyfungin B inhibiting Saccharomyces cerevisiae ATCC 2061.

Expt. No. Inhibition Zone Diameter of
Nystatin A1 (mm)

Inhibition Zone Diameter of
Nystatin A3 (mm)

Inhibition Zone Diameter of
Polyfugin B (mm)

1 20.68 16.44 21.62
2 19.26 16.84 21.18
3 18.56 15.84 19.12
4 19.76 16.60 20.18
5 19.14 16.52 20.08

Average Value 19.48 ± 0.71 16.45 ± 0.33 20.44 ± 0.88 **

** p < 0.05, highly significant.

3. Materials and Methods
3.1. Chemicals, Strains, Culture Media, and Growth Conditions

Due to the lack of a nysfungin standard, domestic commercial nysfungin tablets
(Nysfungin, Zhenyuan Pharmaceuticals Co. Ltd., Shaoxing City, Zhejiang, China) were
purchased and processed to be used as a reference. All other chemicals were analytically
pure, unless expressed otherwise.

The starting streptomyces noursei D-3-14 was isolated and stored in our lab and had a
chemical potency of 3464 U/mL and a biotic potency of 2703 U/mL. Strains were cultured at
28 ◦C for 7 days on Gause’s synthetic solid medium slant (GA media). A loop of the freshly
grown lawn was inoculated into 50.0 mL seed culture medium, and cultured at 150 rpm,
28 ◦C for 24 h. Then, 10% of this seed culture was inoculated into 50 mL fermentation
culture medium and cultured at 200 rpm, 28 ◦C, for 86 h. The resultant culture could be
used to extract nystatin.

Gause’s synthetic solid medium consisted of (g/L) soluble starch, 20.0; KNO3, 1.0;
NaCl, 0.5; K2HPO4, 0.5; MgSO4·7H2O, 0.5; FeSO4·7H2O, 0.01 and agar, 15, pH 7.2. Seed
culture medium consisted of (g/L) peanut meal, 20.0; soluble starch, 10; glucose, 10; CaCO3,
6.0; soybean oil, 3.0; (NH4)2SO4, 2.0; peptone 2.0; MgSO4·7H2O, 0.5; K2HPO4, 0.2 and
pH 7.2. Fermentation culture medium consisted of (g/L) glucose, 55.0; peanut meal, 25.0;
CaCO3, 10.0; (NH4)2SO4, 3.0; peptone 3.0; dried silkworm chrysalis meal, 2.0; soybean oil,
1.0; KH2PO4, 0.02 and pH 7.2.

Saccharomyces cerevisiae ATCC 2061 was purchased from China General Microbiological
Culture Collection Center (CGMCC), Beijing, China. It was cultured on a YM medium
slant at 28 ◦C for 3 d. When was mature, 6.0 mL sterilized NaCl solution (0.9%) was added,
and the lawn was scraped to obtain a suspension. The suspension was then transferred
into Erlenmeyer flasks with glass beads and incubated 28 ◦C, 180 rpm for 30 min. The final
suspension concentration was adjusted and calculated using a hemocytometer.

The YM culture medium consisted of (g/L) glucose, 10.0; peptone 5.0; yeast extract,
5.0; malt extract, 5.0; agar 15.0 and pH 6.2. The biological potency detection culture medium
consisted of (g/L) maltose, 40.0; peptone 20.0; NaCl, 3.0; agar 15.0 and pH 7.0–7.2. The
Gauss’s culture medium was sterilized at 121 ◦C for 20 min, all other media were sterilized
at 115 ◦C for 30 min.
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3.2. UV Mutagenesis, Nysfungin Crude Extraction, and HPLC Detection

First, 3 mL of Streptomyces noursei single spore suspension was added to the 75 mm
culture dishes and radiated with UV light (15 W, 30 cm) for 60 s. The dish covers were
then opened and radiated for 20 s, 40 s, 60 s, 80 s, 100 s, and 120 s. Next, 12 mL seed
culture medium was supplemented, and the dishes were cultured in black bags at 28 ◦C
for 2 h. Both the UV radiated (Mutagenesis group) and untreated spore (Control group)
suspensions were serially diluted and calculated using a hemocytometer. Then, 100 uL
of spore suspension with 10−3, 10−4, and 10−5 concentrations were spread on the Gauss
plates, each concentration was spread in three replicates, the plates were cultured at 28 ◦C
for 5~7 days, the colony numbers were counted, and the lethal rate was calculated.

Lethal rate (%) =
(cfu of control group × dilution ratio)− (cfu of Mutagenesis group × dilution ratio)

(cfu of control group × dilution ratio)
× 100%

After 86 h, the fermentation broth was centrifugated at 3500 rpm for 10 min, to collect
the wet mycelia. These wet mycelia were transferred into a brown beaker, 3 times the
volume of 98% alcohol (v/v) was added and stirred for 40 min, then the solution was
centrifugated at 3500 rpm for 10 min, the supernatant was collected and extracted with
an equal volume of 98% alcohol (v/v) three times. All the supernatants were combined
and vapored with reduced pressure to concentrate to 20 mL, and these solutions were kept
at 4 ◦C overnight to obtain the nystatin suspension. These suspensions could be further
processed at 4000 rpm for 6 min to eliminate the supernatant and to obtain the crude
nystatin extract crystal and were stored at −20 ◦C before use.

Subsequently, 50.00 mg of the above crude nystatin crystal was dissolved in 5.00 mL
methanol (chromatographic grade) and filtered using a 0.22 µm filter, to produce a 10 mg/mL
solution. HPLC was performed using a WondaSil C18 Column (250 × 4.6 mm × 5 µm,
Shimadzu, Kyoto, Japan), and the mobile phase consisted of methanol and acetonitrile,
acetate buffer = 26:37:37, the detection wavelength was 305 nm, the column temperature
was 30 ◦C, the loading speed was 1 ml/min, and the loading volume was 10 µL.

3.3. Determination of the Chemical and Biological Potencies

First, the nystatin reference was resolved in N,N-dimethylformamide to make a
1000 U/mL stock. Then, 0 mL, 0.2 mL, 0.4 mL, 0.6 mL, 0.8 mL, 1.0 mL, 1.2 mL, 1.4 mL,
1.6 mL, 1.8 mL, and 2.0 mL stock was dissolved and filled to 25.00 mL, and the absorption
values were detected on OD319 to establish a standard curve.

Chemical potency was detected using the following process adapted from the Eu-
ropean Pharmacopoeia 8.0 [20]: First, after 86 h, 5 mL well-dispersed culture broth was
washed three times with ddH2O and centrifugated to collect the mycelia. Then, the mycelia
were well mixed with 10 mL methanol and left to stand for 2 h. Next, the supernatant
was collected after 3500 rpm for 10 min, and extracted using 10 mL methanol twice. The
combined methanol solution was filled to 50.00 mL. Then, 2.0 mL was used to detect OD319,
and the chemical potency was evaluated by comparing with the above standard curve.

The biological potency was detected using the following process adapted from a USP
monograph [21]. The first step was to evaluate the proper concentration of Saccharomyces
cerevisiae ATCC 2061. Then, 1 mL of 10−1, 10−2, 10−3, 10−4, and 10−5 dilution suspension
was added to 15 mL biological potency detection culture medium at 48 ◦C and mixed well.
When the media become solid, one Oxford cup was placed on the center of the petri dish
and 100 uL nystatin reference solution (80 U/mL) was supplemented and the cover was put
on. Each concentration was performed in triple replicates and cultured at 28 ◦C for 14–18 h.
The diameter of the inhibition zone was measured with a Vernier caliper. Empirically, a
diameter of 18–22 mm is acceptable for biological potency detection.

Then, 250 uL of Saccharomyces cerevisiae ATCC 2061 was added to the 15 mL biological
potency detection culture medium at 48 ◦C and mixed well. When the media became solid,
four Oxford cups were symmetrically placed on the petri dish. Two cups on one diagonal
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line were supplemented with 100 uL nystatin reference solution (80 U/mL and 40 U/mL),
while the other two cups on the other diagonal line were supplemented with 100 uL nystatin
sample solution (80 U/mL and 40 U/mL). After being cultured at 28 ◦C for 14–18 h. The
diameter of the inhibition zone was measured with a Vernier caliper. And the biological
potency of the crude nystatin extracts was calculated using the following formula:

θ = log−1
(

T2 − S2 + T1 − S1

S2 + T2 − S1 − T1
× I

)

in which,
S1 = inhibition zone diameter of the low-dose control solution
S2 = inhibition zone diameter of the high-dose control solution
T1 = inhibition zone diameter of the low-dose sample solution
T2 = inhibition zone diameter of the high-dose sample solution
I = lg(high-dose concentration/low-dose concentration)

3.4. Preliminary Screen and Secondary Screen for Mutants

Preliminary screening was performed using the following process: Single colonies on
the UV radiation plates were inoculated onto a fresh Gauss’s synthetic media plate and
cultured at 28 ◦C for 5–7 days, to obtain viable mutants. A 1 × 1 cm2 lawn was scraped and
transferred into 50 mL fermentation broth and cultured at 28 ◦C and 180 rpm for 86 h. Then,
the crude nystatin was extracted, to examine the chemical potency. Those strains with
higher chemical potency than the starting strains were screened as the preliminary strains.

A secondary screen was performed on those strains with higher chemical potencies.
Those strains were further detected by HPLC to determine their biological potencies. Only
those strains exhibiting both higher chemical and biological potencies were screened and
selected for the next steps.

3.5. Genetic Stability Evaluation

The selected strains with high chemical and biological potency were cultured for
five consecutive generations, and the chemical potency was tested for each generation to
evaluate the genetic stability.

3.6. Single Ingredient Evaluation for the Obtained Nysfungin

The obtained Nysfungin was detected using HPLC, each of the major peaks was
further extracted and isolated using semi-preparative HPLC, and the resultant single
ingredients were identified by MS and NMR and tested for their fungicidal activities using
the cup-plate methods in 3.3.

3.7. Optimization of the Fermentation Conditions

The culture process was performed as described in 3.1. The glucose concentration was
set at 2.5%, 4.0%, 5.5%, 7.0%, and 8.5%. The peanut meal concentration was set at 0.5%,
1.5%, 2.5%, 3.5%, and 4.5%. The starting pH value was set at 6.0, 6.5, 7.0, 7.5, and 8.0. The
inoculation volume ratio was set at 6%, 8%, 10%, 12%, and 14%. Each inoculation volume
was replicated three times.

The orthogonal experiment with four factors and three levels L9 (34) was designed
according to the glucose concentration, peanut meal, starting pH, and inoculate volume
ratio, determined in a single factor experiment.

3.8. Statistical Analysis

All experiments were carried out in triplicate and each presented value is the average
of three independent experiments. SPSS 20.0 software was used to conduct t-tests on
the data, to determine the statistical difference, p < 0.05 was significant (*), p < 0.01 was
extremely significant (**).
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4. Conclusions and Discussion

As polyene macrolide antibiotics produced by the Streptomyces noursei strain, both
nystatin and nysfungin have broad-spectrum antifungal effects, with the strongest inhibi-
tion of Candida albicans, and have been widely used in clinical practice [3]. In this study,
Streptomyces noursei D-3-14, a nystatin producing strain, was treated with UV mutagenesis
for three rounds and screened for high yield mutants. Finally, Streptomyces noursei 72-22-1,
a genetically stable strain with enhanced nystatin production, was obtained. Its chemi-
cal potency was 8912 U/mL and its biological potency was 5557 U/mL, 2.57 times and
2.06 times of those of the original strain, respectively. After optimizing the fermentation
conditions, the chemical potency and biological potency of Streptomyces noursei 72-22-1 were
14,082 U/mL and 10579 U/mL, respectively, 4.07 and 3.92 times those of the starting strain.

Admittedly, although antibiotics have been applied for many years, there are only a
few clinical options for polyene macrolide ingredients. In the FDA Orange Book dated
December 2022, there are only four polyene macrolide fungicidal antibiotics listed. The only
discontinued ingredient is Candicidin (Vanobid), which was approved on 1 January 1982
and manufactured by Sanofi Aventis US. The Eyevance Pharmeceuticals-manufactured
Natamycin (Natacyn) was approved on the same day as Candicidin and is the only listed
and prescribed Natamycin. Ten out of the 15 entries of Amphotericin B have been discon-
tinued and only five manufacturers are still producing it. Nystatin has 123 entries, with
62 discontinued and 61 approved manufacturers [22].

All these data suggest that the diversity of polyene macrolide antifungal antibiotics
remains limited. When equimolar single ingredients of nystatin A1, A3, and polyfungin
B were tested, polyfugin B exhibited a better fungicidal activity than nystatin A1 and
A3. These promising results warrant further extensive metabolic and biological studies of
polyfugin B, nystatin A3, and other structurally similar ingredients in the near future.
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Abstract: α-amylases are one of the most common and important industrial enzymes widely used
in various industries. The present study was conducted with the aim of isolating and identifying
symbiotic α-amylase enzyme-producing bacteria in the intestine of Silago Sihama and Rasterliger
Canagorta fish living in Qeshm Island, Hormozgan. The intestinal symbiotic bacteria of these species
were isolated using nutrient agar culture medium; then, α-amylase producing bacteria were screened
using a special culture medium containing starch and the Lugol’s solution test. The α-amylase
enzyme activity of enzyme-producing bacteria was measured using the starch substrate. Finally,
bacteria with the highest enzyme activity were selected and identified by the 16S rRNA gene sequence
analysis. The results showed that out of 22 isolated bacteria, 10 were able to grow in a special culture
medium, and 5 strains of these 10 bacteria had the ability to produce relatively stronger halos. The
four bacterial strains belonging to the genus Bacillus that had the highest α-amylase enzyme activity
were identified and registered in the NCBI gene database as B. subtilis strains HR13, HR14, HR15, and
HR16. Among these four strains, two strains of B. subtilis, HR13 and HR16, displayed high enzyme
activity and maximum activity at 60 ◦C at pH values of 5 and 7, respectively. α-Amylase enzymes
isolated from marine symbiotic bacteria of Bacillus species can be considered potential candidates for
application in various industries.

Keywords: α-amylase; starch hydrolysis; marine enzymes; Persian Gulf

1. Introduction

Oceans cover 71% of the earth’s surface and are home to a diverse range of species,
such as algae, bacteria, fungi, sponges, and fish. The sea is a challenging place to inhabit
because it has both deep and shallow areas with different temperatures and pressures,
salinity changes, different pHs, light, hydrostatic pressure, and the distribution of dif-
ferent nutrients, all of which lead to a wide variety of marine organisms with unique
characteristics [1–3].

Marine microorganisms are a promising source for discovering novel enzymes be-
cause of their distinctive natural environments, physiological traits, distinctive metabolic
processes, and use of varied nutrients [4,5]. Marine bacteria are a diverse group of marine
microorganisms that have developed physiological adaptations in response to various
environmental factors and evolutionary processes. They also produce a variety of hy-
drolyzing enzymes, such as amylases, lipases, and proteases, which may have applications
in contemporary biotechnology [6]. The main benefits of employing microorganisms for
enzyme synthesis over plants and animals are rapid growth, huge production capacity, and
simple enzyme extraction from bacteria [5,6].

The buoyancy of fish in water causes bacteria to cover the outer surface of their bodies,
and as a result, fish are in continuous contact with the microorganisms that cover their
bodies. Some of these microorganisms do not live on the surface of the fish but are instead

97



Catalysts 2023, 13, 183

found as part of the microbes that live within the fish body, such as the oral cavity [7].
The combination of all environmental factors for fish symbiotic bacteria results in the
development of enzymes with exceptional features of the bacteria in this milieu [8,9].

Amylases are one of the most important sources of industrial enzymes with many
applications in various industries, such as pharmaceuticals, food industries, auxiliary
food preparation, detergents, papermaking, and textiles. They provide the hydrolysis of
starch into small sugar units of dextrin or smaller glucose polymers and are classified into
three groups, namely α-amylases, β-amylases, and γ-amylases. α-amylases cleave the
bond (α (1→4)) between adjacent glucose units in the linear chain of amylose in starch
carbohydrates [10]. Since α-amylase has multiple cleavage sites, α-amylase is faster than
β-amylase. In addition, α-amylase enzymes have the necessary stability against high
temperatures, especially α-amylase synthesized from Bacillus subtilis and Archaea bacteria
species, which are resistant to heat [11]. Various physical and chemical factors, such as
temperature, pH, incubation period, carbon sources as inducers, surfactants, nitrogen
sources, phosphate, and different metal ions, affect the production of α-amylase [12].

Although the production of α-amylase enzyme by Gram-negative bacterial strains
such as B. sp., Aeromonas sp., and Stenotrophomonas sp. has been reported, the production of
α-amylase isolated from fish intestinal bacteria is still ambiguous and has not been widely
studied [13]. So far, no research has been performed on the isolation of α-amylase enzyme-
producing bacteria coexisting with the digestive systems of Sillago sihamas and Rastrelliger
Kanagurta fish from the southern coasts of Iran. In this study, the symbiotic bacteria of the
intestine of Sillago sihamas and Rastrelliger Kanagurta fish were isolated, and then α-amylase
enzyme-producing bacteria were screened, and those with the highest potential to produce
α-amylase were identified by biochemical, morphological, and molecular methods, and
finally, some biochemical characteristics of the enzyme were investigated.

2. Results and Discussion
2.1. Primary and Secondary Screening of α-Amylase-Producing Bacteria

In this study, 22 colonies were isolated from the collected samples of Rastrelliger
kanagurta and Sillago sihama, of which 12 colonies were isolated from the intestine of Sillago
sihama and 10 colonies were isolated from the intestine of Rastrelliger kanagurta. Among the
twenty-two isolated bacterial strains, ten bacterial strains were able to grow in a special
culture medium containing starch, five bacterial strains were able to produce strong halos
by Lugol’s test, and other bacterial strains had a weak or moderate halo creation ability
by Lugol’s test (Figure 1). The results revealed that these bacterial strains produce the
α-amylase enzyme. In this experiment, starch was employed as a carbon source, and only
those bacteria that had α-amylase enzyme were able to hydrolyze starch in this culture
medium and grow in this specific medium (Tables 1 and 2). For secondary screening,
among the bacteria isolated from the intestines of Sillago sihama and Rastrelliger kanagurta,
five bacterial strains with the highest degrees of halo formation (strong and medium) were
chosen in the primary screening stage to measure enzyme activity. Meanwhile, four strains
of B. subtilis strain HFBP08, B. subtilis strain ZIM3, B. subtilis strain SXK, and B. subtilis strain
soil G2B had the highest amount of enzyme activity with the activity levels of 0.074, 0.048,
0.061, and 0.072, respectively. Finally, these four potential α-amylase enzyme-producing
strains were selected for further analyses and molecular identification. The results indicated
that Rastrelliger kanagurta and Sillago sihama fish species have rich sources of α-amylase-
producing bacteria. The most potent bacterium among those producing enzymes was
B. subtilis. In general, based on our findings, this bacterial strain can be a suitable source
for the production of heat-tolerant amylase enzymes with high functional stability for use
in industry. For example, α-amylase generated by these Bacillus species is used in the
confectionery industry because of its temperature resistance, as well as starch liquefaction,
processing, and application. They have a wide range of commercial applications and are
especially useful in the food and pastry industries. Earlier research, similar to the current

98



Catalysts 2023, 13, 183

study, used a specialized growth medium containing starch for the first screening of bacteria
that produce α-amylase. [14,15].
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Figure 1. Pure culture of isolated bacteria in nutrient agar medium (a), growth of α-amylase-
producing bacteria in a specific solid culture medium containing starch (b), and a clear halo around
the colony of α-amylase-producing bacteria using Lugol’s solution (c).

Table 1. Evaluation of bacterial strains capable of producing α-amylase from the intestines of
Sillago sihama.

Number Isolated
Bacterial Code

Investigating the Growth of
Bacteria in the Culture

Medium Containing Starch

The Diameter of the
Halo Formed after
Lugol’s Addition

1 T1 Positive Strong
2 T2 Negative No halo
3 T3 Negative No halo
4 T4 Negative No halo
5 T5 S5 Positive Strong
6 T6 Negative Weak
7 T7 Positive Medium
8 T8 Negative No halo
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Table 2. Assessment of bacterial strains capable of generating α-amylase from the intestines of
Rastrelliger kanagurta.

Number Isolated
Bacterial Code

Investigating the Growth of
Bacteria in the Culture

Medium Containing Starch

The Diameter of the
Halo Formed after
Lugol’s Addition

1 S1 Positive Weak
2 S2 Negative No halo
3 S3 Negative No halo
4 S4 Negative No halo
5 S5 S5 Positive Strong
6 S6 Negative No halo
7 S7 Positive Medium
8 S8 Negative No halo
9 S9 Negative No halo

10 S10 S Negative No halo
11 S11 Positive Medium
12 S12 Positive Strong

2.2. Molecular Identification of Potential α-Amylase-Producing Bacterial Strains

Identification techniques based on molecular studies are essential and accurate instru-
ments for the proper characterization of microbial species. In this regard, four bacterial
strains (HR13, HR16, HR15, and HR14) that had the highest α-amylase activity were identi-
fied by 16S rRNA gene analysis (Figure 2). All four strains with the capacity to produce
α-amylase enzyme aligned most closely to the Bacillus genus, Bacillaceae family, and Bacil-
lus subtilis species, according to the NCBI database’s analysis of the nucleotide sequence
of the 16S rRNA gene of isolated bacteria. Based on these results, the bacterial strains
(HR13, HR16, HR15, and HR14) have the highest similarity (99%) with B. subtilis strains
HFBP08, ZIM3, SXK, and soilG2B. According to the results of 16S rRNA gene sequences, B.
subtilis strain HR13, B. subtilis strain HR14, B. subtilis strain HR15 B., and B. subtilis strain
HR16 were registered in the NCBI database with accession numbers MZ571841, MZ571838,
MZ571839, and MZ571840, respectively. The phylogenetic tree of B. subtilis strains HR13,
HR14, HR15 B., and HR16 isolated from the fish intestine in this study, as well as sequences
available in NCBI for B. Methanobacterium formicicum, B. infantis strain C4, B. amylolique-
faciens strain TS.18 S.BK, B. velezensis strain CB02999, B. tequilensis strain HYM43, and B.
mojavensis strain WSE-KSU305, were drawn and their evolutionary relationships were
investigated (Figure 3). The evolutionary relationships of the strains obtained in this re-
search with other Bacillus species, including B. infantis, B. amyloliquefaciens, B. velezensis, B.
tequilensis, and B. mojavensis, are shown in a phylogenetic tree. Therefore, the present study
shows that the strains belonging to B. subtilis are potential bacteria for the production of
the α-amylase enzyme.

In 2014, Castro et al. isolated endophytic microorganisms symbiotic with leaves and
branches of mangrove trees in Brazil from two mangrove species, namely Rhizophora mangle
and Avicennianitida. Bacillus was the most isolated genus from mangrove trees in this
region [16]. Similar to the present study, bacteria belonging to the Bacillus genus, including
B. subtilis, B. stearothermophilus, and B. amyloliquefaciens, have been identified as potential
α-amylase enzyme-producing bacteria [17–19]. B. amyloliquefaciens produces the most
α-amylase enzyme in the world, and the α-amylase generated by this bacterium was the
first enzyme employed in the industry for starch sweetening and liquefaction. [20–22].
Therefore, these findings demonstrate that bacilli have the unique capacity to synthesize
α-amylase enzyme.
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2.3. The Effect of Temperature and pH on the Activity and Stability of the α-Amylase Enzyme

The effect of temperature on α-amylase enzyme activity in B. subtilis strains HR13
and HR16 showed that both strains display maximum activity at 60 ◦C (Figure 4). At
temperatures higher than 80 ◦C, the enzyme activity of both strains suddenly drops, so that
at a temperature of 90 ◦C, the enzyme activity of the HR16 strain reaches almost zero.
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Figure 4. The effect of temperature on the enzyme activity levels of HR13 (�) and HR16 (N) strains;
the activity at the optimal temperature was taken as 100%.

The effect of different pH values on the enzyme activity of two strains, B. subtilis HR13
and B. subtilis HR16, shows their maximum enzyme activity at pH 5 and 7, respectively
(Figure 5). The α-amylase enzyme activity of HR16 had a sharp drop after the optimum
pH so that at pH values of 8 and 9, 35% and 28% of the initial activity of the enzyme was
retained, respectively. In the case of the HR13 strain, the activity of the enzyme did not
significantly decrease after reaching the optimal pH, and the enzyme maintained more
than 75% of its initial activity in the range of pH 6–8.

Irreversible thermal inactivation of enzymes isolated from B. subtilis strains HR13
and HR16 at temperatures of 80 and 90 ◦C demonstrated that at 80 ◦C with increasing
incubation time (Figure 6), the amount of enzyme activity decreased, and after temperature
incubation for up to 10 min, the enzyme activity in the HR13 B. subtilis strain reaches
less than half. However, the enzyme of B. subtilis strain HR16 maintained > 50% of its
initial activity after a temperature incubation for 20 min at 80 ◦C. Notably, after 60 min of
temperature incubation, the activity of both enzyme strains reached almost zero.
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Figure 6. Thermal stability of the α-amylase enzyme activity of HR13 (�) and HR16 (N) after
incubating the enzymes in a water bath at 80 ◦C (a) and 90 ◦C (b) for different time periods.

At 90 ◦C, irreversible thermal inactivation of the enzyme decreases enzyme activity
substantially faster than at 80 ◦C. After 30 min of temperature incubation, the enzyme
activity of B. subtilis strain HR13 reaches less than 20% of its initial activity. About 22% of
the enzyme’s initial activity was still present in the B. subtilis strain HR16 enzyme after
30 min of incubation at 90 ◦C. The irreversible inactivation of enzymes isolated from HR13
and HR16 was investigated and compared at an alkaline pH of 8 (Figure 7). Both forms of
the enzyme exhibit a notable decline in activity at pH 8 with extended incubation times.
The enzymes of strains HR13 and HR16 preserved 56% and 63% of their initial activity
after 30 min of incubation at pH 8, respectively. At pH 12, the activity of the free enzyme
decreased as the incubation time increased. After 60 min of incubation at pH 8, the free
enzyme in both enzyme forms was reversible to about 18% of its initial activity.
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Figure 7. Irreversible inactivation of the α-amylase enzyme in HR13 (�) and HR16 (N) after different
time periods of incubation at pH 8.

3. Materials and Methods
3.1. Materials Used for the Collection of Short Fish Samples

All reagents were purchased from Merck Co. (Darmstadt, Germany).

3.2. Collection of Sillago sihama and Rastrelliger kanagurta Fish

Freshly caught fish samples of Sillago sihama and Rastrelliger kanagurta were purchased
from the Qeshm fishmongers’ market and transferred to the laboratory in a flask containing
ice at a temperature of 4–10 ◦C.

3.3. Isolation of Intestinal Bacteria from Sillago sihama and Rastrelliger kanagurta Fish

First, the abdominal surface of the fish was cleaned with 70% alcohol. After opening
the stomach of the fish with a surgical blade, the intestines were removed under sterile con-
ditions. After homogenizing and diluting the samples with physiological serum, they were
cultured in nutrient agar culture medium and kept in a greenhouse at 30 ◦C for 48 h in order
to isolate bacteria. After the incubation period, the plates were examined morphologically
(color and appearance) under the laminar hood, and the colonies were purified.

3.4. Primary Screening of α-Amylase-Producing Bacteria

Bacteria isolated from the intestines of Sillago sihama and Rastrelliger kanagurta were
cultured on a special culture medium containing starch (1%) and kept in a greenhouse at
30 ◦C for 48 h. After the greenhouse period, the growth of bacteria on the starch culture
medium was analyzed, and the samples exhibiting the ability to grow in this medium were
selected for further analyses. At this stage, Lugol’s solution was poured onto the special
culture medium containing starch; then, based on the diameter of the clear halo around the
bacterial colony, which indicates starch hydrolysis and enzyme production by bacteria, the
α-amylase enzyme-producing colonies were isolated and selected.

3.5. Secondary Screening of α-Amylase-Producing Bacteria and Measurement of Enzyme Activity

The α-amylase enzyme-producing bacteria, which had produced a stronger halo in
the primary screening stage, were selected for secondary screening and enzyme activity
measurement. At this stage, bacteria were cultured in nutrient broth and incubated in a
shaker incubator at 30 ◦C and 100 rpm. After 24 h, the culture medium containing the
grown bacteria was centrifuged at 12,000 rpm for 20 min, and the supernatant was used
as a solution containing the α-amylase enzyme in the next stages of the experiment [23].
The Bernfeld method was used to measure alpha-amylase enzyme activity [24]. For this
purpose, 400 µL of phosphate buffer solution, 100 µL of α-amylase enzyme extract, and
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500 µL of 1% starch were incubated at 60 ◦C for 20 min. Then, 1 mL of DNS solution was
added to the test tube and incubated for 5 min in a boiling water bath. After cooling, 1 mL
of distilled water was added to it. After stirring the contents of the absorption tube, the
sample was read at a wavelength of 540 nm.

3.6. Identification of Potential α-Amylase Enzyme-Producing Bacteria

In this study, the identification of potential bacteria producing the α-amylase en-
zyme was carried out by examining phenotypic and biochemical characteristics as well
as using 16S rRNA gene analysis. In order to extract the bacterial DNA contents, the
boiling method was used [25,26]. Polymerase chain reaction (PCR) was applied to am-
plify a 1500-bp fragment of the 16S rRNA gene using the extracted DNA of potential
α-amylase-producing bacteria (HR13, HR16, HR15, and HR14) by means of forward (5′-
AGAGTTTGATCCTGGCTCAG-3′) and reverse (5′-AAGGAGGTGATCCAGCC-3′) primers
at a final volume of 50 µL, containing 2 µL of extracted bacterial strain DNA, 0.5 µL of
forward primer, 0.5 µL of reverse primer, 25 µL of amplicon master mix solution, and 22 µL
of distilled water. The thermal cycling was carried out as follows: an initial denaturation at
95 ◦C for 1 min, followed by 30 cycles of denaturation at 95 ◦C for 20 s, annealing at 63 ◦C
for 30 s, extension at 72 ◦C for 1 min, and the final extension at 72 ◦C for 5 min.

After checking the quality and quantity of PCR products on 1% agarose gel elec-
trophoresis, they were sent to FAZA Pajooh Co. for double-sided sequencing. The se-
quences were compared with the 16S rRNA gene sequences of bacteria registered in the
NCBI database using the BLAST tool available on the NCBI website. Then, the closest
strain was selected based on the S rRNA16 gene sequence and biochemical tests [27,28].

In order to analyze the phylogenetic relationships, the target sequences were assessed
and compared in accordance with the NCBI gene bank. In the end, using MEGA4 soft-
ware and the Neighbor-Joining (NJ) algorithm with bootstrapping, 1000 repetitions of the
phylogenetic tree were drawn.

3.7. Effect of pH and Temperature on α-Amylase Activity

The α-amylase enzyme activity was evaluated at a temperature range of 20–90 ◦C
in a 20 mM phosphate buffer (pH 7.4). In order to examine the enzyme activity at any
temperature, both the substrate (1% starch) and the enzyme solution (buffer and crude
enzyme extract) must reach equilibrium at that temperature before measuring enzyme
activity. The relative enzyme activity was measured at different pH values of 2–12 at
room temperature. For this purpose, a mixed buffer (containing 25 mM tris-base, glycine,
sodium phosphate, and sodium acetate) was prepared and adjusted using NaOH and HCl
solutions at different pH values from 2 to 12. In this experiment, a 1% starch solution was
also prepared as a substrate, and the enzyme activity was evaluated in the above buffer at
different pH values.

3.8. Effects of pH and Temperature on Enzyme Stability

To measure the temperature stability of the enzyme, first, the crude enzyme extracts
of both bacteria were placed at 80 and 90 ◦C for different time intervals (5, 10, 20, 30, 40,
50, and 60 min). Then, 500 µL of the substrate was added to each of the samples, and the
resulting mixture was incubated in the assay conditions. Finally, α-amylase activity was
stopped using dinitrosalicylic acid reagent and the absorbance of the reaction mixture was
read at a wavelength of 540 nm.

In order to measure the pH stability of the enzyme, first, the crude enzyme extracts
of both bacteria were exposed to pH values of 8 and 9 for different times (5, 10, 20, 30, 40,
50, and 60 min). Then, 500 µL of the substrate was added to each of the samples, and the
resulting mixture was incubated in the assay conditions. Finally, α-amylase activity was
measured using the dinitrosalicylic acid reagent and then reading the absorbance of the
reaction mixture at a wavelength of 540 nm.
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4. Conclusions

The current research aims to isolate and identify regional bacteria generating symbiotic
α-amylase enzymes in the intestines of short and talal fishes from Qeshm Island waters.
In this study, the symbiotic bacteria Bacillus sp. HR13 and Bacillus sp. HR16 found in the
intestines of Sillago sihamas, and Rastrelliger Kanagurta had the highest α-amylase enzyme
activity at 60 ◦C. This implies they could be great choices for purification, mass production,
and commercialization for use in the food and detergent industries. In general, the findings
of this study show that the Persian Gulf is a rich source of bacterial strains that produce the
widely used amylase enzyme, and the fish species Sillago sihamas and Rastrelliger Kanagurta,
two of the most abundant species in the Persian Gulf, are rich in bacteria that adapt to the
unique conditions of this region.
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Abstract: Microbial transformation of hydrophobic phytosterols into the pharmaceutical steroid
precursors AD (androst-4-ene-3, 17-dione) and ADD (androst-4-diene-3, 17-dione) in a water–plant
oil two-phase system by Mycolicibacterium neoaurum is a paradigm of interfacial biocatalysis in
Pickering emulsions stabilized by bacterial cells. In the present work, phase inversion of Pickering
emulsions—i.e., Pickering emulsions turning from water-in-oil (W/O) emulsions into oil-in-water
(O/W) ones—was observed during microbial transformation in the presence of high concentrations of
crystal phytosterols. It was found that there is a correlation relationship between the phase behaviors
of Pickering emulsions and the biocatalytic activity of utilizing M. neoaurum as a whole-cell catalyst.
Efficient microbial transformation under the high crystal phytosterol loadings was achieved due
to the formation of O/W emulsions where interfacial biocatalysis took place. Under the optimal
conditions (volume ratio of soybean oil to water: 15:35 mL, phytosterols concentration in the soybean
oil: 80 g/L, glucose as co-substrate in the aqueous culture medium: 10 g/L), the concentrations of AD
and ADD reached 4.8 g/L based on the whole broth (16 g/L based on the oil phase) after microbial
transformation for 9 days.

Keywords: microbial transformation; phytosterols; Pickering emulsion; phase inversion; plant oil

1. Introduction

Using Mycolicibacterium neoaurum as whole-cell biocatalyst, microbial transformation
of phytosterols into the corresponding steroid precursors—such as AD (androst-4-ene-3,
17-dione) and ADD (androst-4-diene-3, 17-dione)—is an important route in the steroid
pharmaceutical industry [1–4]. The industrial process is a paradigm for microbial trans-
formation of crystal substrates due to the limited solubility of phytosterols in aqueous
solutions, such as the solubility of β-sitosterol—a major component of phytosterols (ap-
proximately 2 mg/L in an aqueous solution [5], approximately 68 mM (28 g/L) in BEHP
(bis-(2-ethylhexyl) phthalate) [6])—and the solubility of soybean sterols (approximately
13 g/L in soybean oil and 8 g/L in coconut oil [5]). There are two major strategies for
enhancing mass transport during microbial transformation of phytosterols. One method is
the solubilization of phytosterols in an aqueous solution by addition of biocompatible solu-
bilizers, such as hydroxypropyl-β-cyclodextrin [7,8]. Another is microbial transformation
in a water–organic solvent two-phase system [4,5]. In this case, it is believed that the organic
solvent phase acts as a reservoir of phytosterols and microbial transformation takes place
in the aqueous solution phase, where diffusion of phytosterols from the organic solvent
phase to the aqueous solution is more effective than that from phytosterol crystals to the
aqueous solution [9]. Many other two-phase systems have also been exploited for micro-
bial transformation of phytosterols, such as water–ionic liquid two-phase systems [10,11],

109



Catalysts 2023, 13, 72

polymer-based aqueous two-phase systems [12], and nonionic-surfactant-based cloud point
systems [13,14].

Rather than focusing on the diffusion of phytosterols in the water–organic solvent
two-phase system, the location of bacterial cells in the medium may be more impor-
tant. Recently, a novel mechanism for M. neoaurum to utilize phytosterols solubilized in
the BEHP (bis-(2-ethylhexyl) phthalate) phase of a water–BEHP two-phase system has
been proposed. During microbial culture using cholesterol as the sole carbon source, the
water–BEHP two-phase system turns into Pickering emulsions, where the hydrophobic
bacterial cells act not only as solid emulsifiers by attachment on the oil–water interfaces,
but also as biocatalysts for microbial transformation of cholesterol into AD and ADD [15].
This process is known as interfacial biocatalysis, because the bacteria attached to the oil–
water interfaces assimilate both hydrophobic nutrients solubilized in the oil phase and
hydrophilic ones solubilized in the water phase. By loading pre-cultured bacterial cells
in the water–BEHP two-phase system (i.e., bacterial-cell-stabilized Pickering emulsions),
microbial transformation of phytosterols also produces AD and ADD successfully [4].
However, both microbial growth and microbial transformation to produce AD and ADD
in the water–BEHP two-phase system fail to utilize phytosterols as the sole carbon source.
Conversely, the addition of glucose as a co-substrate for microbial growth and microbial
transformation of phytosterols successfully produces AD and ADD in the bacterial-cell-
stabilized Pickering emulsions [16]. This demonstrates that a certain amount of bacterial
cells acting as solid emulsifiers is necessary for the formation of bacterial-cell-stabilized
Pickering emulsions and, subsequently, the efficient microbial transformation of phytos-
terols to produce AD and ADD via interfacial biocatalysis. At the same time, crystal
substrate inhibition—i.e., decreasing phytosterol degradation with the increase in crystal
phytosterol loadings—is also observed during microbial transformation of phytosterols in
the bacterial-cell-stabilized Pickering emulsions [16]. Unfortunately, the crystal substrate
inhibition severely limits the efficient microbial transformation under the condition of high
phytosterol loading.

Plant oils have been applied widely as natural solvents for extractive microbial trans-
formation or fermentation due to their biocompatibility and low cost [17,18]. Water–plant
oil two-phase systems have also been studied extensively for the microbial transforma-
tion of phytosterols in both academic research [5,19–22] and industrial application. In the
present work, the influence of operational parameters (such as phytosterol concentrations,
volume ratio of oil to water, and glucose concentration) on the basic structures of Pick-
ering emulsions (such as the fraction of emulsion and the microscopic morphology) was
investigated by using the microbial transformation of phytosterols in a water–soybean
oil two-phase system as an example. Keeping interfacial biocatalysis in Pickering emul-
sions [15,16] in mind, the relationship between the emulsion structures and the bioactivity
of microbial transformation under various conditions—especially with different phytosterol
loadings—was correlated.

2. Results
2.1. Plant Oil Acting Both as Co-Substrate and as Solvent

Microbial culture was carried out in the aqueous culture medium in the absence of
glucose while in the presence of various volumes of soybean oil as the sole carbon source
(Figure 1A). It was observed that the biomass increased with the increase in soybean oil
volume, indicating that the soybean oil served as the sole carbon source for microbial
growth. In other words, microbial growth occurred in the water–soybean oil two-phase
system. Furthermore, microbial transformation was also carried out in the water–soybean
oil two-phase system by the addition of phytosterols (no phytosterol crystal was observed
with 25 g/L of phytosterols in soybean oil) (Figure 1B). Phytosterols were converted into the
corresponding AD and ADD. Meanwhile, the water–soybean oil two-phase system turned
into W/O Pickering emulsions (data not shown). The microbial growth and microbial
transformation occurred at the same time in the absence of glucose as a co-substrate. The
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phenomenon was the same as the microbial transformation of phytosterols in a water–BEHP
two-phase system by the addition of glucose as a co-substrate for microbial growth [16].
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Figure 1. Soybean oil acting as both a substrate for microbial growth and a solvent for solubilized
phytosterols: (A) Microbial culture with soybean oil as the sole carbon source. The microbial culture
was carried out in the aqueous culture medium (40 mL) in the absence of glucose and with various
volumes of soybean oil for 6 days. (B) Time course of microbial transformation of phytosterols in a
water–soybean oil two-phase system. The basic condition was the aqueous culture medium in the
absence of glucose (40 mL) and soybean oil (10 mL) with 25 g/L phytosterols.

2.2. Effect of Volume Ratio of Oil to Water

The plant oil, acting as both a co-substrate for microbial growth and an organic
solvent for Pickering emulsions, influenced the structures of the Pickering emulsions and
further influenced the accumulation of AD and ADD during microbial transformation
in a water–soybean oil two-phase system (Figure 2). After microbial transformation, the
water–soybean oil two-phase system turned into W/O Pickering emulsions. With the
increase in the soybean oil volume from 5 to 15 mL (No. 1 to 3), the volume of the
emulsion phase increased (i.e., the volume of the excess water phase decreased). The
Pickering emulsions became very viscous with the increase in the soybean oil volume. With
further increases in the oil volume (No. 4 and 5), the whole water–soybean oil two-phase
system was emulsified completely, and no excess water phase was observed (Figure 2A).
However, the flowability of the Pickering emulsions improved markedly at a high volume
ratio of oil to water (data no shown, only direct observation of the shaken flasks during
microbial transformation). Correspondingly, the microscopic morphology of the Pickering
emulsions indicated that the sizes of the droplets decreased with the increase in the volume
ratio of oil to water, i.e., relatively large droplets at a low volume ratio of oil to water
(No. 1–3) but small droplets at a high volume ratio of oil to water (No. 5) (Figure 2B). The
changes in the emulsion structures dramatically influenced the microbial transformation of
the phytosterols (Figure 2C). The concentrations of AD and ADD increased dramatically
with the increase in the oil volume (the concentration of phytosterols in the oil was kept at
25 g/L) and then reached their maximum of 2.1 g/L at the oil volume of 15 mL (No. 3), while
further increases in the oil volume led to decreases in the AD and ADD concentrations.
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Figure 2. Effects of the volume ratio of soybean oil to water: (A) Emulsion fraction. (B) Microscopic
emulsions (bar = 400 µm). (C) AD and ADD concentrations. In the basic experimental condition, the
total volume of the soybean oil and the aqueous culture medium was 50 mL. There was no glucose
in the aqueous culture medium. The concentration of phytosterols in the soybean oil was 25 g/L.
The microbial transformation time was 7 days. No. 1, 2, 3, 4, and 5 corresponded to volume ratios of
soybean oil to the aqueous culture medium of 5:45, 10:40, 15:35, 20:30, and 25:25 mL, respectively.

2.3. Influence of Glucose as a Co-Substrate

Glucose acting as a co-substrate enhanced the microbial growth, which influenced the
Pickering emulsion structures and the subsequent accumulation of AD and ADD (Figure 3).
Excess water phase was observed in the Pickering emulsions in the absence of glucose
(No. 1). With the increase in the glucose concentration, the excess water phase disappeared
(No. 2–4). Further increases in the glucose concentration caused the excess water phase
to appear again (No. 5), whereupon the flowability of the emulsions became very good
(Figure 3A). Microscopic observation showed that homogeneous small water droplets were
present at the glucose concentration of 10 g/L (No. 2), while further increases in the glucose
concentration led to the formation of heterogeneous irregular water droplets (No. 3 and 4).
In particular, multiple oil-in-water-in-oil (O/W/O) emulsions were formed at the glucose
concentration of 60 g/L (No. 5), where the bacterial cells were dispersed in the oil phase
(Figure 3B). Correspondingly, the accumulation of AD and ADD achieved the maximum of
2.5 g/L at a glucose concentration of 10 g/L. Both the absence of glucose and high glucose
concentrations were unfavorable for the accumulation of AD and ADD (Figure 3C).
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Figure 3. Influence of glucose acting as a co-substrate: (A) Emulsion fraction. (B) Microscopic
emulsions (bar = 400 µm). (C) AD and ADD concentration. In the basic experimental condition,
the volume ratio of soybean oil to the aqueous culture medium was 15:35 mL. The concentration of
phytosterols in the soybean oil was 25 g/L. The microbial transformation time was 7 days. No. 1, 2, 3,
4, and 5 corresponded to glucose concentrations in the aqueous culture medium of 0, 10, 30, 40, and
60 g/L, respectively.

2.4. Microbial Transformation of Crystal Phytosterols

Under the optimal volume ratio of oil to water (15:35 mL) and glucose concentration
(10 g/L) in the aqueous culture medium, the effect of phytosterol loading on the Picker-
ing emulsion structures, and then on the accumulation of AD and ADD, was examined
(Figure 4). No phytosterol crystals were observed at phytosterol concentrations below
25 g/L in the soybean oil. No excess water phase was observed when the phytosterol con-
centration was 10, 25, or 40 g/L (No. 1–3), while the flowability of the Pickering emulsions
improved markedly at the phytosterol concentration of 40 g/L (No. 3). Further increases
in the phytosterol concentration caused an excess water phase to appear, where some mi-
croaggregates of phytosterol crystals were observed with the adsorbed bacterial cells. The
formation of bacteria–phytosterol crystal microaggregates was confirmed by confocal laser
scanning microscopy (CLSM) in our previous work [16]. At the same time, the flowability
of the Pickering emulsions further increased (No. 4 and 5) (Figure 4A). The microscopic
morphology indicated that some homogeneous small water droplets were observed at the
low phytosterol concentrations where no phytosterol crystals were observed (No. 1 and 2).
Some heterogeneous irregular water droplets were observed and some bacterial cells were
partitioned in the continuous oil phase at the phytosterol concentration of 40 g/L (No. 3).
When increasing the phytosterol concentration to 50 g/L (No. 4), multiple accompanying
O/W/O emulsions with good flowability low stability and were found, characteristic of
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the phase inversion of Pickering emulsions. Subsequently, the Pickering emulsions turned
from W/O into O/W type (known as phase inversion of Pickering emulsions [23]) at very
high phytosterol concentrations (e.g., 80 g/L, No. 5). In the O/W Pickering emulsions,
no bacterial cells were observed in the continuous water phase (Figure 4B). Correspond-
ing to the various structures of the Pickering emulsions, the accumulation of AD and
ADD also changed dramatically (Figure 4C). The product concentration increased with
the increase in the phytosterol concentration to 25 g/L and then decreased to the min-
imum value at the phytosterol concentration of 40 g/L. Very interestingly, the product
concentration increased with the further increase in the phytosterol concentration above
40 g/L. The highest product concentration (4.2 g/L) was achieved at the phytosterol con-
centration of 80 g/L, which provided a method for microbial transformation with high
phytosterol loadings.
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Figure 4. Microbial transformation with various phytosterol loadings: (A) Emulsion fraction.
(B) Microscopic emulsions (bar = 400 µm). (C) AD and ADD concentrations. In the basic experimental
condition, the volume ratio of soybean oil to the aqueous culture medium was 15:35 mL. The glucose
concentration in the aqueous culture medium was 10 g/L. The microbial transformation time was
7 days. No. 1, 2, 3, 4, and 5 corresponded to phytosterol concentrations in the soybean oil of 10, 25,
40, 50, and 80 g/L, respectively.

2.5. Time Course of Microbial Transformation

The time course of microbial transformation with high phytosterol loadings was
further examined (Figure 5). At the beginning of the microbial transformation, a W/O
Pickering emulsion was observed (No. 1), and it had already been confirmed that the
Pickering emulsions were stabilized by phytosterol crystals as solid emulsifiers [16]. Very
recently, phytosterol crystals have also been utilized as emulsifiers for the fabrication of
eatable W/O Pickering emulsions in the food field [24]. With the progress of microbial
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transformation, the volume of the excess water phase increased and the flowability of
the Pickering emulsions improved. At the same time, some bacteria–phytosterol crystal
microaggregates were also observed in the excess water phase (No. 2–5) (Figure 5A). The
microscopic morphology demonstrated that the shape of the water droplets in the contin-
uous oil phase became irregular, and some bacteria–phytosterol crystal microaggregates
were partitioned in the continuous oil phase within 1–3 days (No. 1 and 2). On the 4th day,
multiple O/W/O emulsions were observed, where bacterial cells and phytosterol crystals
were significantly partitioned in the oil phases (No. 3). Phase inversion occurred on the 5th
day, where the multiple emulsions turned into O/W Pickering emulsions (No. 4). The O/W
Pickering emulsions were maintained until the end of the microbial transformation (the
9th day, No. 5) (Figure 5B). Corresponding to the formation of O/W Pickering emulsions,
rapid accumulation of AD and ADD was found, and 4.8 g/L of AD and ADD was achieved
on the 9th day (Figure 5C).
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Figure 5. Time course of microbial transformation with high loading of crystal phytosterols:
(A) Emulsion fraction. (B) Microscopic emulsions (bar = 400 µm). (C) AD and ADD concentra-
tions. In the basic experimental condition, the volume ratio of soybean oil to the aqueous culture
medium was 15:35 mL. The glucose concentration in the aqueous culture medium was 10 g/L. The
concentration of phytosterols in the soybean oil was 80 g/L. No. 1, 2, 3, 4, and 5 corresponded to
microbial transformation times of 1, 3, 4, 5, and 9 days, respectively.

3. Discussion

Pickering emulsions turning from W/O to O/W type, or vice versa, is called phase
inversion [25,26]. Around the phase inversion point, Pickering emulsions usually present
as multiple unstable emulsions with good flowability. Methods of adjusting phase in-
version range from the co-stabilization of Pickering emulsions by adding other soft or
hard particles [25,27], to the modification of solid particles’ wettability by physical ad-
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sorption [16,28,29], chemical graft modification [30,31], or even genetic manipulation of
bacterial cells [32]. In addition to wettability, the concentration of solid emulsifiers is also
a major factor influencing the phase inversion of Pickering emulsions [23]. Under the
condition of high particle concentrations, self-aggregation causes the wettability of solid
particles to change and phase inversion to occur [23,33,34]. It has also been reported that
phase inversion of Pickering emulsions occurs with the increase in the inner phase frac-
tion [35], and the corresponding demulsification effect is also applied for the downstream
process of microbial fermentation [26]. In our previous work, we confirmed that hydropho-
bic M. neoaurum cells act as solid particles to stabilize W/O Pickering emulsions [15]. It
has also been reported that phytosterol crystals act as solid particles to stabilize W/O
Pickering emulsions [24]. Furthermore, adsorption of M. neoaurum cells onto phytosterol
crystals to form crystal phytosterol–bacteria microaggregates, which has been confirmed
by CLSM analysis, exhibits wettability unlike that of crystal phytosterol particles or bacte-
ria [16]. The altered wettability of crystal phytosterol–bacteria microaggregates leads to
the instability of Pickering emulsions. In the present work, the irregular shape of water
droplets, multiple emulsions, and phase inversion of Pickering emulsions were observed
with the increase in the phytosterol concentration, due to the altered wettability of the
crystal phytosterol–bacteria microaggregates (Figure 4B). Vice versa, a similar phenomenon
was also observed with the increase in the bacterial cell concentration during microbial
growth (Figure 5B). Very high cell concentrations, as was achieved by the addition of high
concentrations of glucose as a co-substrate, may lead to the formation of irregularly shaped
water droplets or even multiple emulsions (Figure 3B). This may share the same mechanism
of self-aggregation resulting from the high concentration of solid particles [23,33,34]. How-
ever, only an irregular shape of water droplets was observed at a very high volume ratio of
oil to water (Figure 2B). Although high cell concentrations (caused by the high fraction of
soybean oil; Figure 1A) favored the phase inversion from W/O to O/W, this trend may
be counteracted by the high volume fraction of the inner phase (the water phase, not the
soybean oil phase) in the W/O Pickering emulsions (favorable to the phase inversion from
W/O to O/W [26]).

Hydrophobic solid particles act as emulsifiers of Pickering emulsions by attaching to
the oil–water interfaces. When the solid particles are functionalized with catalytic activity,
chemical reactions occur at the oil–water interfaces, and the solid particles act as both cata-
lysts for the chemical reactions and solid emulsifiers for the Pickering emulsions, known
as interfacial catalysis [36–38]. M. neoaurum cells catalyze the microbial transformation of
phytosterols into AD and ADD (Figure 1B). At the same time, hydrophobic M. neoaurum
cells can stabilize Pickering emulsions in a water–BEHP two-phase system [15,16] as well
as in a water–soybean oil two-phase system (Figure 2A). In this case, interfacial biocatalysis
provides a novel strategy for microbial transformation of hydrophobic chemicals, such
as cholesterol [15] and phytosterols [16]. In the present work, we further confirmed the
correlation relationship between the morphological structures of Pickering emulsions and
the efficiency of microbial transformation. Around the phase inversion point of Pickering
emulsions (No. 4 of Figure 4 with phytosterol concentration 40 g/L), multiple unstable
emulsions with good flowability were observed, and the microbial transformation exhibited
the lowest AD and ADD concentrations. With phytosterol concentrations below 40 g/L,
the AD and ADD concentrations increased and then decreased with the increase in the
phytosterol concentration, reaching a maximum volume of 2.8 g/L for AD and ADD at a
phytosterol concentration of 25 g/L. This phenomenon is known as crystal substrate inhibi-
tion. The mechanism behind this phenomenon can be attributed to the unstable Pickering
emulsions due to the formation of crystal phytosterol–bacteria microaggregates [16]. At
phytosterol concentrations above 40 g/L, relatively stable O/W Pickering emulsions were
formed, and the microbial transformation maintained a relative high activity. In addition,
the crystal phytosterol–bacteria microaggregates in the excess water phase (Figure 4A) may
also provide an additional route for microbial transformation of phytosterols via direct
interaction between phytosterol crystals and bacteria [39]. In this way, efficient microbial
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transformation with a high phytosterol loading becomes possible. At the same time, bac-
terial cell concentration is also an important factor affecting the morphology of Pickering
emulsions (Figures 2 and 3). Thus, process parameters—such as glucose concentration [40]
or the volume ratio of oil to water [5,19–21,41]—also strongly affect the microbial transfor-
mation of phytosterols in Pickering emulsions. Under the condition of a relatively high
phytosterol loading, the time course of microbial transformation indicated that AD (ADD)
accumulation was achieved at a relatively high rate (Figure 5). Microbial transformation
of phytosterols involves the cascade processes of substrate phytosterol transport in the
extracellular medium, transport of phytosterol across the cell membrane, and enzymatic
catalysis in the intracellular environment. It should be pointed out that engineering of
Mycobacterium sp. for enhancing transport of phytosterol across the cell membrane as well
as the enzymatic degradation of phytosterols is only efficient [42,43] when phytosterol
transport in the extracellular medium is not a rate-limited step.

4. Materials and Methods
4.1. Materials

Mycolicibacterium neoaurum (China Center of Industrial Culture Collection, CICC
21097)—a strain for accumulation of the steroid synthon AD by microbial transformation of
sterols—was used in this study. Soybean oil (the major fatty acid constituents of which are
C16:0, C18:1, and C18:2) was purchased from a local supermarket (Shanghai, China). AD
and ADD from Sigma-Aldrich (St. Louis, MO, USA) were utilized as standard substances
for HPLC analysis. Phytosterols (major components including β-sitosterol 40%, campesterol
20%, stigmasterol 17%, and brassicasterol 5%) from pilot plants were utilized as substrates
for microbial transformation to produce the steroid synthons AD and ADD. Other chemicals
were of analytical grade.

4.2. Microbial Transformation

M. neoaurum was maintained on a nutrient agar plate (10 g of yeast extract, 10 g of
peptone, 10 g of glucose, and 15 g of agar per liter of water) at 4 ◦C. An isolated colony
from the agar plate was inoculated into 50 mL of inoculum medium, i.e., 15 g of glucose,
5 g of NaNO3, 5.4 g of K2HPO4, 2.6 g of KH2PO4, and 0.5 g of MgSO4·7H2O per liter of tap
water, and an initial pH of 7, cultured in a 250 mL Erlenmeyer flask at 200 rpm and 30 ◦C
for 3 days.

The aqueous culture medium consisted of 10 g of NaNO3, 5.4 g of K2HPO4, 2.6 g
of KH2PO4, 0.5 g of MgSO4·7H2O, 0.1 g of CaCl2, and 0.05 g of FeCl3·6H2O per liter of
tap water, in the presence or absence of 10 g/L glucose as a co-substrate. Next, 15 mL of
soybean oil with 25 g/L phytosterols (no phytosterol crystals were observed), 35 mL of
aqueous culture medium, and 2 mL of inoculum were combined in a 250 mL Erlenmeyer
flask, which was incubated at 30 ◦C and 200 rpm for microbial transformation for 7 days
(unless otherwise specified). During the microbial transformation, the water–soybean oil
two-phase system turned into Pickering emulsions due to the growing bacterial cells acting
as solid-particle Pickering emulsifiers.

4.3. Analysis of AD and ADD Concentrations

After microbial transformation, the whole transformation medium was also used for
the analysis of AD and ADD concentrations. First, 30 mL of ethyl acetate was added to
each tube and shaken at 200 rpm for 1 h. The AD and ADD, residual phytosterols, and
soybean oil were extracted into the ethyl acetate layer. The total mixture was centrifuged
at 10,000 rpm for 10 min. Aliquots of the ethyl acetate layer were withdrawn for AD and
ADD analysis.

Aliquots (400 µL) of the ethyl acetate layer (containing AD and ADD, phytosterols,
and soybean oil) were placed in a 70 ◦C oven to completely evaporate the ethyl acetate. The
residues (oil and solids) were extracted 4 times with 1 mL of aqueous methanol solution
(80%, V/V). All of the extracts of each sample were combined for HPLC analysis, which was
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performed using a Shimadzu LC-20AT system (Shimadzu, Kyoto, Japan) equipped with
an InertSustain C18 column (250 × 4.6 mm, 5 µm). The column was eluted with methanol
and water (80:20, V/V) at a flow rate of 1 mL/min. The major products of microbial
transformation were AD and ADD. The mass ratio of AD to ADD was approximately 5:1.
AD and ADD were detected at 254 nm with retention times of 4.4 and 5.2 min, respectively.
The corresponding concentration of the products AD and ADD was achieved based on the
whole volume of microbial transformation.

4.4. Estimation of Microbial Growth

A certain volume of soybean oil (2, 4, 6, or 8 mL) was added to 40 mL of the aqueous
culture medium (in the absence of glucose) as the sole carbon source. Then, 2 mL of
inoculum was added, which was incubated at 30 ◦C and shaken at 200 rpm for 6 days for
microbial culture. After the microbial culture, 30 mL of ethyl acetate was added to the
broth, which was transferred into a 100 mL tube and centrifuged at 10,000 rpm for 10 min.
The sediments in the aqueous solution phase were collected and dried at 70 ◦C for over
24 h until to a constant weight, before being utilized for the estimation of biomass.

4.5. Investigation of Pickering Emulsions

After microbial transformation, the Pickering emulsions and some excess water were
transferred into a glass tube (80 mL) and stood for 2 h to allow for complete phase sepa-
ration, which could be separated into an emulsion phase and an excess water phase. The
phase separation system was captured using a digital camera. The emulsion fraction was
deduced from the volume of the emulsion phase.

The emulsion type was inferred from the drop test, i.e., dilution of a drop of emulsion
in either pure oil or water. The water-in-oil (W/O) emulsion was characterized by droplets
that dispersed rapidly in oil while remaining in an agglomeration in the water, or vice
versa for the oil-in-water (O/W) emulsion [44]. A small amount of the emulsion phase
was picked up by a pipette and evenly spread on a glass slide, and microscopic images
of the emulsion droplets were captured using an optical microscope (Olympus BX53M,
Shinjuku, Tokyo, Japan) equipped with a high-speed CMOS camera (Basler acA2440-35uc,
Ahrensburg, Germany).

5. Conclusions

Phase inversion of Pickering emulsions occurs during microbial transformation in
the presence of a high crystal phytosterol loading. Efficient microbial transformation at
high phytosterol loadings was achieved, where stable O/W Pickering emulsions were
formed. The results confirmed the correlation relationship between the emulsion structures
and the biocatalytic activity of the bacterial cells. In addition, process parameters such as
the glucose concentration and the volume ratio of oil to water should also be optimized
during microbial transformation, due to the influence of bacterial cell concentrations on the
structures of Pickering emulsions.
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Abstract: α-Ketoglutaric acid (KGA) is a valuable compound with a wide range of applications,
e.g., in the cosmetics, pharmaceutical, chemical and food industries. The present study aimed to
enhance the efficiency of KGA production by Yarrowia lipolytica CBS146773 from renewable carbon
sources. In the investigation, various factors that may potentially affect KGA biosynthesis were
examined in bioreactor cultures performed on a simple medium containing glycerol (20 g/L) and fed
with four portions of a substrate mixture (15 + 15 g/L of glycerol and rapeseed oil). It was found
that the process may be stimulated by regulation of the medium pH and aeration, application of
selected neutralizing agents, supplementation with thiamine and addition of sorbitan monolaurate,
whereas presence of biotin and iron ions had no positive effect on KGA biosynthesis. Adjustment
of the parameters improved the process efficiency and allowed 82.4 g/L of KGA to be obtained,
corresponding to productivity of 0.57 g/L h and yield of 0.59 g/g. In addition, the production of KGA
was characterized by a low level (≤6.3 g/L) of by-products, i.e., citric and pyruvic acids. The results
confirmed the high potential of renewable carbon sources (glycerol + rapeseed oil) for effective KGA
biosynthesis by Yarrowia lipolytica.

Keywords: α-ketoglutaric acid biosynthesis; Yarrowia lipolytica; glycerol; rapeseed oil; culture conditions
optimization

1. Introduction

α-Ketoglutaric acid (KGA) is a valuable compound with many demonstrated applica-
tions in the cosmetic, pharmaceutical and food industries or as an intermediate in chemical
syntheses [1]. The chemical industry uses KGA as a substrate for synthesis of biopoly-
mers [2] and heterocyclic compounds [3]. In food production it is applied as a functional
additive in beverages and a nutraceutical in functional food [4–6]. In medicine it has been
used in the treatment of various diseases and for the synthesis of pharmaceuticals [7–11].
The health benefits of KGA consumption have been demonstrated not only in humans but
also in animals; therefore, its preparations are of interest to feed producers [12–15].

Although KGA is present in the central metabolism of every living cell, it is an
intermediate molecule that is synthesized only in an amount that meets the needs of the
cells. Therefore, KGA cannot be obtained from easily accessible sources such as food [16].
Industrial production of KGA is achieved mainly by a multi-step chemical method that
uses diethyl oxalate and diethyl succinate as the substrates [3,17]. The process yields 75%
efficiency, but it causes environmental hazards and has low economic attractiveness of
production because of application of raw materials derived from depleting petrochemical
resources, use of harmful reagents and generation of toxic wastes and high by-production
of impurities. Moreover, the product obtained by this method may be excluded from use in
certain applications (e.g., food production) [1,18,19].
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The possibility of converting various carbon sources to KGA using microbial fermenta-
tion has attracted scientists for several decades [1,4,19]. A wide variety of microorganisms
have been found to be capable of synthesizing KGA. Nevertheless, the limiting factors
for the use of most of them on a commercial scale are low titer, low yield, formation of
by-products, intolerance to low pH and inhibitor presence and high nutritional require-
ments. Microorganisms that appear to be particularly effective in the biosynthesis of KGA
are yeast, among which Yarrowia lipolytica has received special attention. In comparison
to other yeast species, Y. lipolytica enables more efficient production of KGA from a very
wide range of substrates and the use of simple culture media that meet low nutritional and
vitamin supplementation requirements [1,19,20].

Previously we presented the genetically engineered strain of Y. lipolytica as a prospec-
tive producer of KGA from mixed renewable carbon sources (glycerol + rapeseed oil), along
with simple technology of product recovery from post-culture broth [21]. Moreover, the
biomass of this strain was proved to be of nutritional and health-beneficial characteristics es-
pecially desired in food and feed applications. The aim of the present work was to increase
the efficiency of KGA production from mixed glycerol/rapeseed-oil-based media by the
transformant strain Y. lipolytica CBS146773 by optimizing the conditions of biosynthesis.

2. Results and Discussion

In our earlier investigation, the transformant strain Yarrowia lipolytica CBS146773,
formerly named 1.31.GUT1/6.CIT1/3.E34672 [21], was obtained by genetic engineering.
This strain was characterized by overexpression of genes encoding glycerol kinase (GUT1),
citrate synthase (CIT1) and mitochondrial acid transporter (YALI0E34672g) and was found
to be a good producer of KGA in the process with synergistic co-feeding of glycerol and
rapeseed oil [21]. The use of glycerol and rapeseed oil as substrates for Y. lipolytica was
dictated by ecological and economic reasons. Both substrates are renewable carbon sources
suitable for KGA biosynthesis; however, their applications differ in the efficiency of KGA
production. The yield of KGA biosynthesis obtained using rapeseed oil might exceed 100%,
whereas glycerol application results in by-formation of pyruvic acid (PA), which is linked
to the decreased production of KGA and negatively affects the selectivity of the process.
However, in practice, the possibility of even partial replacement of the water-insoluble
substrate with hydrophilic glycerol can greatly facilitate unit operations during industrial-
scale processes [21,22]. Since the use of a mixed-substrates feeding strategy has already
been demonstrated to be suitable for the process with Y. lipolytica CBS146773, in this work
we focused on the selection of the conditions of the KGA biosynthesis that are aimed at
fully exploiting the genetic potential of the selected strain.

2.1. Maintenance of pH

The effect of pH-control strategy on the growth and biosynthesis of KGA by the yeast
strain Y. lipolytica CBS146773 was studied in two aspects: examination of pH value and
comparison of different neutralizing agents used for maintaining pH at the appropriate
level. The literature includes information about the positive effect of acidic pH on KGA
biosynthesis by Y. lipolytica yeast [23–27]. In the reports, the pH level optimal for KGA
production varied from 2.79 to 4.5 depending on the strain and substrate used in a specific
process. In this study the pH impact was tested in the range of 3.0–4.5, using KOH as
neutralizing agent. As presented in Figure 1A, the yeast strain presented good growth in
the examined pH range. However, the increase in pH value resulted in an increased level
of biomass from 18.6 g/L at pH 3.0 to 22.4 g/L when pH 4.5 was applied. It was found
that the formation of KGA was dependent on pH. The highest KGA production of 56.8 g/L
corresponding to the yield (Yp/s) of 0.41 g/g was obtained in the culture conducted at pH
3.5. Simultaneously, in the same conditions, PA content in the post-culture broth was the
lowest and reached 13.9 g/L, whereas in other cultures the concentration of the acid was
significantly higher (23.0–38.0 g/L). It was also observed that increasing the pH level from
3.0 to 4.5 resulted in increased citric acid (CA) by-product formation from 1.0 to 13.2 g/L.
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Taking into account overall production of the acid pool, the highest selectivity of the KGA
biosynthesis process (0.76 = 76%) was noted when the pH was maintained at 3.5. Some
authors reported that not only the pH value applied but also its control strategy, in which
the pH level set at the growth phase was lowered and was controlled at the low level to
the end of the cultivation process, enhancing KGA biosynthesis [24,27]. In the process
conducted on glycerol with such a two-step pH control strategy, Y. lipolytica WSH-Z06
produced 32.5% more KGA (53.4 g/L) than in the process in which a one-step strategy was
applied [27].
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Figure 1. Impact of pH control by pH value (A) and type of neutralizing agent used (B) on yeast
growth and acids formation during KGA biosynthesis performed by Y. lipolytica CBS 146773 in
mixed glycerol/oil-based media. Culture conditions: 20% KOH (A), pH 3.5 (B), 800 rpm, 3 µg/L of
thiamine. Abbreviations: X—biomass; KGA—α-ketoglutaric acid; PA—pyruvic acid; CA—citric acid;
Y—yield of KGA with respect to biomass formed (p/x) and utilized substrates (p/s); S—selectivity of
KGA relative to sum of acids formed (KGA/(KGA + PA + CA)). Mean values for a specific product
concentration marked with different letters (a, b, c, . . . ) differ significantly at p ≤ 0.05. Error bars
indicate standard deviations.

In this study the second approach to the pH control strategy was to verify whether
a different neutralizing agent may affect the process of KGA formation by the examined
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transformant yeast strain. For this purpose, biosynthesis conducted at pH 3.5 was main-
tained by automatic addition of a 20% solution of NaOH, KOH or Ca(OH)2 (Figure 1B). In
comparison to KOH, application of the two other neutralizing factors resulted in slightly
higher biomass growth. The results of this experiment revealed that the type of factor used
for neutralization has a significant influence on the efficiency of KGA biosynthesis. When
NaOH was used, the yeast produced moderate concentrations of both KGA (39.0 g/L) and
PA (24.6 g/L), which, despite the relatively low amount of CA, led to low selectivity of the
process (57%). A significant increase in KGA biosynthesis was noted in the culture in which
Ca(OH)2 was applied, as yeast produced 69.1 g/L of KGA with the yield (Yp/s) of 0.49 g/g
and selectivity of 83%. These results were in agreement with an earlier investigation that
revealed a positive impact of Ca2+ ions on pyruvate carboxylase [28]. In the cultures of
Torulopsis glabrata CCTCC M202019 growing on glucose, a lower concentration of KGA
(1.3 g/L) was obtained when NaOH was used as a neutralizing agent, whereas application
of CaCO3 increased KGA synthesis (11.5–12.0 g/L) [28,29]. This relationship was also
confirmed in the culture of Y. lipolytica WSK-Z06 performed in glycerol media, where
the change of the neutralizing agent from NaOH to CaCO3 resulted in an increase in the
KGA:PA ratio from 22.0:36.9 g/L to 40.3:31.8 g/L [27]. As a consequence of the above
described results, all subsequent experiments were carried out at pH 3.5 maintained by
addition of Ca(OH)2.

2.2. Manipulation of Aeration Level

In order to evaluate the impact of dissolved oxygen level cultures were performed
at various agitation rates (400–900 rpm) while maintaining a constant air flow of 0.8 vvm.
A significant effect of agitation rate on growth of the yeast was observed (Figure 2). The
biomass level reached a maximum of 25.1 g/L at 900 rpm and decreased depending on
the decrease in the agitation rate to 15.7 g/L at 400 rpm. In the range of 400–700 rpm
biosynthesis of KGA (38.1–54.5 g/L) was accompanied by comparatively high production
of PA (25.5–38 g/L). As a result, KGA production yield (Yp/s) and selectivity were at the
level of 0.27–0.39 g/g and 53–59%, respectively. The highest concentration of KGA and the
best parameters of its biosynthesis were obtained when the agitation rate reached 800 rpm,
and a further increase to 900 rpm resulted in a decrease in the KGA biosynthesis efficiency.
In these cultures, the selectivity of the process was found to be significantly higher (72–83%)
than in the process that was conducted at a lower agitation speed, i.e., 400–700 rpm. The
agitation rate is a parameter affecting the amount of oxygen dissolved in the culture broth.
In this study, the application of an agitation rate in the range of 400–900 rpm corresponded
to 20–60% pO2, measured in the KGA production phase of the performed cultures. The
aeration level has been identified as an important factor influencing KGA biosynthesis
by Y. lipolytica growing on ethanol, rapeseed oil and biodiesel waste [23–25]. Similar
to the results obtained in our study with the use of glycerol/oil media, the process of
KGA production by Y. lipolytica VKM Y-2412 conducted on biodiesel waste (a substrate
containing 70.8% glycerol and 23.9% fatty acids) was also promoted by high aeration [24].
The increase in aeration from 5% pO2 to 50% pO2 enabled an increase in the production
of KGA from 56.8 to 80.4 g/L. In contrast, high aeration was not necessary for KGA
biosynthesis from ethanol. In comparison to the culture with high aeration (50% pO2),
1.3-times higher KGA formation (49.0 g/L) was observed when low aeration was applied
(5% pO2) [25]. As high aeration was found to stimulate KGA biosynthesis by the examined
yeast strain, an agitation rate of 800 rpm was applied in all further experiments.
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Figure 2. Impact of agitation on yeast growth and acids formation during KGA biosynthesis process
performed by Y. lipolytica CBS 146773 in mixed glycerol/oil-based media. Culture conditions: 20%
Ca(OH)2, pH 3.5, 3 µg/L of thiamine. Abbreviations: X—biomass; KGA—α-ketoglutaric acid; PA—
pyruvic acid; CA—citric acid; Y—yield of KGA with respect to biomass formed (p/x) and utilized
substrates (p/s); S—selectivity of KGA relative to sum of acids formed (KGA/(KGA + PA + CA)).
Mean values for a specific product concentration marked with different letters (a, b, c, . . . ) differ
significantly at p ≤ 0.05. Error bars indicate standard deviations.

2.3. Availability of Exogenous Vitamins

Yeast reported as producers of KGA have been characterized as auxotrophic for one,
two or several vitamins. These vitamins are co-factors of enzymes in the Krebs cycle,
and their exogenous level is one of the crucial factors affecting accumulation of KGA in
auxotrophic cells [19]. Y. lipolytica is auxotrophic only to thiamine, limitation of which is
known to reduce the activity of α-ketoglutarate dehydrogenase and therefore determines
KGA oversynthesis [24]. It should be noted that auxotrophy only for one vitamin gives an
advantage to the process performed by Y. lipolytica because it requires very precise control
of only one vitamin. In order to obtain thiamine limitation in the cultures with Y. lipolytica
CBS146773, the vitamin concentration was applied in the very low range of 1–4 µg/L
(Figure 3A). It was clearly apparent, that thiamine had a significant impact on yeast growth,
as the biomass level increased from 5.1 to 26.2 g/L with increased thiamine concentration.
Increasing the vitamin addition from 1 to 3 µg/L resulted in rapid changes in both KGA and
PA concentrations, but the opposite trend was observed for these acids—an increase from
11.0 to 69.1 g/L in the case of KGA and a decrease from 43.3 to 7.6 g/L in the case of PA.
Thus, the selectivity of the process increased from 20% to 83% with the change of thiamine
availability from 1 to 3 µg/L. No further improvement in KGA concentration or parameters
of its biosynthesis was observed after the addition of 4 µg/L of thiamine. Because of the big
differences in yeast growth observed between all the cultures it is worth paying attention
to the parameter of yield of KGA calculated with respect to biomass formed (Yp/x). This
parameter was the highest (3.37 g/g) when application of 3 µg/L of thiamine resulted in the
highest amount of KGA produced. However, its value was very similar in the cultures with
thiamine supplementation of 1 and 4 µg/L, where it reached 2.16 and 2.35 g/g, respectively,
despite the amount of produced KGA (11.0—61.5 g/L, respectively) differing significantly
between these processes. As mentioned above, the appropriate thiamine concentration
is a crucial factor for effective KGA biosynthesis by the yeast belonging to the species
Y. lipolytica. The optimal concentration for KGA biosynthesis requires a balance between
the amount necessary for growth and the amount determining the decreased activity of
α-ketoglutarate dehydrogenase and is a strain-dependent feature. It is reported in the
literature that increasing availability of thiamine (up to 200 µg/L) stimulates the growth
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of the yeast, whereas for KGA synthesis a “peak” is observed at a certain low vitamin
concentration (0.15–4 µg/L) specific to the kind of substrate, substrate feeding method and
yeast strain applied for the process [22–26]. Moreover, it should be noted that by-product
formation of PA also might be affected by thiamine concentration when yeast is grown on
glycolytic carbon sources (glucose, fructose, glycerol, etc.), which are utilized via pyruvate
because of modulation of thiamine-dependent pyruvate dehydrogenase activity [30].
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Figure 3. Impact of thiamine (A) and biotin (B) on the yeast growth and acids formation during
KGA biosynthesis performed by Y. lipolytica CBS 146773 in mixed glycerol/oil-based media. Culture
conditions: 20% Ca(OH)2, pH 3.5, 800 rpm, 3 µg/L of thiamine (B). Abbreviations: X—biomass;
KGA—α-ketoglutaric acid; PA—pyruvic acid; CA—citric acid; Y—yield of KGA with respect to
biomass formed (p/x) and utilized substrates (p/s); S—selectivity of KGA relative to sum of acids
formed (KGA/(KGA + PA + CA)). Mean values for a specific product concentration marked with
different letters (a, b, c, . . . ) differ significantly at p ≤ 0.05. Error bars indicate standard deviations.

The impact of exogenous biotin addition (0–1.5 mg/L) and all subsequent experiments
were performed in media supplemented with 3 µg/L of thiamine. Biotin is another vitamin
which may induce accumulation of KGA by affecting the activity of pyruvate carboxy-
lase [30–32]. In this study, biotin addition to the culture stimulated yeast growth—in
the processes supplemented with the vitamin, biomass was at the level of 21.5–24.2 g/L,
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whereas in the control culture its concentration reached 20.5 g/L (Figure 3B). However, no
positive effect of biotin addition on KGA production was observed. The amount of KGA in
the post-culture broth decreased from 69.1 to 51.1 g/L after culture supplementation with
1.5 mg/L of biotin. Simultaneously, PA concentration increased from 7.6 g/L in the culture
not supplemented with biotin to 28.6 g/L in the process where 1.5 mg/L of the vitamin
was used. Theoretically, biotin presence increases the activity of pyruvate carboxylase,
which catalyzes the conversion of pyruvate to oxaloacetate. Therefore, biosynthesis of
KGA from substrates metabolized by the glycolysis pathway (e.g., glycerol) should be
enhanced by biotin supplementation. In the shake-flask culture of Y. lipolytica WSH-Z06,
addition of 0.8 mg/L of biotin had only small positive effect on KGA biosynthesis from
glycerol whereas PA production was unaffected [26]. Interesting observations were re-
ported by Otto et al. [30], who studied the changes in the by-product spectrum during
KGA biosynthesis from glycerol by Y. lipolytica H355A(PYC1) T3—a strain that overex-
pressed pyruvate carboxylase. In comparison to the mother strain H355, higher activity
of the enzyme in the transformant strain resulted in a higher biomass level, a decrease
in KGA production from 133.0 to 126.9 g/L, and a simultaneous slight increase in the
formation of PA and other by-products. The positive effect on yeast growth was explained
by accumulation of precursor molecules (oxaloacetic, malic, succinic and fumaric acids)
caused by an imbalance between enhanced activity of pyruvate carboxylase and inhibited
activity of pyruvate dehydrogenase (due to thiamine limitation). Assuming that, in the
present study, the addition of biotin increased the activity of pyruvate carboxylase, the
same tendency was noticeable—stimulation of yeast growth and PA production with a
decrease in KGA formation. Similarly, the growth of Y. lipolytica VKM Y-2412 was slightly
increased whereas KGA production was decreased and no effect on PA formation was
noted when the process was conducted on biodiesel waste media upon supplementation
with biotin (10–40 µg/L) [24].

2.4. The Effect of Iron

The presence of iron ions is another factor that may possibly affect KGA biosynthesis
by modulating the activity of iron-dependent enzymes in the Krebs cycle, i.e., aconitase
and succinate dehydrogenase [33,34]. In the present study the impact of iron was evaluated
in the media supplemented with ammonium iron sulfate hexahydrate in an amount corre-
sponding to 1–4 mg/L of iron ions. The presence of iron had no effect on growth of the
examined yeast strain (Figure 4). The biomass level in the cultures supplemented with iron
ions was in the range of 19.0–20.4 g/L, which was comparable to the level obtained for the
control culture (20.5 g/L). Addition of iron ions resulted in lower production of KGA and
enhanced accumulation of PA. In the supplemented cultures yeast produced 53.7–59.0 g/L
and 17.0–29.2 g/L of these acids, respectively. Compared to the non-iron-supplemented
process, formation of CA was found to be slightly decreased upon the addition of iron
ions (2.7–5.7 g/L). The effect of iron on KGA biosynthesis by Y. lipolytica was investigated
during cultivation on ethanol [35,36]. It was found that iron concentration of 0.5–2.0 mg/L
stimulated KGA synthesis, whereas a further increase in iron concentration from 2–3 to
10.0 mg/L caused a gradual decrease in KGA accumulation. The positive impact of iron
presence was also reported for KGA production on biodiesel waste by Y. lipolytica [24].
Effective biosynthesis of isocitric acid by Y. lipolytica from rapeseed oil was noted also
upon iron supplementation [37]. In turn, the ability of Y. lipolytica to produce erythritol
was unaffected by iron ions when yeast was cultivated in bioreactor cultures on glycerol
media [38].
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Figure 4. Impact of iron on yeast growth and acids formation during KGA biosynthesis performed by
Y. lipolytica CBS 146773 in mixed glycerol/oil-based media. Culture conditions: 20% Ca(OH)2, pH 3.5,
800 rpm, 3 µg/L of thiamine. Abbreviations: X—biomass; KGA—α-ketoglutaric acid; PA—pyruvic
acid; CA—citric acid; Y—yield of KGA with respect to biomass formed (p/x) and utilized substrates
(p/s); S—selectivity of KGA relative to sum of acids formed (KGA/(KGA + PA + CA)). Mean values
for a specific product concentration marked with different letters (a, b, c, . . . ) differ significantly at
p ≤ 0.05. Error bars indicate standard deviations.

2.5. The Impact of Sorbitan Monolaurate

Sorbitan monolaurate, known under the trade name Span 20, is a non-ionic, water-
insoluble, lipophilic emulsifier [39]. This surfactant is approved for use as a food additive
(E493) and the acceptable daily intake is 10 mg/kg [40]. Literature reports mention a
positive effect of Span 20 on the growth and excretion of some metabolites by microorgan-
isms [41–44]. This surfactant, in addition to increasing the dispersion of oil substrates in
the culture media, may also increase the permeability of microorganisms’ cell membranes.
Thus, it facilitates the excretion of metabolites and extracellular proteins from the cell. In
this study, Span 20 was applied to the culture media in the concentration ranging from 0.25
to 1 g/L (Figure 5). In comparison to the control, the growth of the yeast was slightly lower
in the presence of Span 20 and ranged 18.5–19.4 g/L. Nevertheless, addition of Span 20 had
a significant positive impact on KGA biosynthesis. The increase in its addition up to 1 g/L
resulted in a gradual increase in KGA production up to 82.4 g/L, corresponding to the yield
(Yp/s) of 0.88 g/g and selectivity of 88% (Figures 5 and 6). Comparatively high PA amounts
(11.0–18.1 g/L) were obtained in the cultures with Span 20 addition of 0.25–0.75 g/L. In
turn, production of CA was slightly decreased by the presence of Span 20 and was in the
range 3.5–5.0 g/L. The positive effect of Span 20 addition was reported previously for
production of oxalic acid from fatty acid waste by Aspergillus niger [41]. In the process with
the addition of 0.75 g/L of the surfactant, the production of oxalic acid increased from
34.7 to 48.4 g/L, compared to the control culture. The addition of 0.25 g/L of Span 20 to
the culture of Y. lipolytica Wratislavia K1 cultivated on raw glycerol enhanced erythritol
production from 149.6 g/L to 165.7 g/L [42]. Moreover, although very low by-product
formation of CA and KGA was noted in this process, synthesis of both acids was enhanced
by the presence of the surfactant. Application of Span 20 was also proved to have a positive
effect on biomass formation and β-carotene production by Blakeslea trispora [43,44].
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Figure 5. Impact of Span 20 on yeast growth and acids formation during KGA biosynthesis performed
by Y. lipolytica CBS 146773 in mixed glycerol/oil-based media. Culture conditions: 20% Ca(OH)2,
pH 3.5, 800 rpm, 3 µg/L of thiamine. Abbreviations: X—biomass; KGA—α-ketoglutaric acid; PA—
pyruvic acid; CA—citric acid; Y—yield of KGA with respect to biomass formed (p/x) and utilized
substrates (p/s); S—selectivity of KGA relative to sum of acids formed (KGA/(KGA + PA + CA)).
Mean values for a specific product concentration marked with different letters (a, b, c, . . . ) differ
significantly at p ≤ 0.05. Error bars indicate standard deviations.
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Figure 6. Time-course of yeast growth and acid formation during KGA biosynthesis performed
by Y. lipolytica CBS 146773 in mixed glycerol/oil-based media supplemented with 1 g/L of Span
20. Culture conditions: 20% Ca(OH)2, pH 3.5, 800 rpm, 3 µg/L of thiamine, 1 g/L of Span 20.
Abbreviations: GLY—glycerol; for other abbreviations, see Figure 1. Each arrow indicates addition of
one portion of 30 g/L of mixed substrates (see: Materials and Methods, Section 3.2).

3. Materials and Methods
3.1. Microorganisms

The strain Yarrowia lipolytica CBS146773, formerly named 1.31.GUT1/6.CIT1/3.E34672 [21],
was the subject of this study. The strain was stored on YM agar slants at 4 ◦C in the cul-
ture collection belonging to the Department of Biotechnology and Food Microbiology at
Wrocław University of Environmental and Life Sciences (Poland).
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3.2. Media Composition and Culture Conditions

Seed cultures were performed in 300 mL baffled flasks containing 50 mL of an inocula-
tion medium that consisted of (g/L): edible rapeseed oil—20.0; NH4Cl—9.0; KH2PO4—2.0;
MgSO4·7 H2O—1.4; CaCO3—10.0; and thiamine—3 µg/L dissolved in distilled water. The
pH was 3.5. The medium was inoculated from agar slants and next the culture was grown
for 72 h at 29 ◦C and 140 rpm on a rotary shaker (CERTOMAT IS; Sartorius, Germany).

Batch fermentation was conducted in a 5 L bioreactor (BIOSTAT B Plus; Sartorius,
Germany) with a working final volume of 2 L. Bioreactor production medium composition
was (g/L): pure glycerol (98%; Wratislavia-Bio; Poland)—20.0; NH4Cl—9.0; KH2PO4—
2.0; MgSO4·7 H2O—1.4; and thiamine—3 µg/L, dissolved in tap water. The pH was
3.5. In some cultures, the medium was supplemented with thiamine (1–4 µg/L), biotin
(0.5–1.5 mg/L), (NH4)2Fe(SO4)2·6 H2O (7.03–28.12 mg/L) or Span 20 (0.25–1 g/L). The
volume of 150 mL of seed culture was used to inoculate production medium in fermenter
and the process was conducted for 144 h at 29 ◦C, with agitation rate of 800 rpm, aeration
rate of 0.8 vvm and pH 3.5 maintained by the automatic addition of a 20% solution of
Ca(OH)2 (or NaOH/KOH, when indicated). During the cultivation, the process was fed
at 24 h intervals (i.e., 24, 48, 72, 96 h, as indicated in Figure 6) with 4 sterile portions of
30 g/L of mixed substrates (glycerol and rapeseed oil in equal amounts of 15 g/L). Any
changes in the culture parameters and composition of the medium are indicated for specific
experiments in the Results section. All chemicals used in the investigation were of analytical
purity (Sigma-Aldrich, Steinheim, Germany). Prior to inoculation, all media were sterilized
at 121 ◦C for 30 min.

3.3. Analytical Methods

The samples collected from the bioreactor fermentation process were analyzed in terms
of biomass level (dry matter) and concentration of glycerol and acids—ketoglutaric, pyruvic
and citric. The sample preparation and analytical methods were described previously by
Rywińska et al. [22]. The results are presented as mean values of the process performed in
duplicate. Statistical analysis was performed using one-way analysis of variance (Statistica
13.0 software; StatSoft, Tulsa, OK, USA). The significant differences in the data (X, KGA,
PA, CA) were compared by Duncan’s multiple range test. (p ≤ 0.05).

4. Conclusions

In this study the effects of selected media components and culture conditions were
evaluated in order to enhance the biosynthesis of KGA by Y. lipolytica CBS146773. The
possible impact of evaluated factors is presented in Figure 7. In the research, the source
of carbon and energy was a mixture of glycerol and rapeseed oil. The addition of Span
20 was used to increase the dispersion of oil droplets and increase the permeability of
cell membranes, which may facilitate the secretion of the produced metabolites [41,42].
Notably, substrates applied in this investigation are utilized by the yeast cell in different
metabolic pathways. Glycerol is first transformed by the action of glycerol kinase to
glycerol-3-phosphate, which, after being converted to glyceraldehyde, undergoes further
transformations in the glycolytic pathway, resulting in the formation of pyruvate. In
the mitochondrion, pyruvate dehydrogenase catalyzes the conversion of pyruvate into
acetyl-CoA, which is incorporated into the tricarboxylic acid cycle with the action of citrate
synthase. The transformant strain used in this study was characterized by overexpression
of genes encoding glycerol kinase and citrate synthase, which was aimed at increasing
the efficiency of the above-described metabolic pathway [21]. Moreover, a gene encoding
previously uncharacterized mitochondrial organic acid transporter was overexpressed in
the yeast strain to investigate whether it might facilitate secretion of organic acids from
mitochondrion and increase the extracellular concentration of KGA as a final product.
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Figure 7. Scheme of metabolic pathways involved in conversion of glycerol and rapeseed oil to
KGA by Yarrowia lipolytica CBS146773 and the putative effect of selected factors on the efficiency
of the process. Abbreviations: ↑: stimulatory effect; AH: aconitate dehydrogenase; CA: citric acid;
CIT1: gene encoding citrate synthase; CS: citrate synthase; DHAP: dihydroxyacetone phosphate;
E34672g: gene YALI0E34672g encoding mitochondrial acid transporter; EMP: Embden–Meyerhof–
Parnas glycolytic pathway; FA: fumaric acid; GA3P: glyceraldehyde-3-phosphate; GK: glycerol kinase;
GLY: glycerol; GLY-3P: glycerol-3-phosphate; GUT1: gene encoding glycerol kinase; ICA: isocitric acid;
KGA: α-ketoglutaric acid; KGDH: α-ketoglutarate dehydrogenase; MA: malic acid; OAA: oxaloacetic
acid; PA: pyruvic acid; PC: pyruvate carboxylase; PDH: pyruvate dehydrogenase; SA: succinic acid;
SA-CoA: succinyl-CoA; SDH: succinate dehydrogenase; T: mitochondrial acid transporter; TAG:
triacylglyceride; TCA: tricarboxylic acid cycle.

The second substrate—rapeseed oil—is hydrolyzed by extracellular lipases to glycerol
and fatty acids. In the cell the latter undergo β-oxidation, resulting in the formation
of acetyl-CoA—a compound that connects the pathways of glycerol and oil utilization.
Formed from acetyl-CoA and oxaloacetate, citrate is further converted to isocitric acid by
aconitase, and the subsequent transformation leads to the formation of KGA. Theoretically,
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at this stage, metabolism can be stimulated by the presence of iron ions, since aconitase is
an iron-dependent enzyme [33,34]. In the presented study, however, we did not observe
a positive effect of iron supplementation on KGA biosynthesis. Overproduction of KGA
requires inhibition of thiamine-dependent ketoglutarate dehydrogenase, catalyzing KGA
conversion to succinyl-CoA. In Y. lipolytica, this is possible by limiting exogenous thiamine,
as this yeast is unable to synthesize the pyrimidine structure of this vitamin [24]. In
accordance with literature reports, in the presented study, the concentration of thiamine was
noted as the key factor determining the effective production of KGA by Y. lipolytica [22–26].
However, it should be noted that the differences in the amount of thiamine reported as
necessary for KGA production might be dependent not only on the strain but also on
the kind of substrate applied in the process. In comparison to glycolytic substrates, the
use of fatty substrates omits the reaction catalyzed by the second thiamine-dependent
enzyme—pyruvate dehydrogenase; hence, the cell’s need for this vitamin may be lower in
such a process. A side effect of using thiamine limitation in cultures conducted on glycerol
media is the inhibition of pyruvate dehydrogenase resulting in accumulation of pyruvate.
This effect can be counteracted by increasing the activity of pyruvate carboxylase, which
converts pyruvate to oxaloacetate [31]. In this study, two factors that might stimulate the
activity of this enzyme were examined: biotin and calcium ions. The presence of calcium
ions was found to significantly enhance the biosynthesis of KGA, whereas a positive effect
of biotin supplementation was not observed.

The results of the experiments performed in this study to identify the best conditions
for effective KGA biosynthesis indicated the following: maintenance of pH at 3.5 by neu-
tralization with the use of Ca(OH)2, an agitation rate of 800 rpm and the addition of 3 µg/L
of thiamine and 1 g/L of Span 20. In our earlier investigation, this transformant strain
was identified as a good producer of KGA from mixed media which, after preliminary
optimization of the process conditions (C:N:P ratio), was able to biosynthesize 53.1 g/L
of KGA with productivity of 0.35 g/L h and yield (Yp/s) of 0.53 g/g [21]. In the present
work selection of culture conditions enabled the increase in KGA biosynthesis to 82.4 g/L.
Moreover, the parameters of KGA biosynthesis were significantly improved—the produc-
tivity increased to 0.57 g/L h and the yield (Yp/s) reached 0.59 g/g. A similar amount of
the acid was obtained after optimization of the KGA production process performed by
Y. lipolytica VKM Y-2412 on biodiesel waste containing glycerol and fatty acids [24]. In the
optimal conditions, yeast produced 80.4 g/L of KGA with the selectivity of 96.7%. How-
ever, the cultivation process was significantly longer (192 h) than in the present research
(144 h). In the literature data the highest KGA production was reported for Y. lipolytica
H355A(PYC1-IDP1) T5 engineered for overexpression of isocitrate dehydrogenase and
pyruvate carboxylase, which was able to synthesize 186.0 g/L of KGA from raw glycerol
with productivity of 1.75 g/L h [45]. However, the yield of KGA production, which is
one of the factors determining the process attractiveness in terms of industrial production,
obtained in the process with strain H355A(PYC1-IDP1) T5 reached only 0.36 g/g and was
significantly lower than the yield obtained in this research with strain CBS146773.
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Abstract: To explore the potential metabolites from rabeprazole sulfide, seven strains of filamentous
fungi were screened for their biotransformation abilities. Among these strains, Cunninghamella
blakesleeana 3.970 exhibited the best result. Four different culture media were screened in order to
identify the most optimal for subsequent research. Single factors such as the initial pH of culture
media, culture time, inoculation volume, and media volume were individually investigated to
provide the optimum biotransformation conditions. Then, an orthogonal optimization process using
a five-factor, four-level L16(45) experiment was designed and performed. Finally, when the substrate
concentration is 3 g/L, one major metabolite was detected with a transformation rate of 72.4%.
Isolated by semipreparative HPLC, this metabolite was further detected by ESI-MS and NMR. The
final data analysis indicated that the metabolite is O-demethylation rabeprazole sulfide.

Keywords: rabeprazole; sulfide; biotransformation; Cunninghamella blakesleeana 3.970; O-demethylation
rabeprazole sulfide

1. Introduction

Rabeprazole is a kind of proton pump inhibitor, which has been widely used in the
treatment of gastric acid secretion, and can also be applied to eradicate Helicobacter pylori [1].
As a benzimidazole derivative, rabeprazole has a heterocyclic molecule consisting of a
pyridine and benzimidazole moiety linked by a methylsulfinyl group. This general struc-
ture guarantees the similar pharmacological properties of other proton pump inhibitors.
Rabeprazole sulfide (rabeprazole thioether) is an essential intermediate for the production
of rabeprazole [2,3]. Meanwhile, sulfide is also one of the metabolites produced by the
rabeprazole metabolites in vivo [4–8].

Rabeprazole sulfide is an important imidazole compound, which is not only a pre-
cursor of rabeprazole synthesis, but is also one of the main metabolites of rabeprazole
in vivo. As the primary metabolite of rabeprazole, rabeprazole sulfide can undergo further
metabolic reactions such as demethylation and sulfuric acid binding. These demethylated
metabolites often have pharmacological activity. Pharmacologically active metabolites can
contribute significantly to the overall therapeutic and adverse effects of drugs. Therefore,
to fully understand the mechanism of action of drugs, it is important to recognize the role
of active metabolites [9–12].

Some microorganisms, especially the fungi belonging to Cunninghamella species, pos-
sess cytochrome P-450 mono-oxygenase systems analogous to those in mammals [13].
Hence, microbial transformation has been proposed as a complementary in vitro model for
mammalian drug metabolism. Cunnihamella is a genus of fungi in the family Cunninghamel-
laceae, which has been implemented for in vitro biotransformations for a long time [14–20].
Various reaction types have been reported for these kinds of fungi. Previous studies have
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demonstrated their hydroxylation [21–24], epoxidation [25–27], amination [28], demethy-
lation [29], and oxidation from sulfide to sulfoxide, which is usually the final step for the
production of prazole-type molecules [30–32].

Demethylated metabolites often have some unexpected pharmacological effects. Metami-
zole (dipyrone) is an analgesic with antipyretic and spasmolytic properties, which has been
in use for almost 100 years. The primary metabolite of metamizole, 4-methylaminoantipyrine,
can be N-demethylated to 4-aminoantipyrine. 4-aminoantipyrine plays a role as a non-
steroidal anti-inflammatory drug, a non-narcotic analgesic, an antirheumatic drug, a pe-
ripheral nervous system drug, and an EC 1.14.99.1 (prostaglandin-endoperoxide synthase)
inhibitor. It is used as a reagent for biochemical reactions, such as the production of
peroxides or phenols [33,34]. Papaverine plays a role as a vasodilator agent and an anti-
spasmodic drug. The metabolism of papaverine with Cunninghamella echinulate results in
O-demethylation. 4′-O-demethylated papaverine, 3′-O-demethylated papaverine, and 6-O-
demethylated papaverine have been isolated. In silico docking studies of these metabolites
using crystals of human phosphodiesterase 10a (hPDE10a) revealed that the compounds
4′-O-demethylated papaverine and 6-O-demethylated papaverine possess better docking
scores and binding poses with favorable interactions than the native ligand papaverine [35].

In this report, seven strains of filamentous fungi are investigated for their ability to
metabolize the rabeprazole sulfide, in order to explore the reaction types of the whole cell
transformation. Instead of hunting for the sulfoxide metabolites obtained, an O-demethyl
rabeprazole sulfide, a new compound with potential pharmacological activity, was finally
isolated and identified (Figure 1), which is the first report of the O-demethyl reaction in
rabeprazole sulfide to date.
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Figure 1. Rabeprazole sulfide and its O-demethyl metabolite obtained by the biotransformation of
Cunninghamella blakesleeana 3.970.

2. Results and Discussion
2.1. Whole-Cell Biotransformation Results of Rabeprazole Sulfide

Among the seven strains, Cunninghamella elegans 3.910, Cunninghamella echimnulata
3.967, Cunninghamella blakesleeana 3.970, and Absidia coerulea 41,050 displayed different trans-
formation results for rabeprazole sulfide. Cunninghamella elegans 3.910 and Cunninghamella
blakesleeana 3.970 demonstrated a rather significant major metabolite spectrum, whereas
Gibberella fujiluroi 40,272, Gibberella sp. 2498, and Caldariomyces fumago 16,373 did not in-
dicate any positive transformation result. According to the transformation TLC results
(Figure 2), the fungus Cunninghamella blakesleeana 3.970 converted rabeprazole sulfide to
rabeprazole and another, novel compound, and the conversion rate of this new compound
was high. Therefore, Cunninghamella blakesleeana 3.970 was selected for further study.
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Figure 2. TLC screening results for seven strains of filamentous fungi for rabeprazole sulfide. Lanes 1
and 2, Cunninghamella elegans 3.910, 3 and 4, Cunninghamella echimnulata 3.967, 5 and 6, Absidia coerulea
41,050, 7 and 8, Gibberella sp. 2498, 9 and 10, Caldariomyces fumago 16,373, 11 and 12, Gibberella fujiluroi
40,272, 13 and 14, Cunninghamella blakesleeana 3.970, and 15, standard mixture of rabeprazole sulfide
and rabeprazole.

2.2. Optimization of Transformation Media

In order to obtain the transformation products of rabeprazole sulfide, four microbial
media were screened. The evaluation criteria were set according to both the growth of
the strain and the HPLC detection diagram for the transformation solution. According
to Figure S1, fewer mycelium balls were observed in medium 1 and medium 2, and the
color of the mycelium ball was a little pink in medium 3, which is not its usual appearance.
Only in medium 4 were the numbers of the mycelium balls ambient and the growth of
mycelium good.

It can be seen from the HPLC results in Figure S1 that under the same substrate con-
centration, the ability of transformation media 1, 2, and 3 to transform rabeprazole sulfide
is low, and the transformation products are relatively miscellaneous. However, transfor-
mation medium 4 had a higher ability to transform rabeprazole sulfide, and only one
transformation product was produced. Therefore, based on the results in Figures S1 and S2,
medium 4 was selected as the medium for subsequent fermentation.

2.3. Single-Factor Evaluation for Rabeprazole Sulfide Biotransformation
2.3.1. Standard Curve of Rabeprazole Sulfide

Figure 3 indicates that the linear correlation coefficient R2 = 0.9995 and the correlation
equation y = 18,285x + 66.794 for the concentration and peak area of rabeprazole sulfide,
with a good linear correlation. This standard curve can be used to calculate the conversion
rate of rabeprazole sulfide.
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2.3.2. Evaluation of Culture Time

The culture duration of whole-cell catalysis has an important effect on the reaction. If
the reaction time is too short, the reaction may not be accomplished. If the reaction time is
too long, product inhibition may occur and the total transformation rate may decrease. In
this section, we investigate the effect of conversion time on the production of metabolites;
the results are shown in Figure 4.
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inoculation volume 10%, substrate concentration 1 mg/mL).

When the transformation was performed at 28 ◦C, 200 rpm, it could be seen that the
culture time ranged between 6 and 9 days. A culture time of 7 days resulted in the optimal
conversion rate of 74.71%.

2.3.3. Evaluation of Initial pH

The initial pH of the media is vital for strain growth and transformation. A pH that
is too low or high will cause the strains to undergo non-ambient growth and affect their
metabolism capability. This is why different strains desire specific initial pH values in
their media. In this section, a pH range of 5.5 to 8.0 was selected for the investigation.
From Figure 5, it can be seen that both the acid and alkaline conditions are not fit for
biotransformation, so the best initial pH is set to 6.0.
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2.3.4. Evaluation of Media Volume

The media volume is crucial for the transformation effects, which are related to the
dissolved oxygen when the conical flask volume is constant. Media volumes from 30 mL
to 120 mL were selected for the investigation. From Figure 6, it can be seen that a media
volume of 50 mL displayed the best transformation effect.
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2.3.5. Evaluation of Inoculation Volume

Inoculation volume is a critical factor for the biotransformation process. If the inoc-
ulation volume is high, the strains will grow to the exponential phase too early and the
nutrients will be depleted quickly, such that the enzymes in the strains may not sufficiently
be induced and expressed, and the biotransformation may not be adequate. If the inocula-
tion volume is low, the strains may take too long a time to grow and induce enzymes, which

139



Catalysts 2023, 13, 15

may decrease their metabolism capabilities. Based our previous experiences, inoculation
volumes ranging from 6% to 14% were selected for the investigation.

From Figure 7, it can be seen that an inoculation volume of 10% is the best for biotrans-
formation.
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2.3.6. Evaluation of Substrate Concentration

In this study, rabeprazole sulfide is not a natural substrate, which may cause severe
inhibition and toxic effects for the strains. Hence, a proper substrate concentration is
essential for successful biotransformation. A substrate concentration range from 1 mg/mL
to 5 mg/mL was set for the investigation.

From Figure 8, it can be seen from the decreasing conversion rate tendency that
1 mg/mL substrate concentration is the best for biotransformation.
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2.4. Orthogonal Optimization

According to the above single-factor investigation results, a 5-factor, 4-level, orthogonal
L16(45) optimization process was designed, as shown in Table 1.

Table 1. Orthogonal experimental factors and level assignments.

Factor A/Culture
Time (Days)

B/Inoculation
Volume (%)

C/Media
Volume (mL)

D/Media
Starting pH

E/Substrate
Concentration (g/L)Level

1 5 8 30 5.5 1
2 6 10 50 6.0 2
3 7 12 80 6.5 3
4 8 14 100 7.0 4

After the design and execution of the experiments, it could be seen that the strength of
impact of the various factors on biotransformation was in the order D > B > E > C > A, i.e.,
the most significant influence was that of the initial pH value of the media, as shown in
Table 2. When the range analysis was performed, it was found that the best combination
was D2B1E3C4A4, so an initial pH of 6.0, inoculation volume of 8%, substrate concentration
of 3 mg/mL, media volume of 100 mL, and culture time of 8 days were the best values.
These values are consistent between the best results from the orthogonal design and those
from the No.13 experimental group (total 16 groups), with a conversion rate of 72.4%. This
is almost a double increase in the conversion rate compared with the unoptimized results.

Table 2. Orthogonal experimental results and analysis.

Factors
Experiment No. A B C D E Conversion

Rate

1 1 1 1 1 1 0.352
2 1 2 2 2 2 0.315
3 1 3 3 3 3 0.348
4 1 4 4 4 4 0.201
5 2 1 2 3 4 0.213
6 2 2 1 4 3 0.124
7 2 3 4 1 2 0.336
8 2 4 3 2 1 0.566
9 3 1 3 4 2 0.347

10 3 2 4 3 1 0.171
11 3 3 1 2 4 0.135
12 3 4 2 1 3 0.343
13 4 1 4 2 3 0.724
14 4 2 3 1 4 0.053
15 4 3 2 4 1 0.094
16 4 4 1 2 3 0.033
K1 1.216 1.636 0.644 1.084 1.184
K2 1.24 0.664 0.964 1.812 1.032
K3 0.996 0.912 1.312 0.764 1.54
K4 1.304 1.144 1.432 0.764 0.604
k1 0.304 0.409 0.161 0.271 0.296
k2 0.310 0.166 0.241 0.453 0.258
k3 0.249 0.228 0.328 0.191 0.385
k4 0.326 0.286 0.358 0.191 0.151

R(Range analysis) 0.084 0.243 0.197 0.244 0.234
Best

combination A2 B1 C4 D2 E1

2.5. Structure Identification for the Rabeprazole Sulfide Biotransformation

The isolated metabolite was resolved in DMSO for the MS and NMR analysis. Accord-
ing to the ESI-MS results, showing that the m/z [M+H]+ is 330.25 (Figure S3) and the m/z
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[M-H]− is 328.27 (Figure S4), it could be inferred that the target metabolite has a molecular
weight of 329.12, which is only a Dalton loss of 14 compared with the original rabeprazole
sulfide with a molecular weight of 343.44. Hence, the loss of a methyl group is assumed.

According to the comparison of the NMR data between the substrate and metabolite,
it could be found that a methyl and a carbon signal are absent in the H spectrum and C
spectrum. Combined with the MS and NOESY data (Figure S7) indicating a methyl loss, it
can be concluded that the target metabolite is the O-dimethyl rabeprazole sulfide (Figure 1).
The analysis is given below.

1H-NMR (600 MHz, DMSO-d6) δH: 8.23 (1H, d, J = 5.6 Hz), 7.45 (2H, dd, J1 = 5.8,
J2 = 3.2 Hz), 7.11 (2H, dd, J1 = 5.9, J2 = 3.1 Hz), 6.95 (1H, d, J = 5.6 Hz), 4.69 (2H, s), 4.12
(2H, t, J = 6.2 Hz), 3.58 (2H, t, J = 6.2 Hz), 2.21 (3H, s), 1.87–1.91 (2H, m).

13C-NMR (150 MHz, DMSO-d6) δC: 163.27, 155.16, 150.90, 148.24, 121.73, 120.20, 106.78,
65.50, 57.56, 36.74, 32.31, 10.88.

3. Materials and Methods
3.1. Materials and Strains

Rabeprazole sulfide was synthesized in the Department of Pharmaceutical Engineer-
ing, Shenyang Pharmaceutical University. Methanol and acetonitrile were purchased from
Concord Technology Co., Ltd. (Tianjin, China). Peptone and yeast extract were purchased
from HopeBio Co., Ltd. (Qingdao, China). All other chemical reagents were purchased
from Yuwang Chemical Co., Ltd. (Shenyang, China).

Cunninghamella blakesleeana 3.970 and Cunninghamella elegans 3.910 were stored in our
lab reservoir. Cunninghamella echimnulata 3.967, Absidia coerulea 41,050, Gibberella fujiluroi
40,272, Gibberella sp. 2498, and Caldariomyces fumago 16,373 were purchased from China
Center of Industrial Culture Collection (CICC).

3.2. Media and Strain Cultivations

Slant and agar media consisted of potato (200 g), glucose (20 g), agar (20 g), and
1000 mL distilled water. Seed culture media consisted of potato starch (45 g), yeast extract
(3 g), corn steep liquor (10 g), CaCO3 (3 g), MgSO4 (0.5 g), and FeSO4 (0.05 g). Four kinds
of biotransformation culture media ingredients are listed in Table 3. For all media, the pH
was adjusted to 6.5 with 6 M HCl, autoclaved at 115 ◦C for 30 min, and cooled before use.

Table 3. Four different biotransformation media formulas.

Ingredients No.1 (g) No.2 (g) No.3 (g) No.4 (g)

Sucrose 30 15
Yeast extracts 20 0.5 2

Corn steep liquor 5
Peptone 0.5 5 5
Glucose 4 15 50
K2HPO4 16 0.5 1 4
KH2PO4 2 5
MgSO4 0.5 0.5 0.2
FeSO4 0.05 0.01 0.05

KCl 0.5 0.5

Two loops of mycelium from a fresh growth slant were inoculated into the seed
culture media and cultured at 28 ◦C, 200 rpm for 48 h. Then, 5 mL of seed culture was
inoculated into the transformation media (50 mL in a 250 mL conical flask, rabeprazole
sulfide as substrate) and cultured at 28 ◦C, 200 rpm for 5 days. Substrate controls were set
without inoculating the fungi into the media and strain controls were set without adding
the substrate into the media, with all other conditions remaining the same.
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3.3. Thin-Layer Chromatography (TLC)

The biotransformation results of the fungal extracts were analyzed by TLC per-
formed on a Merck Silica gel 60 F254 plate (Merck, Darmstadt, Germany) with ethyl
acetate:methanol:ammonia water (90:9:1 v/v/v) as the mobile phase, and a UV detection
wavelength of 254 nm. A mixture of rabeprazole sulfide and rabeprazole (10 mg) was
dissolved in 100 mL of isopropyl alcohol used as a standard solution. For TLC detection,
10 µL of standard solution and fungal extracts was spotted onto TLC plates.

3.4. Extraction of Metabolites and HPLC Detection

Biotransformation cultures were collected, ultrasonically treated for 30 min, and
centrifugated at 3000 rpm for 10 min to retrieve the supernatant. Pellets were washed and
extracted three times using ethyl acetate. The combined water phase and organic phase
were extracted three times with an equal volume of ethyl acetate. The organic phase was
then isolated and evaporated by reduced pressure distillation to obtain the raw metabolites.
The raw metabolites were dissolved in methanol for further use.

The HPLC detection process for the metabolites was derived from the Pharmacopeia
of the People’s Republic of China (2020 Volume II) and optimized according to our practical
work. For High-performance liquid chromatography (HPLC), a Shimadzu WondaSil
C18 Superb (250 × 4.6 mm × 5 µm) column (Shimadzu Corp., Kyoto, Japan) was used.
The mobile phase consisted of 0.015 mol/L Na2HPO4:acetonitrile = 60:40, the detection
wavelength was 290 nm, the column temperature was 30 ◦C, the loading speed was
1 mL/min, and the loading volume was 10 µL.

3.5. Isolation and Identification of Major Metabolite

The isolation of the target metabolite was performed by semipreparative HPLC using
an Elite SinoChrom ODS-BP (250 × 10 mm × 5 µm, Dalian, China) consisting of a quater-
nary pump, a vacuum degasser, a variable wavelength detector, and an autosampler. The
mobile phase consisted of acetonitrile and water in different percentages, and the proper
fractions were collected.

ESI-MS and NMR analysis were performed under standard conditions.

3.6. Determination of the Standard Curve

Rabeprazole sulfide was accurately weighed, and a solution of 0.40 mg/mL was
prepared, diluted step by step with methanol. Standard samples of 0.40, 0.30, 0.20, 0.15,
0.10, and 0.05 mg/mL were prepared and detected with HPLC, and a standard curve was
drawn with rabeprazole sulfide concentration as the abscissa and peak area as the ordinate.
This standard curve was used to calculate the conversion of rabeprazole sulfide. The total
conversion rate was calculated according to the following equation:

Conversion rate % =
1− residue amount of raberprazole sulfide

Starting amount of rabeprazole sulfide

4. Conclusions and Discussion

By screening seven filamentous fungi, rabeprazole sulfide was the most efficiently
decomposed into O-dimethyl rabeprazole sulfide by Cunninghamella blakesleeana 3.970,
with a conversion rate of 72.4%. This is not a common biotransformation reaction type,
with only few studies having suggested the N-demethylation [36,37] and O-dimethyl
reactions [38,39].

The original aim of this study was to explore the possibility of whether these fungi
could exhibit some oxidase activity so that the rabeprazole sulfide could be transformed
into rabeprazole, i.e., to determine whether the thioether structure could be oxidized into
the sulfoxide. Despite Cunninghamella species having exhibited various kinds of oxida-
tion in previous works, no oxidation metabolites were identified in this research. Several
reports have shown that Absidia and Gibberella species could exhibit oxidase activity as
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their P450, but positive oxidation metabolites have yet to be generated. More importantly,
Caldariomyces fumago was selected for its strong inner chloroperoxidase expression, which
exhibited multiple oxidation types, such as epoxidation [40,41], hydroxylation [42–47], halo-
genation [48], etc. However, none of the above reactions were identified in this rabeprazole
sulfide biotransformation.

Rabeprazole sulfide is actually not a natural substrate of the fungus, which was
mentioned in the previous section on the influence of substrate concentration on the
conversion rate. With the increase in substrate concentration, the conversion rate decreases
(Figure 8), and a too-high concentration may produce some inhibition. It is speculated that
the O-demethylation reaction of rabeprazole sulfide is not completed in one step. It may be
that rabeprazole sulfide is first converted into one or several intermediate products and
then further converted into O-demethyl rabeprazole sulfide.

Some microorganisms can transform drugs and other xenobiotic compounds in a
manner similar to that in mammals, and the utilization of microbial systems as models for
mimicking and predicting the metabolism of drugs in humans and animals has received
considerable attention. Liu et al. reported that the main metabolic pathways of Cun-
ninghamella blakesleeana to transform verapamil are N-dealkylation, O-demethylation, and
sulfate coupling, and the O-demethylated metabolites of verapamil have the same potency
as the parent drug [49]. Xie ZY et al. reported that approximately 92.5% of pantoprazole
was metabolized to six metabolites by Cunninghamella blakesleeana AS 3.153, one of which
was 4′-O-demethyl-pantoprazole thioether [30]. These studies did not deeply explore the
mechanism of O-demethylation when Cunninghamella blakesleeana transformed the sub-
strate. Therefore, it is of interest to further study the mechanism of the O-demethylation of
Cunninghamella blakesleeana and the pharmacological or biological characteristics of these
O-demethylated metabolites.

In addition, further investigation should be undertaken in the hunt for fungi that
may oxidize thioether to sulfoxide. Meanwhile, other rational designs for the engineered
enzyme to facilitate this reaction are also welcomed.
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4 different transformation media. Figure S3. HPLC detection results of rabeprazole sulfide and its
metabolites. Figure S4. HPLC detection results of rabeprazole sulfide metabolites for MS and NMR
analysis. Figure S5. MS(ESI)m/z[M+H]+ diagram for the metabolite. Figure S6. MS(ESI)m/z[M+H]−

diagram for the metabolite. Figure S7. 1H NMR diagram for the O-demethyl rabeprazole sulfide.
Figure S8. 13C NMR diagram for the O-demethyl rabeprazole sulfide. Figure S9. 1H NOESY diagram
for the O-demethyl rabeprazole sulfide.
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Abstract: A newly isolated cadmium (Cd)-resistant bacterial strain from herbicides-polluted soil in
China could use atrazine as the sole carbon, nitrogen, and energy source for growth in a mineral
salt medium (MSM). Based on 16S rRNA gene sequence analysis and physiochemical tests, the
bacterium was identified as Arthrobacter sp. and named ST11. The biodegradation of atrazine by
ST11 was investigated in experiments, with the compound present either as crystals or dissolved in
di(2-ethylhexyl) phthalate (DEHP) as a non-aqueous phase liquid (NAPL). After 48 h, ST11 consumed
68% of the crystalline atrazine in MSM. After being dissolved in DEHP, the degradation ratio of
atrazine was reduced to 55% under the same conditions. Obviously, the NAPL-dissolved atrazine
has lower bioavailability than the crystalline atrazine. Cd2+ at concentrations of 0.05–1.5 mmol/L
either had no effect (<0.3 mmol/L), slight effects (0.5–1.0 mmol/L), or significantly (1.5 mmol/L)
inhibited the growth of ST11 in Luria-Bertani medium. Correspondingly, in the whole concentration
range (0.05–1.5 mmol/L), Cd2+ promoted ST11 to degrade atrazine, whether crystalline or dissolved
in DEHP. Refusal to adsorb Cd2+ may be the main mechanism of high Cd resistance in ST11 cells.
These results may provide valuable insights for the microbial treatment of arable soil co-polluted by
atrazine and Cd.

Keywords: atrazine; Arthrobacter sp. ST11; biodegradation; nonaqueous-phase liquid; cadmium

1. Introduction

Arable soil is often polluted with herbicides [1]. Atrazine (6-chloro-4-N-ethyl-2-N-
propan-2-yl-1,3,5-triazine-2,4-diamine) is one of the most widely-used persistent chlorine
herbicides that often remain in agricultural fields and water bodies for several years at
concentrations of hundreds of µg/kg [2]. Atrazine has lower bio-accessibility when present
in an unavailable phase, such as crystalline form, soil and sediment solids, or non-aqueous
phase liquid (NAPL). The environmental persistence of atrazine has been shown to be
a vastly significant problem [2]. No strong evidence could prove that atrazine causes
cancer; however, it affects the endocrine response and thus has a potential effect on human
reproduction and development [3]. Although it was banned for use by the European Union
in 2004, atrazine remains legal in China [2]. Atrazine is expected to persist in arable soil
sources for decades [4], thereby calling for appropriate remediation measures.

Cadmium (Cd), a potentially toxic heavy metal with no known biological function,
occurs widely in nature [5]. A national-scale study of soil Cd pollution in China re-
ported that the average and maximum concentrations of Cd in arable soil were 0.0024 and
1.36 mmol/kg, respectively [6]. As one of the most toxic trace elements in the envi-
ronment, Cd could cause serious health problems to microorganisms, plants, animals,
and humans [5,7].

Bioremediation is cost-effective and environmentally friendly and, thus, has become
one of the most popular approaches for removing atrazine [2]. Biodegradation by indigenous
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microbial populations is considered an important process that affects the fate of atrazine in
contaminated sites [2]. Since the 1990s, different atrazine-degrading bacteria and fungi have
been isolated from contaminated sites [8,9], including Arthrobacter [10], Nocardioides [11], She-
wanella [12], Rhodococcus [13], Stenotrophomonas [14], Pseudomonas [15], Paenarthrobacter [16],
and Trametes [17]. Bacteria are the foundation of microbial bioremediation, which can out-
perform fungi in the potential for atrazine-specific bioaugmentation [18]. However, the low
bioavailability of atrazine in the environment hindered the degradation efficiency of these
strains. Although many enhancement methods have been applied [19–21], little is known
about the mode of acquisition of atrazine when it is present in an unavailable phase. Heavy
metals and synthetic pesticides often co-occur in soil, although their hazards are usually
evaluated separately and in bulk soil [22]. Coexisting heavy metals may stimulate or inhibit
the biodegradation of herbicides [23,24]. When Cd pollution coexists, the fate of atrazine in
the soil will be difficult to predict. The potential ecological risk of combined pollution of
atrazine and Cd in waters and soils still exists, and it cannot be ignored, even when said
risk is lower than that of atrazine or Cd alone [25,26]. Overall, the search and isolation of
specific bacterial strains that could degrade atrazine efficiently with Cd resistance are of
great interest.

Arthrobacter is prevalent in the agricultural soil environment, and it could degrade
many kinds of environmental pollutants [10,27]. Many Arthrobacter strains have been
isolated to degrade atrazine, such as Arthrobacter Sp. DNS10, Arthrobacter sp. LY-1, and
Arthrobacter Aurescens TC1 [28–30]. In addition, some Arthrobacter strains were reported to
have metal resistance [31,32]. However, atrazine-degrading Arthrobacter strains with Cd
resistance have not yet been found.

The three primary goals of this study were designed to address gaps that currently
exist in the research. The first goal was to isolate high-efficiency atrazine-degrading bacteria
with Cd resistance and characterize them through 16S rRNA gene sequencing analysis and
physiochemical tests. The second goal was to investigate the bioavailability of crystalline
and NAPL-dissolved atrazine to the strain. The third goal was to explore the mechanisms
of the effect of Cd2+ on atrazine biodegradation. Finally, some valuable insights into the
treatment of atrazine in soil with Cd pollution were provided.

2. Results and Discussion
2.1. Identification and Characterization of Test Strain

An efficient atrazine-degrading bacterium ST11 was isolated from herbicide-polluted
soil. Under scanning electron microscopy (SEM), ST11 appeared as rods when rapidly divid-
ing and cocci when in the stationary phase (Figure S1), showing the typical characteristics
of Arthrobacter cells [33]. The strain was further identified as Arthrobacter sp. by physio-
chemical tests (Table S1) and 16S rDNA analysis (GenBank OP435654). A phylogenetic tree
was constructed using an approximate maximum-likelihood analysis (Figure 1).

2.2. Characterization of Cd2+ Resistance

The ST11 strain was assessed for its ability to grow in the presence of Cd2+. As shown
in Figure 2, no difference was found from the control samples when ST11 was incubated
for 48 h in a culture medium containing <0.3 mmol/L Cd2+. The growth of ST11 was
slightly suppressed in the presence of 0.5–1.0 mmol/L Cd2+ and significantly suppressed
in the presence of 1.5 mmol/L Cd2+. The effective concentration-25 (EC25) and effective
concentration-50 (EC50) were defined as the Cd2+ concentration required to obtain 25% and
50% cell growth inhibition effects, respectively. The EC25 and EC50 of ST11 toward Cd2+

were 1.21 and 2.01 mmol/L, respectively.
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Figure 2. Growth curves (A) and inhibition fitting curve (B) of ST11 in the presence of Cd2+. The cells
were cultured with the Luria-Bertani (LB) medium in the presence of Cd2+ (0–1.5 mmol/L) at 30 ◦C
at 150 rpm in darkness for 48 h. At the timed interval, flasks were taken out and 1 mL culture was
withdrawn for OD600 measurements.
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The adsorption capacities of ST11 for Cd2+ were shown in Figure 3. Before and after
cell adsorption, the difference of Cd2+ detected was negligible. The result shows that ST11
cells have limit adsorption capacity for Cd2+.
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Figure 3. Adsorption isotherm of Cd2+ on ST11 cells as a function of Cd2+ concentration. The cells
were harvested at 6380× g centrifugation for 10 min after ST11 was cultured in LB for 48 h. The cells
were washed three times with deionized water to remove the residual medium. The obtained wet
cells were used directly for Cd2+ adsorption without further treatment. The adsorption of Cd2+ by
ST11 cells was carried out at 25 ◦C and pH 7.

Arthrobacter is prevalent in the agricultural soil environment, and it could degrade
many kinds of environmental pollutants, but evidence of its resistance to heavy metals is
limited [10]. For instance, a quinaldine-degrading Arthrobacter sp. Rue61a was suggested
to have the potential to tolerate heavy metals, such as Zn2+, Pb2+, and Co2+ [31]. However,
for atrazine-degrading Arthrobacter, a strain with the ability to resist heavy metals has not
been reported. In this study, Arthrobacter sp. ST11 was shown to survive in the presence of
up to 1.5 mmol/L Cd2+. The microbial metabolism of heavy metals includes extracellular
complexation, extracellular precipitation, cation outflow, in-vivo detoxification, and in vivo
complexation [32]. Living ST11 cells do not adsorb Cd2+, so the resistance of ST11 to heavy
metals may be based on cation outflow or the absence of a Cd2+ binding site on the cell
membrane of ST11.

2.3. Biodegradation of Crystalline and NAPL-Dissolved Atrazine

The cell growth and biodegradation of crystalline and NAPL-dissolved atrazine by
ST11 are shown in Figure 4A,B, respectively. Di(2-ethylhexyl) phthalate (DEHP) is a
commonly used typical NAPL [34] that is biocompatible and could not be used by ST11.
Meanwhile, atrazine could be degraded by physical, chemical, and biological methods [35].
In the absence of microorganisms, they could attenuate naturally under some physical
and chemical factors [18]. A non-inoculated control experiment was set up in the present
study to exclude the effects of temperature, pH, dissolved oxygen, ionic strength, and other
physical and chemical factors. For the whole culture cycle, significant bacterial growth
of non-investigated samples was not detected under these conditions. For inoculated
samples, during the first 16 h, the numbers of cells produced at the two systems were not
statistically (Student’s t-test) significant. The bacterial growth rates during this phase were
0.0171 ± 0.0013 and 0.0185 ± 0.0005 OD600/h with 1.85 mmol/L crystalline and DEHP-
dissolved atrazine, respectively. Subsequent bacterial growth led to an increased number
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of cells until growth stopped after 40 h. At that time, the average final OD600 values of cells
were 0.61 ± 0.01 and 0.44 ± 0.03 with crystalline and DEHP-dissolved atrazine, respectively.
In the following 8 h, the cells almost stopped growing. Most of the bioavailable atrazine at
that point was assumed to be consumed. Therefore, residual atrazine was detected after
48 h of culture (Figure 4B). Physical and chemical factors were found to degrade atrazine
by no more than 15%. With crystalline atrazine as the substrate, the degradation ratio of
atrazine increased significantly and reached 68% after 48 h. When atrazine was dissolved
in DEHP, the degradation ratio of atrazine decreased to less than 55%, which is consistent
with the low number of cells.
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Figure 4. Cell growth (A) and biodegradation of atrazine (B) in crystalline form or in DEHP by
ST11. The initial concentration of atrazine was 1.85 mmol/L. For biological samples, 1 mL of bacterial
suspension (OD600 1.0) was inoculated. For blank tests, no inoculation was prepared to control the
non-biological effects. (A) The growth was monitored spectrophotometrically by measuring OD600 at
an interval of 4–8 h. (B) At the end of culture (48 h), the biodegradation ratio of atrazine was detected.
Data points represent the mean of three replicates and error bars show the standard deviation. Different
lower-case letters (a, b, and c) over the bars indicate significant differences at p < 0.05.

The atrazine degradation pathway includes hydrolysis, deamination, dealkylation,
and ring cleavage [2]. Liquid Chromatography-Ultraviolet (LC-UV) analysis was performed
at 225 nm to determine whether a new metabolite was generated after atrazine degrada-
tion (Figure S2). A new absorption peak (Figure S2c) appeared at the retention time of
4.145 min, which was not found in the atrazine standard (Figure S2a) and the culture
medium before atrazine was degraded (Figure S2b). In the process of atrazine biodegrada-
tion by the Bacillus licheniformis ATLJ-5 strain, intermediate metabolites hydroxyatrazine
and n-isopropylammelide were detected by LC-UV [8]. Similarly, during the process of
ST11 using atrazine, a UV detectable metabolite was found. This finding suggested that the
new compound was a metabolite of the degraded atrazine.

Microscopic observation explained that atrazine dissolved in DEHP had decreased
bioavailability (Figure 5). For the microbial adhesion to hydrocarbons (MATH) experiment
of ST11, the solution was vigorously homogenized and then allowed to stand for 2 h to
ensure complete phase separation. The OD600 of cells in the water phase increased from
0.6 to 0.68 (Figure 5B), possibly because some DEHP micro-droplets suspended in the water
phase hindered the transmission of light. The DEHP oil phase (Figure 5B) was as clear and
transparent as the sterile sample (Figure 5A), and no obvious emulsification was observed.
The liquid at the oil-water interface was sampled for microscopic observation (Figure 5C).
The results showed that the ST11 cells were evenly scattered in the water phase and not
observed on the oil-water interface. Therefore, ST11 is a water-soluble bacterium that could
only use atrazine dissolved in the water phase in the oil-water two-phase system.

151



Catalysts 2022, 12, 1653Catalysts 2022, 12, x FOR PEER REVIEW  7  of  13 
 

 

 

Figure 5. Visual aspect of two‐phase systems with DEHP as a NAPL phase. (A) 5 mL of DEHP, 20 

mL of MSM; (B) 5 mL of DEHP, 20 mL of cells suspension in MSM with OD600 0.6; (C) Microscopic 

images of oil‐water interface. The arrow indicates ST11 cells. 

2.4. Effect of Cd2+ on the Growth of Strain ST11 and Atrazine Biodegradation 

The effects of Cd2+ on ST11 cell density and degradation of atrazine in crystal form or 

dissolved in DEHP were determined (Figure 6). At Cd2+ concentrations below 0.3 mmol/L, 

cell growth and atrazine degradation were stimulated with Cd2+ concentration. The high‐

est removal of atrazine (almost 100% at 48 h) in crystal form or dissolved in DEHP oc‐

curred in the case of Cd2+ concentration of 0.1 and 0.2 mmol/L, respectively. The DEHP‐

dissolved atrazine with decreased bioavailability, which may cause more Cd2+, is needed 

to obtain high degradation ratio. When the concentration of Cd2+ was increased from 0.5 

to 1.5 mmol/L, the effect of stimulating cell growth and atrazine degradation gradually 

weakened. However, in this Cd2+ concentration range, the growth was partially inhibited 

when ST11 was used soluble substrates (Figure 2A). A notable detail that at the same Cd2+ 

concentration  (such as 0.1 mmol/L),  the biodegradation enhancement effect of Cd2+ on 

crystalline atrazine was stronger than that of the DEHP‐dissolved atrazine. As mentioned, 

the main reason could be the lower bioavailability of atrazine in DEHP. Correspondingly, 

the promotion of atrazine biodegradation in the presence of the Cd2+ concentration of 0.05–

1.5 mmol/L could be attributed to the enhanced atrazine catabolism (Figure 6). Low con‐

centrations of heavy metal ions could stimulate the catabolism of organic substances [40]. 

Cu2+ concentrations of 15 and 2 mg/L stimulated the degradation of decabromodiphenyl 

ether and benzo[a]pyrene, respectively [41,42]. An assessment of Cd pollution in arable 

soil in China showed that the average and maximum Cd concentrations were 0.0024 and 

1.36 mmol/kg,  respectively  [6], both  lower  than  the  1.5 mmol/L  shown  in  the present 

study. Therefore, ST11 is not affected by soil Cd when it degrades atrazine in arable soils.   

As is well known, Cd, similar to other heavy metals, such as copper, zinc, and lead, 

has biological toxicity [5]. Cd could attach to proteins with sulfhydryl functional groups 

or glutathione, thus interfering with the synthesis of cysteine or directly damaging DNA 

[43].  In addition, Cd could easily penetrate  the cell membrane of bacteria, causing  the 

emission of substances in cells and affecting the metabolic process of cells [44]. The results 

of the present study showed that Cd inhibited and stimulated the growth of ST11 using 

soluble substrates (Cd2+ concentration of 0.5–1.5 mmol/L) and hydrophobic substrate at‐

razine  (Cd2+ concentration of  ≤1.5 mmol/L),  respectively. ST11 cells have negligible Cd 

adsorption capacity, which may be one of the reasons why they could resist high Cd con‐

centration.  In addition,  the antagonistic effect of hydrophobic organics on Cd could be 

used to mitigate Cd effect on soil living organisms [45]. The results of the present study 

are consistent with that of the previous study. The biodegradation of crystalline atrazine 

and NAPL‐solubilized atrazine by ST11 could not be affected by Cd2+ with concentrations 

up to 1.5 mmol/L.   

Figure 5. Visual aspect of two-phase systems with DEHP as a NAPL phase. (A) 5 mL of DEHP,
20 mL of MSM; (B) 5 mL of DEHP, 20 mL of cells suspension in MSM with OD600 0.6; (C) Microscopic
images of oil-water interface. The arrow indicates ST11 cells.

Atrazine has low bioavailability because of its low aqueous solubility (log Pow, 2.28;
water solubility, 0.153 mmol/L at 20 ◦C) [36]. However, when atrazine is used as a substrate
in crystalline and DEHP-soluble forms, it could be speculated to have different bioavail-
ability. The mass transfer of atrazine is not limited by the mass transfer rate, and ST11
cells could only use the substrate dissolved in water. When atrazine is a crystal, the mass
transfer between the solid and water is only limited by the saturated solubility of atrazine.
At this time, the concentration of atrazine in the aqueous phase could be approximately
regarded as the saturated solubility (0.153 mmol/L). When atrazine is dissolved in a NALP,
the mass transfer of atrazine between the NAPL and water is affected by the octanol-water
partition coefficient (log Pow, 2.28) of atrazine. In the experiments, the additional amount
of atrazine in DEHP was 11.13 mmol/L. If the difference between DEHP and octanol was
not considered, the concentration of atrazine in the aqueous phase was only 0.058 mmol/L.
Therefore, when atrazine was used as a substrate in crystal form or dissolved in DEHP,
the bioavailability of the former was 2.8 times that of the latter. The low bioavailability of
atrazine in DEHP delayed its degradation by ST11 (Figure 4B).

For other hydrophobic organic compounds in soil, such as polycyclic aromatic hy-
drocarbons, the bioavailability mechanism of substrates in the non-aqueous phase has
been deeply studied [34,37]. Although the bioremediation of atrazine has been extensively
studied [38], little is known about the mode of its acquisition when it is present in an
unavailable phase, such as soil and sediment solids or NAPL. For a naphthalene-degrading
Arthrobacter sp., the attachment of this strain to the NAPL-water interface is necessary, and
the cells at the interface could degrade organic compounds at rates higher than those of
abiotic partitioning [39]. However, for ST11 cells that could not adhere to the oil-water
interface (Figure 5), the biodegradation of atrazine in DEHP was limited by the mass
transfer of the substrate between the two oil-water phases. Therefore, the findings of this
study indicated that when atrazine is dissolved in NAPL in soil, its biodegradation is likely
to be restricted, which may be one of the reasons why atrazine is a persistent contaminant
in arable soil [4].

2.4. Effect of Cd2+ on the Growth of Strain ST11 and Atrazine Biodegradation

The effects of Cd2+ on ST11 cell density and degradation of atrazine in crystal form or
dissolved in DEHP were determined (Figure 6). At Cd2+ concentrations below 0.3 mmol/L,
cell growth and atrazine degradation were stimulated with Cd2+ concentration. The
highest removal of atrazine (almost 100% at 48 h) in crystal form or dissolved in DEHP
occurred in the case of Cd2+ concentration of 0.1 and 0.2 mmol/L, respectively. The DEHP-
dissolved atrazine with decreased bioavailability, which may cause more Cd2+, is needed
to obtain high degradation ratio. When the concentration of Cd2+ was increased from
0.5 to 1.5 mmol/L, the effect of stimulating cell growth and atrazine degradation gradually
weakened. However, in this Cd2+ concentration range, the growth was partially inhibited
when ST11 was used soluble substrates (Figure 2A). A notable detail that at the same Cd2+
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concentration (such as 0.1 mmol/L), the biodegradation enhancement effect of Cd2+ on
crystalline atrazine was stronger than that of the DEHP-dissolved atrazine. As mentioned,
the main reason could be the lower bioavailability of atrazine in DEHP. Correspondingly,
the promotion of atrazine biodegradation in the presence of the Cd2+ concentration of
0.05–1.5 mmol/L could be attributed to the enhanced atrazine catabolism (Figure 6). Low
concentrations of heavy metal ions could stimulate the catabolism of organic substances [40].
Cu2+ concentrations of 15 and 2 mg/L stimulated the degradation of decabromodiphenyl
ether and benzo[a]pyrene, respectively [41,42]. An assessment of Cd pollution in arable
soil in China showed that the average and maximum Cd concentrations were 0.0024 and
1.36 mmol/kg, respectively [6], both lower than the 1.5 mmol/L shown in the present study.
Therefore, ST11 is not affected by soil Cd when it degrades atrazine in arable soils.
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Figure 6. Effect of Cd2+ of different concentrations on bacterial growth and atrazine biodegradation.
(A) crystalline atrazine; (B) DEHP dissolved atrazine. The initial concentration of atrazine was
1.85 mmol/L. Ctr: control samples with no cells inoculated. For each biological flask, 1 mL of
bacterial suspension (OD600 1.0) was inoculated. At an interval of 24 h, the growth was monitored
spectrophotometrically by measuring OD600 and the residual atrazine was detected. Data points
represent the mean of three replicates and error bars show the standard deviation.

As is well known, Cd, similar to other heavy metals, such as copper, zinc, and lead,
has biological toxicity [5]. Cd could attach to proteins with sulfhydryl functional groups or
glutathione, thus interfering with the synthesis of cysteine or directly damaging DNA [43].
In addition, Cd could easily penetrate the cell membrane of bacteria, causing the emission
of substances in cells and affecting the metabolic process of cells [44]. The results of
the present study showed that Cd inhibited and stimulated the growth of ST11 using
soluble substrates (Cd2+ concentration of 0.5–1.5 mmol/L) and hydrophobic substrate
atrazine (Cd2+ concentration of ≤1.5 mmol/L), respectively. ST11 cells have negligible
Cd adsorption capacity, which may be one of the reasons why they could resist high Cd
concentration. In addition, the antagonistic effect of hydrophobic organics on Cd could be
used to mitigate Cd effect on soil living organisms [45]. The results of the present study are
consistent with that of the previous study. The biodegradation of crystalline atrazine and
NAPL-solubilized atrazine by ST11 could not be affected by Cd2+ with concentrations up
to 1.5 mmol/L.

3. Materials and Methods
3.1. Chemicals

Atrazine (product number TCI-A1650, 97.0%), CdCl2·2.5H2O (≥99.0%), ethyl ac-
etate (>99%), and methanol (>99%) were purchased from Sinopharm (Shanghai, China).
DEHP (≥99.5%) was obtained from Aladdin (Shanghai, China). 2-(5-Bromo-2-pyridylazo)-
5-(diethylamino) phenol (5-Br-PADAP, 97%) and Triton X-114 (laboratory grade) were
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received from Sigma-Aldrich (Shanghai, China). The other reagents and solvents were
of analytical grade and used directly. The stock solution of atrazine was prepared by
dissolving atrazine in dichloromethane (92.73 mmol/L).

3.2. Microorganism and Culture Conditions

Soil samples were collected by hand-picking in a 5–10 cm soil layer with a modified
sampling technique [46]. Each sample was placed in a portable icebox and then trans-
ferred to the laboratory. An efficient atrazine-degrading bacterium Arthrobacter sp. ST11
was isolated from herbicide-polluted soil. The bacterium was cultivated on LB medium
(10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter of Milli-Q deionized water; pH 6.8;
stored at room temperature after sterilization) at 30 ◦C, with shaking at 150 rpm for 18 h.
The cells were harvested by centrifugation at 6380× g for 10 min at 4 ◦C and washed twice
with mineral salt medium (MSM, 5.8 g Na2HPO4, 0.9 g KH2PO4, 0.2 g MgSO4·7H2O, and
1 mL of trace element solution per liter of Milli-Q deionized water; pH 6.5). The composition
of the trace element solution was as follows: 0.4 g Na2B4O7·10H2O, 0.5 g Na2MoO4·2H2O,
0.8 g CuSO4·5H2O, 2 g FeSO4·7H2O, 2 g MnSO4·H2O, 10 g ZnSO4·7H2O, and 5 g EDTA
disodium per liter of Milli-Q deionized water; pH 6.5. The cells were resuspended with
MSM, and the optical density at 600 nm (OD600) was adjusted to 1.0.

3.3. Cd2+ Resistance and Growth Curve of ST11

The resistance of ST11 to Cd2+ was investigated. The Cd2+ concentrations ranged from
0 to 1.5 mmol/L for ST11. The cells were cultured with an LB medium without Cd2+ at
30 ◦C at 150 rpm in darkness for 24 h. After the cells were washed three times and resus-
pended with Milli-Q deionized water, 1 mL of cell culture (OD600 = 1.0) was transferred into
150 mL sterilized flasks containing 30 mL of LB medium with various Cd2+ concentrations.
The flasks were incubated at 150 rpm in darkness at 30 ◦C for 48 h. Cell growth was
recorded by measuring the OD600 of the medium. A survival curve was generated using
the growth changes in cultures supplemented with various concentrations of Cd2+ com-
pared with no-Cd2+-treated control samples. The regular interval for the biodegradation
experiment was 48 h.

3.4. Cd2+ Adsorption Experiment

The adsorption of ST11 cells for Cd2+ was examined. After culturing in an LB medium
for 60 h, ST11 cells were harvested through centrifugation (H2050R, Xiangyi, China) at
6380× g and 4 ◦C for 10 min. The cells were then washed three times with Milli-Q deionized
water to remove the residual medium. The obtained wet cells were used directly for Cd2+

adsorption without further treatment. An aqueous solution of Cd2+ with a concentration
of 0–12 µmol/L was prepared, and 10 mL of the solution was added to a 15 mL glass test
tube. Furthermore, the wet cells were added to the tube, and the cell concentration in
the aqueous solution was set as OD600 = 1.0. The above solutions were shaken at 25 ◦C
and 150 rpm for 1 h. After centrifugation, the residual amount of Cd2+ in the supernatant
was detected.

3.5. Biodegradation of Crystalline Atrazine

For experiments with crystalline atrazine, the bacterium was grown at 30 ◦C and
150 rpm in 150 mL-triangular flasks containing 30 mL of MSM supplied with different
concentrations of atrazine as the sole source of carbon, nitrogen, and energy. A total of 1 mL
of resuspended cells (OD600 1.0) was added into MSM. A certain volume of atrazine stock
solution was evenly spread at the bottom of the pre-dried triangular flasks to avoid the
influence of insoluble atrazine crystals on the absorbance detection of cells in the culture
medium. A layer of homogeneous atrazine crystals was fixed at the bottom of the flask after
the volatilization of dichloromethane for 12 h. In the process of cell culture, these crystals
do not fall off from the bottom of the flask [47]. The regular interval for the biodegradation
experiment was 48 h.
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The biodegradation of atrazine was estimated indirectly as bacterial growth and
atrazine content reduction. The bacteria were collected by centrifuging the culture medium
at 6380× g and 4 ◦C for 10 min. The cells were washed three times with deionized water
to remove the residual medium. The obtained wet cells were resuspended with MSM
and the OD600 was determined. The complete biodegradation of atrazine was confirmed
microscopically by the disappearance of atrazine crystals at the bottom of triangular flasks
and by ethyl acetate extraction of the crystals after biodegradation and analysis of the
extracts with an Agilent high-performance liquid chromatography (HPLC) system.

3.6. Biodegradation of Atrazine in NAPL

DEHP was used as the NAPL for determining the ST11 biodegradability of NAPL-
dissolved atrazine. Experiments were performed in triangular flasks containing 24 mL of
MSM and 6 mL of DEHP containing 9.25 mmol/L atrazine. The concentration of atrazine
in the system was 1.85 mmol/L. For the inoculated sample, 1 mL of resuspended cells
(OD600 1.0) was added to MSM. For the non-inoculated control experiment, no ST11 cells
were added. The samples measured in triplicate were incubated at 30 ◦C on a rotary shaker
at 150 rpm for 48 h.

The adherence of suspended bacteria to the liquid organic phase was tested. The
method used was a modified assay of MATH [48]. DEHP (5 mL) and 20 mL of the cell
suspension (OD600 0.6) in MSM were vigorously homogenized in a test tube for 1 min by a
vortex agitator (SA8, Thomas Scientific, Swedesboro, NJ. USA). After 2 h of equilibration,
the cells’ adhesion to DEHP was estimated from the loss of aqueous phase absorbance at
600 nm. Furthermore, optical imaging of the droplets at the oil-water interface was carried
out to detect the location of bacterial cells by phase-contrast microscopy (Eclipse E200,
Nikon, Tokyo, Japan).

3.7. Effect of Cd2+ Ions

The effect of Cd2+ ions on the metabolic activity of ST11 was investigated when
atrazine was used as the substrate in crystal form or dissolved in DEHP. The concentrations
of Cd2+ in MSM were set to 0–1.5 mmol/L. MSM separately supplemented with different
concentrations of Cd2+ and 1.85 mmol/L atrazine was cultured at 30 ◦C, with shaking at
150 rpm for 48 h. Subsequently, the cell density of ST11 was monitored, and the residual
amounts of atrazine were detected at 48 h. A sterile control culture without ST11 was
included to assess the abiotic loss of atrazine. All measurements were carried out in
triplicate.

3.8. Analytical Methods

The method for atrazine extraction was as follows: each triangular flask was added
with 30 mL of ethyl acetate and shaken at 200 rpm for 1 h. Atrazine was extracted into the
ethyl acetate layer. Furthermore, the aqueous and organic phases were separated using a
separatory funnel. The organic phase was centrifuged at 6380× g for 10 min. A total of
500 µL of the supernatant was placed in a glass tube, and ethyl acetate was evaporated in
an oven at 70 ◦C. The residue was extracted with 1 mL of methanol-water solution (85%,
v/v). The extracts of the same sample were merged and filled into a 2 mL sample bottle
after filtration through a 0.22 µm organic filter membrane, and then sealed and stored in a
4 ◦C refrigerator. Atrazine was detected using an HPLC system (Agilent 1260, Tokyo, Japan)
with a UV detector. An Agilent HC-C18 (5 µm, 150 mm × 4.6 mm) column was used for the
analysis of atrazine samples. Deionized water and methanol at a ratio of 85:15 were used as
the mobile phase with a flow rate of 1 mL/min. The detection wavelength was 225 nm, and
the retention time was 5.11 min. The detection limit of this method was 2 mg/L.

Cd2+ was determined by spectrophotometry after cloud point extraction [49]. In a
10 mL polystyrene tube, 0.2 mL of Cd2+ sample, 1 mL of NH3-NH4Cl buffer (pH 9.5),
0.53 mL of 5-Br-PADAP ethanol solution (0.2 g/L), and 0.6 mL of Triton X-114 solution (2%,
v/v) were added successively. Furthermore, the liquid in the tube was diluted to 10 mL
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with deionized water and mixed with a vortex agitator for 30 s. The mixed solution was
heated at 45 ◦C for 15 min and then centrifuged at 1595× g for 5 min to accelerate the phase
separation of the cloud point system. The solution after phase separation was quickly
placed into an ice water mixture for quick freezing for 30 min to make the coacervate phase
viscous. After the water phase was discarded, the coacervate phase was dissolved in 2 mL
of absolute ethanol by shaking in a vortex agitator. Subsequently, these samples were
detected at 560 nm via spectrophotometry (UV2700, Shimadzu, Tokyo, Japan). Each sample
was measured at least three times.

4. Conclusions

In this study, an atrazine-degrading bacterial strain with Cd resistance from herbicide-
polluted soil was isolated. Based on 16S rRNA gene sequence analysis and physiochemical
tests, the bacterium was identified as Arthrobacter sp., and designated as strain ST11. The
ST11 cells were grown in MSM culture with atrazine as the sole source of carbon, nitrogen,
and energy. The strain could degrade atrazine in crystal form or present in DEHP as
NAPL. To the authors’ knowledge, this study was the first to report an Arthrobacter strain
actively degrading crystalline and NAPL-dissolved atrazine with Cd resistance. Cd2+

with concentrations < 0.5 and 0.5–1.5 mmol/L did not affect or slightly inhibited the
growth of ST11 in LB, respectively. Correspondingly, in the whole concentration range
(0.05–1.5 mmol/L), Cd2+ promoted ST11 to degrade atrazine, whether in crystalline form
or dissolved in DEHP. Refusal to adsorb Cd2+ may be the main mechanism of high Cd
resistance in ST11 cells. Therefore, ST11 may be a potential candidate for the industrial
elimination of atrazine from contaminated arable soils with Cd pollution. However, in-
situ studies that examine the mechanisms of atrazine degradation and Cd resistance are
necessary before this strain could be used in practice.
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//www.mdpi.com/article/10.3390/catal12121653/s1, Table S1: Morphological, physiological, and
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ST11: (A) photograph of ST11 colonies on LB solid media plate; (B) SEM photograph of ST11 cultured
for 12 h; (C) SEM photograph of ST11 cultured for 36 h; Figure S2: The LC-UV chromatograms at
225 nm of atrazine standard (a), sample extract before atrazine degradation (b), and sample extract
after atrazine degradation (c). The retention time of 5.081, 5.211, and 5.251 min is the absorption peak
of atrazine. The retention time of 4.145 min was the absorption peak of a new metabolite.
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Abstract: Phenol is an important pollutant widely discharged as a component of hydrocarbon fuels,
but its degradation in cold regions is challenging due to the harsh environmental conditions. To date,
there is little information available concerning the capability for phenol biodegradation by indigenous
Antarctic bacteria. In this study, enzyme activities and genes encoding phenol degradative enzymes
identified using whole genome sequencing (WGS) were investigated to determine the pathway(s)
of phenol degradation of Arthrobacter sp. strains AQ5-05 and AQ5-06, originally isolated from
Antarctica. Complete phenol degradative genes involved only in the ortho-cleavage were detected in
both strains. This was validated using assays of the enzymes catechol 1,2-dioxygenase and catechol
2,3-dioxygenase, which indicated the activity of only catechol 1,2-dioxygenase in both strains, in
agreement with the results from the WGS. Both strains were psychrotolerant with the optimum
temperature for phenol degradation, being between 10 and 15 ◦C. This study suggests the potential
use of cold-adapted bacteria in the bioremediation of phenol pollution in cold environments.

Keywords: phenol; metabolites; whole genome sequencing; xenobiotics

1. Introduction

Antarctica has long been considered one of the last pristine and remote wilderness
areas on Earth. However, in recent years, pollution by hydrocarbons such as polycyclic aro-
matic hydrocarbons, chlorinated biphenyls, and phenols has become an increasing concern
in Antarctica [1–4]. A previous study on the impacts of lubricant oil on Antarctic infauna
reported the presence of not readily biodegradable phenol additives in both “conventional”
and “biodegradable” lubricants [5]. Hydrocarbons from oil, diesel, and lubricant spills tend
to persist due to the harsh conditions in Antarctica [6–8]. Furthermore, aromatic petroleum
components such as phenol and phenolic compounds (PCs) are harmful to Antarctic ter-
restrial and aquatic ecosystems [9,10]. In addition, persistent organic pollutants (POPs),
including polychlorinated biphenyls (PCBs), are associated with human activities and are
subject to long-range atmospheric transport [11]. The direct discharge of phenol into the
environment causes severe damage and threats to terrestrial and aquatic ecosystems and,
even at low concentrations, it is extremely toxic to aquatic life [10,12–14].

Phenol is a hazardous pollutant that must be removed from the environment [15–17].
Several methods have been published to treat phenol, including the application of physical,
chemical, and biological processes. Many studies have shown that bioremediation is more
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effective in degrading toxic compounds compared to physicochemical treatments and leads
to the complete degradation of these compounds [16,18]. Among the various microor-
ganisms reported, phenol-degrading bacteria are the most extensively studied [1,10,19].
Several reports have indicated that members of the genera Pseudomonas, Rhodococcus, Acine-
tobacter, and Arthrobacter are capable of degrading phenol [20–22]. In cold environments,
the bioremediation of polluted sites requires cold-adapted microorganisms [23–25]. A
number of phenol-degrading microorganisms exhibiting cold-adapted features have been
isolated from cold regions, such as the alpine areas and Antarctica. Certain bacteria are
able to utilize phenol as a carbon and energy source under aerobic or anaerobic condi-
tions [26]. The application of next-generation sequencing (NGS) has catalysed a revolution
in biodegradation by predicting the genes involved in biodegradation and other metabolic
processes of bacteria [27].

Bioremediation is increasingly viewed as an appropriate remediation technology for
cleaning industrial wastewater and contaminated sites [3,28,29]. Aromatic pollutants, such
as phenol, are recalcitrant and exhibit anti-microbial properties. The main objectives of
this study were to identify the pathway(s) of phenol degradation using whole genome
sequencing (WGS) and enzyme assays in two phenol-degrading strains of bacteria originally
isolated from Antarctica.

2. Results and Discussion
Detection of Phenol Degradative Genes via WGS

The key structural features of the draft genomes of strains AQ5-05 and AQ5-06 are
summarized in Table 1. The draft genome size of strain AQ5-05 was 4647352 base pairs
(bp) in 116 contigs with an average G + C content of 65.7%, while strain AQ5-06 was
4,139,264 bp in 70 contigs with an average G + C content of 65.7%. The annotated draft
genome of strain AQ5-05 contained a total of 4294 coding sequences (CDSs), 9 rRNAs,
and 57 tRNAs and that of strain AQ5-06 contained a total of 3981 CDSs, 3 rRNAs, and
50 tRNAs. In comparison, the total CDSs of completely sequenced cold-adapted Arthrobacter
alpinus ERGS4:06 and Arthrobacter sp. strain FB24 were 3538 and 3279, respectively [30,31].
Members of the genus Arthrobacter are known as high-GC-content Actinobacteria, consistent
with the findings here and on the previously reported Arthrobacter spp. [32–35]. According
to Kim et al. [36], members of the genus Arthrobacter typically have a DNA GC content of
59 to 66%, in agreement with the genome of strains AQ5-05 and AQ5-06. Similar to the
genomic size of strain AQ5-06, a 4.12 Mb draft genome sequence for Arthrobacter sp. strain
7749 isolated from marine sediment samples from the Antarctic Peninsula was reported by
Sastre et al. [35].

Table 1. Genomic features of Arthrobacter sp. strains AQ5-05 and AQ5-06.

Feature
Count/Value

AQ5-05 AQ5-06

Genome size (bp) 4,647,352 4,139,264
GC content (%) 65.7 64.9

Number of contigs 116 70
Length of the longest contig

(bp) 554,363 406,582

Number of Subsystems 415 411
Number of CDSs 4294 3981

Number of rRNAs 9 3
Number of tRNAs 57 50

Figure 1 displays the number of genes in each subsystem and the subsystem coverage.
According to RAST annotation, the genome sequences for strain AQ5-05 are classified into
415 subsystems (Table 1). Based on Figure 1A, 48% of the total CDSs are classified into
subsystems, while 68% of the CDSs are not included in the subsystems. The subsystem
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of amino acid and its derivatives contained the highest number of coding sequences
(495 counts), followed by 461 counts in the subsystem of carbohydrates and 301 counts
in the subsystem of the cofactors, vitamins, prosthetic groups, and pigments. Figure 1B
presents the overview of each subsystem feature and the subsystem coverage. Forty-two
percent of a total of 3981 CDSs were categorised into subsystems, while fifty-eight percent
of the CDSs were not categorised into subsystems. The subsystem with the highest number
of counts was carbohydrate (507 counts), followed by the subsystem of amino acids and
derivatives (453 counts) and 287 counts in the subsystem of cofactors, vitamins, prosthetic
groups, and pigments that are essential for maintaining the life of bacterial cells [37].
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In order to survive in extremely cold environments, polar bacteria synthesise cold-
shock proteins (Csps) in response to rapid temperature declines [38]. In strain AQ5-05,
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95 counts of genes were responsible for stress responses with three classified as Csps. Rapid
temperature reduction decreases the cell membrane fluidity and enzyme activity, and
reduces the efficiency of transcription and translation due to the stabilisation of nucleic acid
secondary structures and the inhibition of protein folding and ribosome function [38,39].
The genome of strain AQ5-06 contained 109 counts of the genes responsible for stress
responses, including five Csps. Of these, four were classified as cold-shock protein A
(CspA) and one as cold-shock protein C (CspC). Many bacteria produce Csps, includ-
ing psychrophiles, mesophiles, and even thermophiles [38–40]. Dsouza et al. [41] noted
that Csps were identified in seven temperate and seven Antarctic Arthrobacter genomes
examined. Previous studies have noted that the production of CspA is induced by cold
shock [38,42]. For instance, the overexpression of CspA was reported in Psychromonas
arctica KOPRI 22215 isolated from Arctic marine sediment [43]. CspC, responsible for the
regulation of the growth and expression of the stress response proteins RpoS and UspA,
has also been reported in previous studies [44–46].

Seventy-six counts were categorised in the subsystem for the metabolism of aromatic
compounds, with seven counts involved in the central aromatic intermediate metabolism,
such as catechol, benzoate, and phenol. Similar findings have been reported in the genomes
of several Arthrobacter spp., such as Arthrobacter sp. Edens01 [32], Arthrobacter sp. W1 [47],
and A. antarcticus strain W2 [48]. Genome analysis of A. alpinus R3.8 isolated from a
soil sample obtained at Rothera Point, Adelaide Island revealed genes involved in the
bioremediation of xenobiotic compounds, including naphthalene [49].

Two phenol biodegradation pathways initiated by the oxygenation of phenol followed
by the oxidation of catechol at the 1,2-(ortho) or 2,3-(meta) positions have been reported as
being typical aerobic phenol degradation pathways for bacteria [19,50]. According to the
gene annotation using RAST, genes encoding phenol degradation genes, including phenol
2-monooxgenase, and enzymes involved in the ortho-cleavage of catechol were present in
strain AQ5-05.

The physical maps of the gene clusters for both phenol 2-monooxygenase and catechol
1,2 dioxygenase are shown in Figure 2A, with the genes found in the phenol and catechol
degradation gene clusters summarised in Table 2. The results from BLASTP searches
revealed that the amino acid sequence of ORF6 shared a 90.1% identity with the phenol
2-monooxygenase of Arthrobacter sp. UCD-GKA (accession no. WP_071214692) and 76.9%
with the PheA/TfdB family putative FAD monooxygenase from PaenArthrobacter aurescens
strain TC1 (accession no. WP_011777158). According to Figure 2A, genes encoding the
enzymes phosphoribosylformylglycinamidine synthase (ORF1-3), 3-oxoacyl-[acyl-carrier
protein] (ORF7), and antibiotic biosynthesis monooxygenase (ORF8) were found within the
gene cluster of the phenol 2-monooxygenase of strain AQ5-05. The enzyme of fatty acid
biosynthesis, 3-oxoacyl-[acyl-carrier protein] catalyses the first of the two reduction steps
in the elongation cycle of fatty acid synthesis, while phosphoribosylformylglycinamidine
synthases are involved in the purine biosynthetic pathway [51,52]. The antibiotic biosyn-
thesis monooxygenase of bacteria catalyses oxygen-dependent and cofactor-independent
oxidations or monooxygenations involved in the biosynthetic pathways of polyketide an-
tibiotics [53]. Antibiotic coding genes, such as antibiotic biosynthesis monooxygenase, are
also present in the genome of A. crystallopoietes strain BAB-32, which may have industrial
and medical applications [54]. A previous study has reported the presence of antibiotic
activities for seven antibiotic-producing Arthrobacter spp. isolated from the Arctic Ocean
under different culture conditions [55]. However, no other phenol catabolic genes were
found within the gene cluster.
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Table 2. The putative functions of the genes in phenol and catechol degradation gene clusters from
Arthrobacter sp. strain AQ5-05.

ORF Putative Functions

1 Phosphoribosylformylglycinamidine synthase subunit, purS
2 Phosphoribosylformylglycinamidine synthase subunit, purQ
3 Phosphoribosylformylglycinamidine synthase subunit, purl
4 Hypothetical protein
5 Hypothetical protein
6 Phenol 2-monooxygenase, PheA/TdfB family
7 3-oxoacyl-[acyl-carrier protein] reductase
8 Antibiotic biosynthesis monooxygenase
9 LuxR family transcriptional regulator
10 Catechol 1,2-dioxygenase, catA
11 Flavin reductase
12 Hypothetical protein
13 Pimeloyl-ACP methyl ester carboxylesterase
14 LuxR family transcriptional regulator
15 AAHS family benzoate transporter-like MFS transporter, benK
16 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase, benD
17 Benzoate 1,2-dioxygenase reductase subunit, benC
18 Benzoate 1,2-dioxygenase beta subunit, benB
19 Benzoate 1,2-dioxygenase alpha subunit, benA
20 Benzoate membrane transport protein, benE

In the gene-encoding for enzyme C12O, the catA of strain AQ5-05 was shown as
ORF10, sharing a 96.5% amino acid sequence identity with the C12O of Arthrobacter sp.
UCD-GKA (accession no. WP_071214119). Apart from catA, benzoate catabolic genes, ben-
ABCD encoding for benzoate 1,2-dioxygenases and dihydroxycyclohexadiene carboxylate
dehydrogenase, and benEK encoding for two benzoate transport proteins, were detected.
Similar to the findings of previous studies, catA is chromosomally linked with the ben genes
in strain AQ5-05 [56–58]. Two steps are required to convert benzoate to catechol. BenABC
encodes for benzoate dioxygenase, which is thought to catalyse the oxidation of benzoate
to benzoate diol, followed by decarboxylation to catechol by 1,6-dihydroxycyclohexa-2,4-
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diene-1-carboxylate dehydrogenase encoded by benD [59]. Genes encoding pimeloyl-
ACP methyl ester carboxylesterase and flavin reductase were also detected within the
gene cluster.

According to Figure 2A, both genes encoding putative LuxR family transcriptional
regulators were detected in the gene clusters of phenol 2-monooxygenase and C12O.
Previous studies have shown that LuxR family transcriptional regulators are activators
of the expression of genes encoding enzymes associated with ortho-cleavage through
the β-ketoadipate pathway in an aromatic-degrading Corynebacterium glutamicum [60,61].
Many transcriptional regulators, including GntR, LuxR, CRP, FNR, TetR, and the Fis
family transcriptional regulator, have been identified to be potentially involved in phenol
biodegradation in the phenol-degrading Acinetobacter sp. DW-1 [62].

Based on the gene annotations, genes encoding the phenol 2-monooxygenase and
ortho cleavage enzyme for catechol were also detected in the genome of strain AQ5-06.
Figure 2B displays the physical map of the gene cluster containing genes coding for phenol
2-monooxygenase, catechol 1,2 dioxygenase, muconolactone isomerase, and muconate
cycloisomerase, and the putative functions of the genes are listed in Table 3.

Table 3. The putative functions of the genes in phenol and catechol catabolic gene clusters from
Arthrobacter sp. strain AQ5-06.

ORF Predicted Functions

1 GntR family transcriptional regulator
2 Hypothetical protein
3 Phenol 2-monooxygenase, PheA/tdfB family
4 Hypothetical protein
5 Benzoate transport protein, benE
6 Muconolactone isomerase, catC
7 Muconate cycloisomerase, catB
8 Catechol 1,2- dioxygenase, catA
9 Benzoate 1,2-dioxygenase alpha subunit, benA
10 Benzoate 1,2-dioxygenase beta subunit, benB
11 Benzoate 1,2-dioxygenase reductase subunit, benC
12 1,6-dihydroxycyclohexa-2,4-diene-1-carboxylate dehydrogenase, benD
13 LuxR family transcriptional regulator

Genetic annotation predicted that strain AQ5-06 is capable of degrading phenol
only through the ortho pathway as genes encoding for meta-cleavage were absent in
the genome. According to Figure 2B, a transcriptional regulator GntR family was detected
within the gene cluster, shown as ORF1. Previous studies have reported the involvement
of the GntR transcriptional regulator family in the degradation pathways of aromatic
compounds [62–64]. For instance, Gu et al. [62] claimed that a GntR-type regulator was
potentially involved in phenol degradation in Acinetobacter sp. DW-1. Moreover, Rucká
et al. [65] reported that the GntR regulator is required besides the XylR regulator for effi-
cient regulation of phenol degradation operons. Teramoto et al. [66] and Arai et al. [67]
reported the presence of the GntR family of transcriptional regulators in the expression of
the multicomponent phenol hydroxylase (mPH) of Comamonas testosteroni spp.

The gene encoding phenol 2-monooxygenase is shown as ORF3, located between
two hypothetical proteins with unknown functions. According to the result from BLASTP
searches, the amino acid sequence of phenol 2-monooxygenase from strain AQ5-06 shared
the highest identity (88.1%) with phenol 2-monooxygenase from Arthrobacter sp. B6 (acces-
sion no. WP_066285143). Phenol 2-monooxygenase serves as the first enzyme in the ring
cleavage of phenol by catalysing the ortho-hydroxylation of phenol to catechol [68,69].

The phenol 2-monooxygenase gene cluster of strain AQ5-06 also harbours the genes
coding for both the catechol and benzoate pathways. Catechol catabolic genes, catABC,
were detected within the gene cluster and are shown as ORF6-8. Previous studies have
demonstrated that several bacteria have catABC genes in one operon responsible for the
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first three steps of β-ketoadipade, similar to the gene organisation in strain AQ5-06 [70–72].
The amino acid sequence of catA for strain AQ5-06 showed the highest (94.9%) identity with
the catA amino acid sequence of Arthrobacter sp. AGTC131 (accession no. WP_104138975.1).
Contiguous to the strain AQ5-06 cat operon, benzoate catabolic genes, benABCD, and
the benzoate transport protein, benE, were detected within the gene cluster, which is
responsible for metabolising benzoate to catechol. Several studies have noted that cat
genes are chromosomally linked with ben genes forming a cluster in bacteria [56,73,74].
Adjacent to the benABCD operon, a LuxR family transcriptional regulator was detected.
Brinkrolf et al. [60] noted that LuxR family transcriptional regulators are the activators
of the expression of genes encoding enzymes associated with ortho-cleavage through the
β-ketoadipate pathway in an aromatic-degrading Corynebacterium glutamicum.

Bioinformatics analysis revealed the presence of genes related to the phenol and
catechol degradation pathways in strains AQ5-06 and AQ5-05 (Figure 3). Based on gene
annotation (Figure 3A), the phenol degradation pathway of strain AQ5-05 is most likely
to be the ortho-pathway. Detailed information, including the gene name, gene products,
locus tags, length of amino acid sequence, KEGG, COG, and Enzyme Commission number
(EC No.), is given in Table 4 for strain AQ5-05 and in Table 5 for strain AQ5-06. The
PheA/tfdB family gene in strains AQ5-05 and AQ5-06 were predicted to encode phenol
2-monooxygenase, containing 634 amino acid residues that catalysed the oxidation of
phenol to catechol.
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Table 4. Characteristics of phenol catabolic genes detected in the genome of Arthrobacter sp.
strain AQ5-05.

Gene Name
(Locus Tag) Gene Product Amino Acid

Residues (aa) COG No. KEGG No. EC No.

PheA
(STRA2_03637)

Phenol
2-monooxygenase 634 COG2871 K03380 EC:1.14.13.7

CatA
(STRA2_03962)

Catechol
1,2-dioxygenase 284 COG3485 K03381 EC:1.13.11.1

CatB
(STRA2_03993)

Muconate
cycloisomerase 366 COG4948 K01856 EC:5.5.1.1

CatC
(STRA2_03992)

Muconolactone
isomerase 92 COG4829 K03464 EC:5.3.3.4

PcaD
(STRA2_02926)

3-oxoadipate
enol-lactonase 271 COG0596 K01055 EC:3.1.1.24

PcaI
(STRA2_02962)

3-oxoadipate
coa-transferase,
alpha subunit

224 COG1788 K01031 EC:2.8.3.6

PcaJ
(STRA2_02963)

3-oxoadipate
coa-transferase, beta

subunit
223 COG2057 K01032 EC:2.8.3.6

FadA,
FadI(STRA2_00274)

Acetyl-coa
acyltransferase 412 COG0183 K00632 EC:2.3.1.16

Table 5. Characteristics of phenol catabolic genes found in the genome of Arthrobacter sp.
strain AQ5-06.

Gene Name
(Locus Tag) Gene Products Amino Acid

Residues (aa) COG No. KEGG No. EC No.

PheA
(ASC_01925)

Phenol
2-monooxygenase 640 COG0654 K03380 EC:1.14.13.7

CatA
(ASC_01930)

Catechol
1,2-dioxygenase 294 COG3485 K03381 EC:1.13.11.1

CatB
(ASC_01929)

Muconate
cycloisomerase 359 COG4948 K01856 EC:5.5.1.1

CatC
(ASC_01928)

Muconolactone
isomerase 92 COG4829 K03464 EC: 5.3.3.4

PcaD
(ASC_02352)

3-oxoadipate
enol-lactonase 272 COG0596 K01055 EC:3.1.1.24

PcaI
(ASC_02349)

3-oxoadipate
coa-transferase,
alpha subunit

219 COG1788 K01031 EC:2.8.3.6

PcaJ
(ASC_02348)

3-oxoadipate
coa-transferase, beta

subunit
226 COG2057 K01032 EC:2.8.3.6

PcaF
(ASC_03031)

3-oxoadipyl-CoA
thiolase 413 COG0183 K07823 EC:2.3.1.174

Phenol 2-monooxygenase, also known as phenol hydroxylase, is the first enzyme
in phenol degradation that catalyses the hydroxylation of phenol to catechol [50]. The
presence of genes coding for phenol 2-monooxygenase or phenol hydroxylase in several
Arthrobacter spp. has been reported in previous studies [32,75,76]. For example, Nordin
et al. [75] revealed that the gene-encoding single-component phenol 2-monooxygenase of
4-chlorophenol-degrading Arthrobacter chlorophenolicus A6 shared the highest identity with
the PheA gene from the Pseudomonas sp. strain EST1001. Qu et al. [76] described a phenol
hydroxylase gene cluster (4606 bp), containing six components in the order of KLMNOP
from Arthrobacter sp. W1. The phenol 2-monooxygenase from strains AQ5-05 and AQ5-06
are highly similar to each other, with 490 identical residues and 53 similar residues within
639 aligned residues (83.8% similarity). A domain for FAD-binding was detected within
both proteins, between residue 32 and residue 405. This domain is known for binding to
flavin-adenine dinucleotide, which is the cofactor for various flavoprotein oxidoreductase
enzymes, including aromatic hydrolases such as salicylate hydrolase, p-hydroxybenzoate,
and 2,4-dichlorophenol hydroxylase [77]. A conserved domain for the phenol hydroxylase
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C-terminal dimerization (thioredoxin-like fold) domain and a highly conserved sequence
(DGxxSxxR) for identifying the FAD/NAD(P)H-binding flavoprotein [78] were also identi-
fied using Uniprot peptide search utility. These findings suggested that both strains employ
class A single-component flavoprotein monooxygenase for phenol hydroxylation. Class A
single-component flavoprotein monooxygenases contain a FAD cofactor and depend on
NAD(P)H as the external electron donor. Unlike the two-component flavoprotein monooxy-
genase, single-component flavoprotein monooxygenases can utilize NAD(P)H directly as
flavin cofactors.

Catechol is often produced as the intermediate from a wide range of aromatic catabolic
pathways [50]. Subsequent to phenol hydroxylation, the catechol intermediate formed is
cleaved by C12O encoded by the catA gene in the ortho-pathway. C12O (EC 1.13.11.1) is
an intradiol-cleaving enzyme with an Fe3+ prosthetic group, whereas C23O (EC 1.13.11.2)
has a catalytic iron ion (Fe2+) in each of its four identical subunits and performs extradiol
cleavage [79]. As shown in Figure 3, C12O is the key enzyme in the catechol ortho-pathway,
initiating an intradiol cleavage reaction of catechol to form cis,cis-muconate (CCMA), with
further processing as described earlier. Similar to the catechol pathway of strains AQ5-05
and AQ5-06, Hong et al. [80] suggested the ortho-pathway for the degradation of catechol
in hydrocarbon-degrading Achromabacter sp. HZ01 isolated from oil-polluted seawater
in the South China Sea, which was predicted using genome sequencing. Moreover, Li
et al. [81] confirmed the predicted ortho-pathway of phenol degradation for Arthrobacter
sulfureus strain XSH(1) based on proteomic analysis.

To validate the pathway of phenol degradation in strain AQ5-06 experimentally, the
two routes for the degradation of phenol via the ortho- and meta-pathways were tested
by quantifying the resulting products. Prior to the enzyme assay, the bacterium was cul-
tured in the presence of phenol to induce the production of catechol dioxygenases. The
catechol degradation pathways of strains AQ5-05 and AQ5-06 were experimentally con-
firmed through enzyme assays of C12O and C23O by measuring the amount of CCMA
and 2-HMSA produced, using colorimetric methods [82–84]. The amounts of CCMA and
2-HMSA formed were determined spectrophotometrically at 260 nm and 370 nm, respec-
tively (Figure 4). The data obtained revealed that only CCMA was produced in the presence
of catechol, consistent with the activity of only the C12O in both strains. The average rates
of CCMA production over 1 h were 0.52 and 0.67 µmol/min, with a maximum specific
activity of the C120 of 24 and 20 U/mg for strains AQ5-05 and AQ5-06, respectively.

The results from both the bioinformatics analysis and enzyme assays confirmed that
both studied strains can degrade phenol via the ortho-pathway. A recent study concluded
that C12O was detected in all of the fifteen cold-adapted phenol-degrading strains isolated
and examined from cold regions, while only eight strains produced C23O [85]. Previ-
ous studies have reported several C12O enzymes produced by members of the genera
Arthrobacter, Acinetobacter, Pseudomonas, and Rhodococcus [83,86–88].
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Figure 4. Formation of cis,cis-muconate and 2-hydroxymuconic semialdehyde by catechol dioxyge-
nases of Arthrobacter sp. strains AQ5-05 (A) and AQ5-06 (B). Error bars represent mean ± standard
deviation for three replicates.

3. Materials and Methods
3.1. Bacterial Culture and Medium

Phenol-degrading Arthrobacter sp. strains AQ5-05 and AQ5-06 were originally iso-
lated from soil obtained on King George Island, South Shetland Islands (maritime Antarc-
tic) [89]. A phenol medium (0.5 g/L) was prepared in 1 L of volume by adding 0.4 g
KH2PO4, 0.2 g K2HPO4, 0.1 g MgSO4, 0.1 g NaCl, 0.01 g MnSO4.H2O, 0.01 g Fe2(SO4)3.H2O,
0.01 g Na2MoO4.H2O, and 0.4 g (NH4)2SO4 to distilled water at pH 7.2. The medium was
autoclaved for 15 min at 121 ◦C. The sterilised medium was then augmented with 0.5 g of
crystalline phenol.
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3.2. Whole Genome Sequencing
3.2.1. Extraction of Genomic DNA

Strains AQ5-05 and AQ5-06 were each cultured in 50 mL of NB in a shaking incubator
at 15 ◦C for 48 h. The cultured broth (1.5 mL) was transferred to an Eppendorf tube
and centrifuged at 15,000× g for 2 min in order to remove the supernatant. Genomic
DNA was extracted using a GeneJET Genomic DNA Extraction Kit (Thermo Scientific,
Waltham, MA, USA) and following the manufacturer’s protocol. The extracted DNA was
examined using 1.0% (w/v) agarose gel electrophoresis stained with 0.5 µg/mL ethidium
bromide (Vivantis, Oceanside, CA, USA) at 100 V for 40 min. Gel electrophoresis was
performed using a Lambda/Hind III marker (Vivantis, Shah Alam, Selangor, Malaysia) as
the ladder to examine the size of the extracted genomic DNA prior to observation of the
gel under UV light. Subsequently, the purity and concentration of extracted genomic DNA
were assessed using a Nanodrop spectrophotometer (Bio-Rad, Hercules, CA, USA). The
extracted genomic DNA of both strains was sent to Japan’s Shizuoka University for whole
genome sequencing.

3.2.2. Genome Sequencing and Assembly

The whole genomes of both strains were sequenced using an Illumina MiSeq platform
(301 base paired-end reads) at the Instrumental Research Support Office, Research Institute
of Green Science and Technology, Shizuoka University, Japan, and the high-quality reads
were then assembled using SPAdes version 3.6.2 [90].

3.2.3. Gene Prediction and Annotation

Gene predictions of the genomes of both strains were performed using Prokka
1.12-beta software [91] and the Expert Review version of the Integrated Microbial Genomes
(IMG/ER) [92]. Interspersed repetitive sequences were predicted using RepeatMasker [93].
Tandem repeats were analysed by a TRF (Tandem repeats finder) [94]. Transfer RNA (tRNA)
genes were predicted by tRNAscan-SE [95]. Ribosomal RNA (rRNA) genes were analysed
by rRNAmmer [96]. Small nuclear RNAs (snRNA) were predicted by BLAST against the
Rfam database [97]. Annotations of the whole genome sequences were performed using the
automated web-based tool, Rapid Annotations using subsystems Technology (RAST) server,
with the SEED database [98]. To screen for genes involved in phenol degradation, the amino
acid sequences were searched against the protein sequence database from the Basic Local
Alignment Search Tool (BLAST) [99], Uniprot [100], the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [101], and Clusters of Orthologous Groups (COG) databases [102].

3.3. Preparation of Cell Extracts

Phenol-degrading bacterial strains were cultured in 10 mL of MSM containing 0.7 g/L
phenol on a shaking incubator at 150 rpm at 15 ◦C for 5 d. Cells (2 mL) were then harvested
by centrifugation at 4500× g for 15 min. This was followed by washing with a 50 mM
phosphate buffer at pH 7.5 and resuspension in 2 mL of the same buffer. Eventually, cells
were disrupted by sonication treatment with 30-s intervals of sonication and 30-s intervals
of interruption for a total of 6 min in an ice-cooled bath [83]. Pellets were removed by
centrifugation at 9000× g for 30 min at 4 ◦C. The collected supernatants were used in the
subsequent enzyme assays [82,86].

3.4. Enzyme Assay of Catechol 1,2 Dioxygenase (C12O) and Catechol 2,3 Dioxygenase (C23O)

Enzyme activity of C12O was determined by adding the cell-free extract (20 µL) to
a 50 mM phosphate buffer (pH 7.5) containing 20 mM Na2EDTA and 50 mM catechol to
give a final volume of 1 mL, according to the protocols previously reported [82–84]. The
enzyme activity of C23O was determined spectrophotometrically at 370 nm, based on the
formation of 2-hydroxymuconic semialdehyde (2-HMS). Product formation was measured
spectrophotometrically for 1 h at 10-min intervals in an ice bath.
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4. Conclusions

Bioinformatics analysis of WGS data was used to predict the pathways of phenol
degradation based on the gene-associated functions in the phenol degradation of two
Antarctic strains of Arthrobacter sp. The studied strains originated from Antarctic soils
and showed phenol degradation activity in cultures at low temperatures, supporting
the potential use of such bacterial strains in future bioremediation protocols for phenol-
contaminated sites in cold regions. Based on genome annotation, a number of genes
involved in the metabolism of aromatic hydrocarbons were predicted in both strains,
consistent with the results of enzymatic analyses which confirmed the presence only of
enzymes in the ortho-pathway of the phenol degradation. Genes encoding cold-shock
proteins and antifreeze proteins were also detected in the genome annotation.
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Abstract: Trans-cinnamic acid and p-coumaric acid are valuable intermediates in the synthesis of
flavonoids and are widely employed in food, flavor and pharmaceutical industries. These products
can be produced by the deamination of L-phenylalanine and L-tyrosine catalyzed by phenylalanine
ammonia lyase or tyrosine ammonia lyase. Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) from
Rhodotorula glutinis do not exhibit strong substrate specificity and can convert both L-phenylalanine
and L-tyrosine. In this study, the PAL was utilized as the whole-cell biocatalyst, and the reaction con-
ditions were optimized, and the production of trans-cinnamic acid and p-coumaric acid of 597 mg/L
and 525 mg/L were achieved with high purity (>98%).

Keywords: trans-cinnamic acid; p-coumaric acid; phenylalanine ammonia-lyase; whole-cell
biotransformation

1. Introduction

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.5) is a key enzyme in the phenylpropane
pathway of higher plants and functioned in the biosynthesis of various secondary metabo-
lites, such as lignans, flavonoids and coumarins [1]. The enzyme is widely found in
plants [2–7], fungi [8–12] and prokaryotes [13]. In plants, PAL is widely present in mono-
cots [4], dicots [5], ferns [6] and algae [7]; in fungi, it mainly exits in Saccharomyces [9,10],
Ascomycetes [11] and Basidiomycetes [12]; and in prokaryotes, such as Streptomycetes [13].
Some species of enzymes, such as Rhodotorula glutinis, can not only catalyze the non-
oxidative deamination of L-phenylalanine (L-Phe) to trans-cinnamic acid and ammonia but
also convert L-tyrosine (L-Tyr) to p-coumaric acid (Figure 1). Therefore, PAL has become
an important therapeutic enzyme being used for the treatment of phenylalanine- and
tyrosine-related complications in recent years [14].
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Figure 1. Reactions catalyzed by Rg-PAL.

PAL has a cofactor named 4-methylideneimidazole-5-one (MIO), which is a prosthetic
group formed by the cyclization and elimination of the translated Ala-Ser-Gly tripep-
tide [14]. Two reaction mechanisms have been proposed for PAL to catalyze amino acid
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deamination. The first is the E1cb mechanism based on the electrophilic attack of the
MIO moiety on the amino group of the substrate [15]. The second is the Friedel-Crafts’s
mechanism with electrophilic attack of MIO on the aromatic ring to eliminate α-NH3 and
β-H from the substrate (Figure 2) [16].
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Trans-cinnamic acid, the first product in the phenylpropane pathway, plays an impor-
tant role in plant growth and development. Trans-cinnamic acid and its derivatives have
been shown not only to be antioxidants but also to treat diseases, such as atherosclerosis
and inflammatory damage [17]. Additionally, trans-cinnamic acid has been found to inhibit
the formation of late glycosylation and products [18–20]. As an essential intermediate in the
flavonoids synthesis pathway, p-coumaric acid exhibited antibacterial, anti-inflammatory
effects and may contribute to the cardiovascular disease prevention [21,22]. Both trans-
cinnamic acid and p-coumaric acid can be obtained via plant extraction, chemical synthesis
and biosynthesis. The biosynthetic method has the advantages of low cost, high yield,
sustainability and environmental friendliness. The promising microbial synthesis method
was chosen to produce trans-cinnamic acid and p-coumaric acid in this work.

In previous work, Liang and co-workers also utilized E. coli BL21(DE3)/pMD18-RgPAL
as a whole-cell catalyst to convert L-Phe and L-Tyr and investigated condition optimization
obtaining 78.81 mg/L of trans-cinnamic acid and 34.67 mg/L of p-coumaric acid [23]. The
recombinant Zea mays phenylalanine ammonia-lyase harboring E. coli BL21(DE3) was em-
ployed as whole-cell biocatalyst to transform L-Phe to trans-cinnamic acid in Zang’ study,
5 g/L trans-cinnamic acid could be obtained from 10 g/L L-Phe under optimized condi-
tions [24]. In Xue’s experiment, Strain DPD5124 expressing PAL/TAL from Phanerochaete
chrysosporium and DPD5154 expressing PAL/TAL from Rhodotorula glutinis were used as
a whole-cell catalyst for the bioconversion of L-Tyr to p-coumaric acid, and the product
yields of p-coumaric acid were achieved to 0.44 g/g dcw/L and 1.14 g/g dcw/L from
50 g/L L-tyrosine after optimizing reaction conditions [25]. The low solubility of tyrosine
is an important reason for the low yield of p-coumaric acid. Based on our previous works,
the catalytic activities of three phenylalanine ammonia-lyase from Zea mays, Rhodotorula
glutinis and Petroselinum crispum were compared to transform L-Phe and L-Tyr. The results
showed that the activity of converting L-Phe was Pc-PAL > Rg-PAL > Zm-PAL. Among
these three enzymes, an excellent conversion of L-Tyr to p-coumaric acid was achieved by
Rg-PAL, while the conversion of L-Tyr was extremely low or even absent with Zm-PAL
and Pc-PAL as biocatalysts. Herein, Glycine-NaOH was chosen as reaction medium and
Rg-PAL harboring E. coli BL21(DE3) as whole-cell biocatalyst for the conversions of L-Phe
and L-Tyr, while other reaction conditions were optimized.
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2. Results
2.1. Optimization of Temperature

The reaction temperature is an important parameter affecting the catalytic reaction;
either higher or lower temperature will affect the enzymatic efficiency, and appropriately
increasing the temperature can reduce the viscosity of the mixture and enhance opportuni-
ties for the enzyme to collide with the substrate [26,27]. Rg-PAL was reacted with L-Phe
and L-Tyr at different temperatures, ranging from 20 to 50 ◦C. The results are shown in the
Figure 3. Although the enzyme was still highly active at 50 ◦C, the reaction temperature of
42 ◦C was finally chosen considering the stability and reusability of whole cells.
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Figure 3. Effect of temperature on conversion of L-Phe and L-Tyr to trans-cinnamic acid and p-
coumaric acid by E. coli BL21(DE3)/pETDuet-1-RgPAL. Reaction conditions: Time: 24 h; Medium:
pH 9.0 10 mM Glycine-NaOH; L-Phe and L-Tyr 1 mg/mL; Cell amounts: 6.67 g/L.

2.2. Optimization of Time

The duration of whole-cell catalysis has an essential effect on the reaction. If the
reaction time is too short, the reaction will be incomplete. With too long a reaction time,
product inhibition may occur and affect products’ yields. The experiment investigated
the effect of conversion time on the synthesis of products and the results were shown
in Figure 4. When L-Phe was the substrate, the peak yield of trans-cinnamic acid was
553 mg/L for 20 h; when L-Tyr was the substrate, the yield of p-coumaric acid was up to
393 mg/L for 24 h.
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Figure 4. Effect of time on conversion of L-Phe and L-Tyr to trans-cinnamic acid and p-coumaric acid
by E. coli BL21(DE3)/pETDuet-1-RgPAL. Reaction conditions: Temperature: 42 ◦C; Medium: pH 9.0
10 mM Glycine-NaOH; L-Phe and L-Tyr 1 mg/mL; Cell amounts: 6.67 g/L.
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2.3. Optimization of Buffer Concentration

The amino acid deamination reaction occurs under alkaline conditions, and Glycine-
NaOH was chosen as the reaction media in this study. Glycine, a non-polar amino acid, has
both acidic and basic groups, is ionizable in water, and is highly hydrophilic. The polarity
of the solution was changed by adjusting the addition of glycine in order to provide the
ideal reaction environment for the substrate and enzyme. In this study, the impact of
different glycine additions, ranging from 0 to 50 mM on the whole-cell catalytic reaction
was evaluated at pH 9.0. Results were presented in Figure 5, the peak productions of
trans-cinnamic acid and p-coumaric acid were 538 mg/L and 419 mg/L, respectively, at pH
9.0 20 mM Glycine-NaOH, respectively.
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Figure 5. Effect of buffer concentration on conversion of L-Phe and L-Tyr to trans-cinnamic acid and
p-coumaric acid by E. coli BL21(DE3)/pETDuet-1-RgPAL. Reaction conditions: Temperature: 42 ◦C;
Medium: pH 9.0 Glycine-NaOH; L-Phe and L-Tyr 1 mg/mL; L-Phe conversion time: 24 h and L-Tyr
conversion time: 20 h; Cell amounts: 6.67 g/L.

2.4. Optimization of pH

Changes in pH of the reaction medium can affect the charge density and molecular
structure of the cell surface of enzyme molecules, resulting in changes in the rate and exit of
substances into and out of the cell and in the catalytic efficiency of the enzyme. Therefore, it
is important to regulate the pH of reaction medium. In this study, the effect of different pH
(8.0–12.0) on the catalytic reaction of whole-cell was investigated. The results were shown
in Figure 6. The maximum yield of trans-cinnamic acid was 552 mg/L at pH 10.0 and that
of p-coumaric acid reached 455 mg/L at pH 11.0.
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2.5. Optimization of Cell Amount

As a biocatalyst, the rate of reaction catalyzed by free cells directly depends on the
concentration of cells, and, as shown from Figure 7, the rate of product generation catalyzed
by cells increases linearly when the concentration of cells is relatively low. The production
of trans-cinnamic acid and p-coumaric acid reached the maximum value of 595 mg/L and
525 mg/L when the amount of the cell increased to 10 g/L. The reaction rate decreased
when the cell amount was higher than 10 g/L. The reason was that the cell concentration
was too high and the cells clustered with each other, which reduced the opportunity for the
active center of the enzyme in the cells to contact with the substrate, leading to a decrease
in the catalytic reaction rate.
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L-Phe conversion time: 24 h and L-Tyr conversion time: 20 h Medium: L-Phe in pH 10 20 mM
Glycine-NaOH and L-Tyr in pH 11 20 mM Glycine-NaOH; L-Phe and L-Tyr 1 mg/mL.

2.6. Reusability

In the batch reactions, the cells were collected by centrifugation, washed with pH 7.4
10 mM PBS buffer three times and reused for the next batch after the previous reaction
ended. As shown in Figure 8, E. coli BL21(DE3)/pETDuet-1-RgPAL can be used for at
least five cycles. With the increasing use of whole cells, the yield of trans-cinnamic acid
decreased from 597 mg/L to 294 mg/L and the production of p-courmic acid reduced from
525 mg/L to 172 mg/L. Therefore, E. coli BL21(DE3)/pETDuet-1-RgPAL is a promising
strain for production of trans-cinnamic acid and p-coumaric acid.
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3. Discussion

Due to low solubility of L-tyrosine, Glycine-NaOH was chosen as the reaction medium
to provide a more favorable reaction environment for the formation of p-coumaric acid
by altering the glycine concentration. After optimizing reaction conditions, the product
yields of trans-cinnamic acid and p-coumaric acid were 597 mg/L and 525 mg/L using
free whole-cells as catalysts. Additionally, the catalytic activity of whole-cells remained
well after five cycles under optimal reaction conditions. In further studies, the immobilized
whole cells or enzymes as a catalyst will be utilized to produce trans-cinnamic acid and
p-coumaric acid. Based on the optimized reaction conditions, we aim to further increase the
enzyme activity through molecular modifications to achieve higher yields of products. Two
reaction mechanisms of PAL have been reported so far. In the molecular docking results,
some results were found to be more consistent with the Friedel–Crafts’s mechanism, while
others were more compliant with the E1cb mechanism (see in Supplementary Materials).
According to this feature, targeted mutagenesis can be performed to improve the enzyme
activity. In addition, the aim of improving their catalytic activity and reusability, as well as
reducing the production cost, will be achieved.

4. Materials and Methods
4.1. Bacterial Strains and Plasmids

All bacterial strains and plasmids used in this study were listed in Table 1. E. coli DH5α
was used to propagate plasmid. E. coli BL21(DE3) was used for functional expression of
constructed plasmid. The E. coli BL21(DE3) harboring pETDuet-1-RgPAL was constructed
by our laboratory.

Table 1. Strains and plasmids used in this study.

Names Characteristics Source

Plasmid
pETDuet-1 pBR322ori with PT7; AmpR Novagen

pETDuet-1-Rg-PAL pETDuet-1 with Rg-PAL This study
Strain

E. coli DH5α ∆Lac U169 (Φ80 Lac Z ∆M15) Invitrogen
E. coli BL21(DE3) F-ompT hsdS (rB-mB-) gal dcm (DE3) Invitrogen

4.2. Media and Cultivations

The engineered strains were precultured overnight at 37 ◦C in 3 mL LB liquid medium
with ampicillin (100 mg/L), and then the preculture was inoculated into 30 mL LB liquid
medium supplemented with ampicillin (100 mg/L) in 150 mL shake flasks at 1% of inocu-
lum and grown at 37 ◦C again shaking at 180 rpm. When the culture reached an optical
density of 0.6–0.8 at 600 nm, IPTG was added at a final concentration of 0.2 mM to induce
gene expression and the cultivation was continued for additional 10 h at 37 ◦C and 180 rpm.

4.3. Whole-Cell Biotransformation of L-Phe to Trans-Cinnamic Acid and L-Tyr to p-Coumaric Acid
by E. coli BL21(DE3)/pETDuet-1-RgPAL

E. coli BL21(DE3)/pETDuet-1-RgPAL was grown and induced with a final concen-
tration of 0.2 mM IPTG. After induction at 37 ◦C for 10 h, the cells were collected by
centrifugation and washed with 10 mM PBS buffer (8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4
and 0.24 g KH2PO4 dissolved in 1 L distilled water, pH 7.4) three times. Whole-cell bio-
transformation was performed in 150 mL Erlenmeyer flasks with 30 mL of the reaction
mixtures containing Glycine-NaOH buffer, recovered cells and 1 mg/mL substrates under
different conditions. In order to obtain higher yields of trans-cinnamic acid and p-coumaric
acid, the reaction conditions were optimized. All experiments were carried out in triplicate
and the mean values were calculated. The standard deviation for each test was calculated
with excel and indicated as error bars.
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4.4. Analytical Methods

Cell densities of cultures were determined by measuring their absorbance at 600 nm
with a 2800 UV/visible spectrophotometer [UNICO (Shanghai) INSTRUMENT]. For analy-
sis of trans-cinnamic acid and p-coumaric acid, the reaction mixtures were centrifuged at
3500× g for 10 min, and supernatants were collected to analyze the product concentration
by HPLC using a Wondasil C18 Superb column (250 mm × 4.6 mm, 5 µm) with the column
temperature of 30 ◦C. To detect the formation of trans-cinnamic acid, we used a solution
(50% of 1% acetic acid and 50% of acetonitrile) as mobile phase at flow rate of 0.7 mL/min.
The detection wavelength was set at 290 nm. To analyze the production of p-coumaric
acid, the HPLC was eluted with the solution (60% of 0.1% formic acid and 40% of methyl
alcohol) as mobile phase at flow rate of 0.6 mL/min. The detection wavelength was set at
310 nm. Meanwhile, the supernatants after centrifugation were adjusted to pH 4.2 by HCl
and allowed to stand at room temperature for 30 min, then the acidified supernatants were
centrifuged again to separate the trans-cinnamic acid precipitate. The supernatants after
centrifugation were adjusted to pH 4.6 by H3PO4 to obtain p-coumaric acid and other steps
were same as the isolation of trans-cinnamic acid.

5. Conclusions

Rg-PAL-harboring E. coli BL21(DE3) as the whole-cell biocatalyst, the productions of
trans-cinnamic acid and p-coumaric acid reached to 597 mg/L and 525 mg/L, respectively,
via optimizing reaction conditions. After the cells were repeatedly tested five times, the
enzyme still had good catalytic activity. This engineered strain is a potential strain to
produce trans-cinnamic acid and p-coumaric acid for industrial applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12101144/s1, Figure S1: The molecular docking results of PAL and L-Phe, Figure S2:
Solubilities of L-Phe and L-Tyr in NaOH, Gly-NaOH and Na2CO3.NaHCO3 at pH 10, Figure S3:
Results of two rounds transformation of trans-cinnamic acids and p-coumaric acid, Figure S4: The
standard curves for quantification of the product concentration, Figure S5: The HPLC graph of
trans-cinnamic acid and p-coumaric acid.
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Abstract: The short-chain dehydrogenase/reductase (SDR) from Empedobacter brevis ZJUY-1401
(EbSDR8, GenBank: ALZ42979.1) is a promising biocatalyst for the reduction of acetophenone
to (R)-1-phenylethanol, but its industrial application is restricted by its insufficient tolerance to
acetophenone. In this paper, we developed a chromogenic reaction-based high-throughput screening
method and employed directed evolution to enhance the acetophenone tolerance of EbSDR8. The
resulting variant, M190V, showed 74.8% improvement over the wild-type in specific activity when
catalyzing the reduction of 200 mM acetophenone. Kinetic analysis revealed a 70% enhancement in
its catalytic efficiency (kcat/Km). Molecular docking was conducted to reveal the possible mechanism
behind the improved acetophenone tolerance, and the result implied that the M190V mutation is
conducive to the binding and release of coenzyme. Aside from the improved catalytic performance
when dealing with a high concentration of acetophenone, other features of M190V, such as a broad
pH range (6.0 to 10.5), low optimal cosubstrate concentration (1% isopropanol), and a temperature
optimum close to that of E. coli cells (35 ◦C), also contribute to its practical application as a whole-cell
catalyst. In this study, we first designed a directed evolution means to engineer the enzyme and
obtained the positive variant which has a high activity under high concentrations of acetophenone.
After that, we optimized the catalytic performance of the variant to adapt to industrial applications.

Keywords: acetophenone tolerance; whole-cell catalyst; directed evolution; (R)-1-phenylethanol;
short-chain dehydrogenase/reductase

1. Introduction

The growing demand for chiral pharmaceuticals, flavors, agrochemicals, and func-
tional materials in the past few decades have led to increasing interest in the production
of optically pure enantiomers [1–3]. One of the most popular building blocks is the enan-
tiomerically pure chiral alcohols, which are mainly prepared by chemical transformation or
biotransformation at present [4]. Biological transformation is a sustainable and ‘green’ tech-
nique featured by remarkable stereoselectivity, mild reaction conditions, and environmental
friendliness [5–7]. Furthermore, the theoretical yield for biocatalytic asymmetric reduction
of prochiral ketones reaches 100% [8–10]. By increasing the size of the substrate-binding
pocket and eliminating steric repulsion, the medium-chain dehydrogenase (MDR) from
Candida parapsilosis was engineered to accept more space-demanding substrates with im-
proved catalytic efficiency (Wang et al., 2014). The carbonyl reductase YueD derived from
Bacillus subtilis was transformed by molecular docking and alanine screening technology, a
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mutant V181A was screened out, and the conversion rate of m-bromoacetophenone was
increased from 61% of the wild-type to 97% (Naeem, M et al., 2018). By providing a suit-
able substrate binding pocket for the enzyme starting from the configuration of the target
product, efficient asymmetric reduction mutants of o-halogenated acetophenones, pheny-
lacetone, aromatic ketone ester, and diarylketone were designed with >99% conversion and
>98% ee (Su et al., 2019).

Recently, short-chain dehydrogenases/reductases(SDRs) have attracted increasing
attention ascribed to their broad substrate spectrum, considerable thermostability, and tol-
erance against organic solvents when applied in the asymmetric reduction of carbonyl com-
pounds [11–14]. Among these enzymes, EbSDR8 has been reported as a powerful biocatalyst
for the stereoselective production of anti-Prelog alcohols [1]. The EbSDR8G94A/L153I/Y188A/Y202M

was applied in the asymmetric bioreduction of 3-chloro-1-phenyl-1-propanoneto gener-
ate the important chiral drug intermediate (R)-3-Chloro-1-phenyl-1-propanol, which is
widely used in the synthesis of antidepressant drugs and premature ejaculation drugs [15].
However, it shows limited tolerance to a high concentration of acetophenone. Therefore,
improving the substrate tolerance is of significant importance for the industrialization of
EbSDR8. Directed evolution has been extensively used as a potent tool for the modification
of complex properties such as thermostability [16], organic solvent (toluene) tolerance [17],
product (ethanol) tolerance [18], and substrate (acetate) tolerance [19]. However, a suitable
and efficient high-throughput screening (HTS) method is a necessity.

In the present study, to facilitate the directed evolution of EbSDR8 for improved ace-
tophenone tolerance, we developed an HTS method by adopting the chromogenic reaction
depicted in Figure 1a. Acetophenone is catalyzed by EbSDR8 to form (R)-1-phenylethanol,
accompanied by oxidation of NADH to NAD+, and the hydrogen of NADH is meanwhile
transferred by phenazine methosulfate (PMS) to thiazolyl blue tetrazolium bromide (MTT),
generating the blue-violet formazan. The UV absorption of formazan is recorded at 575
nm, which can then be easily converted to NADH concentration, and finally, the concentra-
tion of (R)-1-phenylethanol formed can be calculated based on the NADH consumed [20].
Based on this method, the error-prone PCR library of EbSDR8 was transformed into E. coli
BL21 and screened for positive mutants with improved performance at high acetophenone
concentration. The underlying mechanism responsible for the enhanced acetophenone
tolerance was then analyzed by molecular docking. Finally, the impacts of cosubstrate,
pH, and temperature on the whole cell-catalyzed bioreduction of acetophenone using the
mutant were investigated.
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Figure 1. Development of the HTS method. (a). Principle of the HTS method. MTT, thiazolyl blue
tetrazolium bromide; PMS, phenazine methosulfate. (b). The color variance of reaction mixture
containing different concentrations of NADH. (c). The linear range of the measurement.

2. Results and Discussion
2.1. High-Throughput Screening Method and Activity Assay of the Mutants

To verify the linearity between the NADH concentration and the color variance, so
as to validate the HTS method developed, NADH (0–4 mM) with different concentrations
was added to the reaction system (Figure 1b). The results showed that the color turned
blue-violet with increasing NADH amount, and the change of color was visible to the naked
eye. Furthermore, the blue-violet formazan was quantified by recording the absorbance
at 575 nm (Abs575) [20] of the reaction systems in Figure 1b with a microplate reader. The
linear range of the measurement outcome in accordance with NADH is shown in Figure 1c
(y = 0.0615x + 0.0148, R2 = 0.99). Therefore, if the value of Abs575 is within the linear range,
we can compute the NADH amount using this standard curve. Since the bioreduction of
acetophenone consumes NADH, a lower NADH amount indicates higher catalytic activity.

Based on the HTS method, directed evolution of EbSDR8 was conducted, and screening
of about 10,000 mutants resulted in a positive mutant, M190V. Subsequent saturation
mutagenesis with M190V as a template generated two mutants, M190F and M190W, with
higher specific activity than the wild-type but not as high as that of M190V (Figure 2).
Therefore, M190V was chosen for further study. As shown in Figure 2, the mutant M190V
demonstrated 74.8% activity improvement in the reduction of 200 mM acetophenone as
compared with the wild-type. This is consistent with the kinetic results in Table 1. The Km
value of the mutant M190V was 8% lower than that of the wild-type (4.57 vs. 4.95 mM),
whereas the catalytic efficiency (kcat/Km) of M190V was 70% higher than that of the wild-
type (870 vs. 511 s−1 M−1). Therefore, the improved specific activity of the mutant can be
commendably explained by these kinetics.

Table 1. Apparent kinetic parameters of the wild-type and the mutant M190V.

Mutants Km (mM) Kcat (s−1) Kcat/Km (S−1M−1)

Wild-type 4.95 2.53 511
M190V 4.57 3.98 870
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Figure 2. The specific activity of the wild-type and the mutants of M190X measured with purified
proteins. Reaction conditions: 500 µL reaction media consisting of sodium phosphate buffer (100 mM,
pH 7.5) and 50 µL pure protein, 5 mM NADH, 1% isopropanol, 200 mM of acetophenone, 30 oC, and
10 min. Error bars indicate the standard deviation.

2.2. Comparative Structure Analysis of the Mutant M190V and the Wild-Type

To gain insight into the molecular basis for the activity enhancement in acetophenone
reduction, molecular dynamics simulations were conducted. The substrate-enzyme com-
plexes of acetophenone and wild-type EbSDR8 or the variant M190V were employed as
representative models (Figure 3a,b). On the basis of the suggested catalytic mechanism
of SDR, the C4 atom in the nicotinamide ring of NADH and the hydroxy group of Tyr156
donate their hydrogen atoms to the carbon and oxygen atoms of the carbonyl group of the
substrate acetophenone, respectively [21,22]. Moreover, the orientation of acetophenone
ensures that NADH delivers its hydride to the Si face of acetophenone to produce (R)-1-
phenylethanol, following antiPrelog’s rule (Figure 3c). Compared with the wild-type, the
M190V mutation in the variant resulted in altered protein flexibility, giving the coenzyme
more space to select the appropriate conformation, which was conducive to the binding
and release of the coenzyme, and thus improved the acetophenone tolerance. Compared
with rational design, one of the greatest benefits of directed evolution is the ability to find
important amino acids that are not predictable based on the known protein structure or
reaction mechanism [23].
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Figure 3. Wild-type EbSDR8-acetophenone complex models. (a). Complex models of acetophenone
and wild-type EbSDR8. (b). Variant M190V-acetophenone complex models. (c). Binding pose of the
complex models of acetophenone and the wild-type EbSDR8 or variant M190V. The wild-type EbSDR8
complex is shown in gold ribbons, while the variant M190V complex is shown in cyan ribbons.
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2.3. Process Optimization of the M190V Whole-Cell-Catalyzed Asymmetric Reduction
of Acetophenone

The whole-cell stereoselective biological reduction system consists of two parallel
reactions, the asymmetric reduction of carbonyl compounds catalyzed by reductase accom-
panied by oxidation of reduced cofactors, and the regeneration of the reduced cofactor
through the dissimilatory metabolism of a cosubstrate [24]. In such a cofactor regenera-
tion recycling system, the cosubstrate is of significant importance and is essential for the
sequential proceeding of biocatalytic reduction [25,26]. Isopropanol has been identified as
a suitable cosubstrate in our previous work [1]. In order to find out the ideal isopropanol
concentration in the M190V-catalyzed high-concentration acetophenone system, the in-
fluence of isopropanol concentration on the asymmetric reduction of acetophenone was
subsequently tested. As illustrated in Figure 4a, when adding 1% isopropanol to the re-
action system, the conversion increased from 9.73% to 23.66%, manifesting the effective
utilization of isopropanol for cofactor recycling by the recombinant whole-cell system.
However, further elevation of isopropanol concentration (up to 6%) negatively influenced
the acetophenone conversion. Nevertheless, the conversion was still higher than the
cosubstrate-free control when the isopropanol concentration was not higher than 5%.
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Figure 4. Characterization of EbSDR8 mutant M190V. Reaction condition: isopropanol, 0.025 g wet
resting cells, 200 mM of acetophenone, and 500 µL reaction mixture. Error bars indicate the standard
deviations. (a). The effect of isopropanol concentration (0–6%) on the M190V whole-cell-catalyzed
asymmetric reduction of acetophenone. (b). The effect of temperature (20–45 ◦C) on the M190V
whole-cell-catalyzed asymmetric reduction of acetophenone. (c). The effect of buffer pH (citrate
buffer, 5.5–6.5; Sodium phosphate buffer, 6.5–8.5; glycine-NaOH buffer, 8.5–10.5) on the M190V
whole-cell-catalyzed asymmetric reduction.

The reaction temperature is another key factor in biocatalysis [27]. As illustrated in
Figure 4b, when the temperature rose from 20 ◦C to 35 ◦C, the conversion dramatically
increased from 4.03% to 31.69%, but with further rising of the temperature to 45 ◦C, the
conversion rate decreased. Nevertheless, the conversion of the acetophenone was main-
tained above 10.24% at a temperature as high as 45 ◦C, indicating the good thermostability
of M190V.

In addition, variation of pH has been extensively shown to affect the activity of the
biocatalyst [27]. To determine the optimal pH for the acetophenone asymmetric bioreduc-
tion system using M190V, a range of buffers was used, with pH varying from 5.5 to 10.5.
As illustrated in Figure 4c, when the buffer pH increased from 5.5 to 6, the conversion of
acetophenone was obviously improved, and relatively high conversions (24.38–34.79%)
were obtained over a pH range of 6.5–10.5. The highest conversion was recorded in sodium
phosphate buffer (pH 7.5). The considerable capability of M190V whole cells in catalyzing
the reduction of acetophenone to (R)-1-phenylethanol over such a wide pH range (5.5–10.5)
is of significance for its practical application. In fact, biocatalysts with such extraordinary
pH adaptability are still few [28,29].
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2.4. Time Course Study on the M190V Whole-Cell-Catalyzed Asymmetric Reduction
of Acetophenone

To determine the maximum conversion that could be achieved by the asymmetric
bioreduction of acetophenone using M190V whole cells, a time course study was conducted.
As illustrated in Figure 5, under the optimal reaction condition, the conversion reached
87.52% by 135 min, whereas the conversion of the wild-type under the same condition was
only 68.65% by the end (Figure 5). This result further demonstrated the improved catalytic
performance of M190V at a high concentration of acetophenone.

Catalysts 2022, 12, x FOR PEER REVIEW 6 of 10 
 

 

increased from 4.03% to 31.69%, but with further rising of the temperature to 45 °C, the 

conversion rate decreased. Nevertheless, the conversion of the acetophenone was main-

tained above 10.24% at a temperature as high as 45 °C, indicating the good thermostability 

of M190V. 

In addition, variation of pH has been extensively shown to affect the activity of the 

biocatalyst [27]. To determine the optimal pH for the acetophenone asymmetric bioreduc-

tion system using M190V, a range of buffers was used, with pH varying from 5.5 to 10.5. 

As illustrated in Figure 4c, when the buffer pH increased from 5.5 to 6, the conversion of 

acetophenone was obviously improved, and relatively high conversions (24.38–34.79%) 

were obtained over a pH range of 6.5–10.5. The highest conversion was recorded in so-

dium phosphate buffer (pH 7.5). The considerable capability of M190V whole cells in cat-

alyzing the reduction of acetophenone to (R)-1-phenylethanol over such a wide pH range 

(5.5–10.5) is of significance for its practical application. In fact, biocatalysts with such ex-

traordinary pH adaptability are still few [28,29]. 

2.4. Time Course Study on the M190V Whole-Cell-Catalyzed Asymmetric Reduction of 

Acetophenone  

To determine the maximum conversion that could be achieved by the asymmetric 

bioreduction of acetophenone using M190V whole cells, a time course study was con-

ducted. As illustrated in Figure 5, under the optimal reaction condition, the conversion 

reached 87.52% by 135 min, whereas the conversion of the wild-type under the same con-

dition was only 68.65% by the end (Figure 5). This result further demonstrated the im-

proved catalytic performance of M190V at a high concentration of acetophenone. 

 

Figure 5. Time courses of M190V and wild-type EbSDR8 whole-cell-catalyzed asymmetric reduction 

of acetophenone. Reaction condition: 1% isopropanol, 0.05 g wet resting cells, and 200 mM of ace-

tophenone in 500 μL reaction mixture, 35 °C. The conversion of wild-type EbSDR8 is shown in red 

circles, while that of the variant M190V is shown in black squares. Error bars indicate the standard 

deviations. 

3. Materials and Methods  

3.1. Materials 

The short-chain dehydrogenase EbSDR8 was deposited in the native laboratory [1]. 

The plasmid pET30a (Novagen) was used as an expression vector, and E. coli strain BL21 

(DE3) was employed as the expression host. EasyTaq DNA polymerase was purchased 

from TransGen Biotech Ltd. (Beijing, China). Restriction endonucleases (BamHI and XhoI) 

Figure 5. Time courses of M190V and wild-type EbSDR8 whole-cell-catalyzed asymmetric reduction
of acetophenone. Reaction condition: 1% isopropanol, 0.05 g wet resting cells, and 200 mM of
acetophenone in 500 µL reaction mixture, 35 ◦C. The conversion of wild-type EbSDR8 is shown in red
circles, while that of the variant M190V is shown in black squares. Error bars indicate the standard
deviations.

3. Materials and Methods
3.1. Materials

The short-chain dehydrogenase EbSDR8 was deposited in the native laboratory [1].
The plasmid pET30a (Novagen) was used as an expression vector, and E. coli strain BL21
(DE3) was employed as the expression host. EasyTaq DNA polymerase was purchased from
TransGen Biotech Ltd. (Beijing, China). Restriction endonucleases (BamHI and XhoI) and
T4 DNA ligase were purchased from TaKaRa (Dalian, China). Primers were synthesized in
Sangon Biotech Ltd. Chemical reagents used in the experiments were all analytical grade
and obtained from local companies.

3.2. Error-Prone PCR and Construction of Mutant Library

The error-prone PCR reaction mixture (50 µL) was made up of 10 × EasyTaq buffer
(5 µL), dNTPs (2.5 mM, 4 µL), ddH2O (30 µL), template plasmid (1 µL), forward primer
(5’-GCTGAGGATCCATGTCAATATTAAAAGATAAGGTAGC-3’) (10 µM, 2 µL), reverse
primer (5’-GCATCCTCGAGTTAAACTGCTGTATATCCTCCATC-3’) (10 µM, 2 µL), Mn2+

(1 mM, 5 µL), and EasyTaq DNA polymerase (5 U/µL, 1 µL). The PCR program was as
follows: a denaturation step of 3 min at 94 ◦C, followed by 30 cycles of 30 s denaturation
at 94 ◦C, 30 s annealing at 55 ◦C, and 1 min elongation at 72 ◦C. After double digestion
with BamHI and XhoI, the error-prone PCR product was ligated with the expression vector
pET30a and then transformed into E. coli BL21 (DE3) competent cells. Finally, the cells were
cultured overnight at 37 ◦C on LB agar plates (containing 50 µg/mL kanamycin), creating
the EbSDR8 mutant library.
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3.3. High-Throughput Screening

The single colonies of EbSDR8 mutants were selected into conical deep 96-well plates
containing 400 µL LB media supplemented with 50 µg/mL of kanamycin. Then, the 96-
well plates were shaken at 200 rpm and 37 ◦C for about 16 h. Subsequently, 10 µL of each
culture were transferred into a new 96 deep-well plate, with each well containing 500 µL LB
media supplemented with 50 µg/mL of kanamycin. The daughter plates were incubated
for 2 h in the same condition as above. In order to induce enzyme expression, isopropyl
β-D-1-thiogalactopyranoside (IPTG) was added to obtain a final concentration of 0.1 mM.
After 6 h incubation at 26 ◦C, cells were harvested by centrifugation at 4000 rpm for 15 min.
Then, cells were lysed at 37 ◦C after being supplemented with 250 µL lysis buffer (100 mM
Na2HPO4-NaH2PO4 buffer, 5 mM MgCl2, 250 mg/mL lysozyme, pH 7.5). After 2 h, the
cells were pelleted by centrifugation at 4000 rpm for 15 min, and 70 µL of the supernatant
was transferred to 96-well microplates. Then, 10 µL of 20 mM NADH and 10 µL of 2 M
acetophenone were added into each well of the microplate, followed by 10 min incubation
at 30 ◦C, and the addition of 10 µL of color agent (4.2 mM MTT, 16.6 mM PMS, and the
MTT:PMS = 1:2). Then, the UV absorption was determined at 575 nm using a microtiter
plate reader [20]. Finally, the variants giving lower absorbance than the wild-type were
selected for further verification.

3.4. Enzyme Activity Assay and Kinetic Characterization

The crude enzyme samples of the wild-type and positive mutants were prepared
by cell lysis, as described above in Section 2.3., and then purified with a Ni2+-charged
His-tag affinity column (GE Healthcare) following the manufacturer’s instructions. The
concentrations of the protein were measured using the Bradford method [30] with BSA as
the protein standard. The amount of enzyme catalyzing the oxidation of 0.3 mM NADH
per minute under measurement conditions was defined by one unit of enzyme activity.
Enzyme kinetic parameters were obtained using different acetophenone concentrations,
and the constants were computed from the Lineweaver–Burk double-reciprocal plot [31].

3.5. Characterization of EbSDR8 Mutant

Using acetophenone as substrate, the catalytic properties of EbSDR8 mutant were
analyzed. The biotransformations were carried out at 220 rpm, 30 ◦C. In total, 200 mM
acetophenone, Na2HPO4-NaH2PO4 buffer (100 mM, pH7.5), and 0.025 mg of EbSDR8
mutant in a total volume of 500 µL constituted the standard reaction mixture. Samples
were extracted with ethylacetate for about 2 min, then dried over the organic layer using
anhydrous Na2SO4. Eventually, the conversion was measured by chiral gas chromatog-
raphy(GC) analyses. In order to ensure the accuracy of the results, all experiments were
conducted in triplicate.

The influence of isopropanol concentration on the asymmetric reduction of acetophe-
none was investigated with an isopropanol concentration varying from 0–6%. The effects
of reaction temperature and pH were determined in a temperature range of 20 ◦C to 45 ◦C
and a pH range of 5.5–10.5 (100 mM buffers: citrate buffer pH 5.5–6.5, sodium phosphate
buffer pH 6.5–8.5, glycine-NaOH buffer pH 8.5–10.5).

3.6. Analytical Methods

Quantification of acetophenone and 1-phenylethanol was performed on a GC-9790
gas chromatography system (Fuli, Wenling, China) equipped with an FID detector using
nitrogen as the carrier gas. The injector and detector temperature were both set to 240 ◦C.
Acetophenone and 1-phenylethanol were separated by a chiral capillary column Cyclodex-
B (Agilent, Santa Clara, CA, USA, 30 m × 0.32 mm, 0.25 µm film thickness) at 120 ◦C, and
the retention times were as follows: acetophenone (4.86 min), (R)-1-phenylethanol (7.04
min), and (S)-1-phenylethanol (7.41 min).
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3.7. Molecular Simulation

The processor used was Intel(R)Core(TM)i5-7300HQ CPU @2.50 GHz. The display
adapter was the NVIDIA GeForce GTX 1050. The wild-type structure of short-chain
dehydrogenase/reductase EbSDR8 was obtained by homology modeling (MODELER) [32],
and the modeling of the mutant was performed using Swiss-Pdb Viewer 4.03. The receptor
model was built using MGLTools 1.5.6, and the ligand model was constructed using
ChemOffice 2014. The docking tests of the wild-type and variant towards acetophenone
were conducted with AutoDock Vina 1.1.2. During the process of molecular docking,
the center is the binding site of small molecule ligands in the tripartite structure of the
protein. The Grid Box size was set to 60, 60, and 60, the grid interval was the default
value of 0.375 Å, and the other parameters were set to default. Using the parameter
files generated by Autogrid, the default settings of the genetic algorithm were selected,
and 300 configurations were run for selection. The optimal protein-substrate docking
concomplex was selected based on the catalytic mechanism and conformational energy.

4. Conclusions

In this paper, we established a colorimetric HTS method for acetophenone bioreduction
and used this method to facilitate the directed evolution of the short-chain dehydroge-
nase/reductase EbSDR8. A positive mutant, M190V, with a 74.8% improvement in specific
activity towards 200 mM acetophenone was obtained. Aside from the enhanced acetophe-
none tolerance, M190V was also shown to have many other qualities regarding its practical
application as a whole-cell biocatalyst, including a broad pH range, moderate reaction tem-
perature, and low optimal cosubstrate concentration. A comparative molecular simulation
study of the mutant and the wild-type indicated that the enhanced acetophenone tolerance
could probably be attributed to the improved binding and release of coenzyme. Further-
more, directed evolution is proven to be helpful in creating mutants that are not predictable
by the rational design of protein, and is therefore particularly suitable for modification
of complex enzymatic properties such as substrate/product tolerance and environmental
tolerance. However, mutants that may have more advantages in this random screening
method were not detected, so they still need to be studied in the future. In future industrial
production, attention should be paid to the catalytic capacity under the condition of a high
concentration of chiral ketone, and the carbon source, nitrogen source, pH, inoculation
capacity, fermentation temperature, fermentation speed, and fermentation cycle should
still be optimized, so as to improve the expression of the enzyme protein to improve the
catalytic activity of the unit cell.
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Abstract: The mycelium biofloc bioaugmented by Cordyceps strain C058 effectively purifies water,
which may be related to the synthesis of extracellular polymer substances. To verify this conjecture,
we analyzed the changes in extracellular polymer substances content in the mycelium biofloc under
various hydraulic retention times (36 h, 18 h, and 11 h). The microstructure and microflora compo-
sition were analyzed using a scanning electron microscope and high-throughput sequencing. The
ordinary biofloc without bioaugmentation was taken as a control. The results showed that under
the above hydraulic retention time, the extracellular polymer substances contents of the mycelium
biofloc were 51.20, 55.89, and 33.84 mg/g, respectively, higher than that of the ordinary biofloc (14.58,
15.72, and 18.19 mg/g). The protein content or the polysaccharide content also followed the same
trend. Meanwhile, the sedimentation performance of the mycelium biofloc was better than that of
the ordinary biofloc, attributed to the content of the extracellular polymer substances. It is worth
noting that C058 is the main biofloc content, which promotes the synthesis of extracellular polymer
substances in the mycelium biofloc. Other functional microorganisms in the mycelium biofloc were
Janthinobacterium, Phormidium, Leptolyngbya, Hymenobacter, and Spirotrichea, which also promote the
synthesis of extracellular polymer substances.

Keywords: C058; mycelium biofloc; extracellular polymeric substances; microcosmic structure;
microflora composition

1. Introduction

Extracellular polymeric substances (EPS) are sticky polymers secreted by microorgan-
isms through metabolism and cell autolysis [1]. They contain proteins (PN), polysaccharides
(PS), humic acid, and nucleic acids [2,3]. PN and PS are the main EPS constituents, account-
ing for about 70–80% of the total EPS [4]. Because EPS promote adhesion and aggregation
between microbial cells [5], and their content can affect the properties of flocs, such as
flocculation capacity, settling performance, surface charge, and microbial community struc-
ture [6–8], EPS are key substances that determine the physical, chemical, and biological
properties of flocs, and thus the water purification performance. Biofloc technology (BFT)
is widely used in aquacultural tailwater purification. Zoogloea and filamentous bacteria
are the core of ordinary biofloc (OBF). They adhere to bacteria, fungi, algae, protozoa, and
organic polymers, forming structurally diverse flocs using secreted extracellular polymer
substances [9]. OBF removes ammonium nitrogen, total nitrogen, and total phosphorus
from water through microbial assimilation and nitrification [10] and removes organic mat-
ter from water through biological adsorption [11]. Recent studies have shown that the
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bioaugmented biofloc efficiently purifies water, but the mechanism is not clearly described,
in particular, the EPS synthesis [12–14].

Cordyceps sp. belongs to phylum Ascomycota, class Sordariomycetes, order Hypocre-
ales, and family Clavicipitaceae. Its ascospores germinate into and belong to large fil-
amentous mycelium. Numerous studies have shown that fungi can efficiently remove
contaminants in wastewater [15–18]. Our previous study showed that C058 and its bioaug-
mented biofloc named mycelium biofloc (MBF) effectively purified water [19,20]; however,
the mechanism underlying this process is unclear. Zhang [21] used a mycelium ball as
a biomass carrier to load Pseudomonas stutzeri T13, and found that the total nitrogen
removal rate in the SBR reactor was about 10% higher than in the traditional activated
sludge reactor, and the protein content in EPS secreted by mycelium ball is high, which
enhances the solid–liquid separation performance of the system by improving the hy-
drophobicity of activated sludge. Cordyceps secretes large amounts of PS, PN, and other
macromolecules [22,23]. Hence, we speculate that the water purification effect of MBF may
be related to its EPS synthesis. To validate this hypothesis, we analyzed the changes in
EPS content, the microstructure, and the microflora composition in MBF under various
hydraulic retention times (HRT) using a scanning electron microscope (SEM) and high-
throughput sequencing. The OBF without bioaugmentation was taken as a control. The
findings of this study provide a theoretical basis for the water purification effect of MBF.

2. Results and Discussion
2.1. Changes in EPS Content in the Biofloc

Figure 1 shows that the EPS content was higher in the experimental reactor than that
of the control reactor under various HRTs, which may be attributed to the C058 in the ex-
perimental reactor. C058 secretes a large amount of PS and PN [19], generating higher EPS
content in MBF of 51.20, 55.89, and 33.84 mg/g under the above HRTs. Morgan et al. [24]
proposed that the activity of functional microorganisms affects the EPS content. Accord-
ingly, the EPS contents were different in the two reactors [25]. There was lower EPS content
in OBF (14.58, 15.72, and 18.19 mg/g under the above HRTs). Meanwhile, It can be seen
from Figure 1 that the PN content or PS content also followed the same trend. In addition,
the flow rate influenced the HRT and thus the shear forces. Appropriated shear force is
essential for optimal EPS secretion in aerobic granular sludge, but excessive shear force
destabilizes the sludge [26]. This may explain the increase in EPS content in both reactors
during the first and second operation stages (Figure 1). Filamentous bacteria are intolerant
to shear forces, and HRT 11 h may cause autolysis of filamentous bacteria with a decrease
in EPS content in MBF.
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Figure 1. Contents of EPS and its components in biofloc from the two reactors under various HRTs.

2.2. Sludge Volume Index (SVI) Changes of Biofloc

The settling performance of flocs can indirectly reflect the content and composition
of EPS. It can be seen from Figure 2 that the SVI was lower in the experimental reactor
than that in the control reactor under various HRTs, and all the SVI in the experimental
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reactor were lower than 150 mL/g, implying that the settling performance of MBF occurred
within a given favorable range. That of the control group was above 150 mL/g under
various HRTs. The OBF was loose and was detrimental to sedimentation [27]; thus, the
settling performance of MBF was better than that of OBF. Meanwhile, there was a positive
correlation between EPS and SVI in the experimental reactor, consistent with a previous
study [28]. Li et al. [29] found that microorganisms can secrete EPS to enhance flocculation
and sedimentation. In the present study, the sedimentation performance of MBF was better
than that of OBF, which indirectly proved that the EPS content of MBF was higher than
that of OBF. In addition, the settling performance of flocs reflects the composition of EPS.
Previous studies have shown that PN possesses hydrophobic groups, which improve the
hydrophobicity of the cells and enhance the mutual attraction between bacteria, promoting
their sedimentation [30,31]. In this study, the PN content of the experimental reactor was
higher than that of the control reactor under various HRTs (Figure 1).
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Figure 2. SVI changes of biofloc in both reactors under various HRTs.

2.3. Changes in the Appearance of Biofloc

The appearance of MBF and OBF were analyzed through a visual examination using
an SEM. The morphological structure of C058 is shown in Figure 3. C058 is filamentous
and supercoiled. The bioflocs in both reactors under various HRTs are shown in Figure 4.
As shown in Figure 4a,c,e, bacteria aggregates on the MBF surface increased over time,
forming a symbiotic structure with C058. Although MBF was constructed by fungi and
bacteria together, fungi were still the dominant microorganism. As shown in Figure 4b,d,f,
the OBF mainly comprised zoogloea, whose size decreased with time. It revealed that the
shortened HRT strengthened the shear force and minimized the zoogloea size.
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Figure 3. The morphological structure of Cordyceps strain C058.
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2.4. Changes in the Microbial Community Structure in Biofloc

During the operation of both reactors, the biofloc was sampled when it had achieved
stable operation under various HRTs. A total of eight samples were collected and included
CKCB (inoculum of the experimental reactor), CB-1 (sample of the experimental reactor
at HRT 36 h), CB-2 (sample of the experimental reactor at HRT 18 h), CB-3 (sample of the
experimental reactor at HRT 11 h), CKWB (inoculum of the control reactor), BF-1 (sample
of the control reactor at HRT 36 h), BF-2 (sample of the control reactor at HRT 18 h), BF-3
(sample of the control reactor at HRT 11 h).

The microbial community structure in biofloc was determined using 16S rRNA and
18S rRNA gene sequencing, and the sequencing process was completed in Guangdong
Meilikang Biotechnology Co., Ltd., Guangzhou, China.

2.4.1. Changes in Prokaryote in Biofloc

(1) The diversity index of prokaryote

The diversity of the microbial community, including the species diversity and relative
abundance of each group, was described based on the α-diversity index. We found that
the Chao1 index in the experimental reactor negatively correlated with the HRT, and was
at the lowest level (1906.67) at HRT 11 h. The change of the Chao1 index in the control
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reactor was the same as in the experimental reactor, and the lowest Chao1 index was
1489.73 at HRT 11 h (Table 1). The change of HRT had less of an effect on the bacteria
abundance in the experimental reactor than in the control reactor. Meanwhile, the Shannon
index and Simpson index also followed the same trend. Hence, the species diversity of
microorganisms was higher in the experimental reactor than in the control reactor, implying
that the microbial community in the experimental reactor was more stable.

Table 1. The alpha diversity index of biofloc from both reactors based on the 16S rRNA sequences.

Chao1 Shannon Simpson

CKCB 1701.59 6.16 0.969
CB-1 2868.92 8.42 0.988
CB-2 2720.18 8.27 0.987
CB-3 1906.67 6.16 0.942

CKWB 2477.06 7.80 0.988
BF-1 2242.12 7.82 0.981
BF-2 2059.89 6.67 0.915
BF-3 1489.73 3.97 0.745

(2) The relative abundance of prokaryotes at the phylum level

It can be seen from Figure 5 that the most dominant phylum in the experimental reactor
at the first operation stage was Thermi, followed by Proteobacteria and Cyanobacteria.
At HRT 36 h, Cyanobacteria became the most dominant phylum, with an abundance of
38.05%, followed by Proteobacteria (27.99%) and Bacteroidetes (13.34%). At HRT 18 h, the
abundance of Proteobacteria increased to 53.34%, making it the most dominant phylum,
followed by Cyanobacteria and Bacteroidetes. At HRT 11 h, the abundance of Proteobacteria
was 37.35%, and it was still the most dominant phylum, followed by Cyanobacteria and
Firmicutes. In the control reactor, the most dominant phylum at the first operation stage
was Proteobacteria, followed by Actinobacteria and Bacteroidetes. The abundance of
Proteobacteria decreased gradually from 27.21% (HRT 18 h) to 14.59% (HRT 11 h) with
the shorting of HRT, and it was no longer the most dominant bacteria. The abundance of
Actinobacteria also displayed the same trend. Instead, Thermi became the most dominant
phylum at HRT 11 h; therefore, MBF was dominant by Proteobacteria. Proteobacteria
plays an indispensable role in the material cycle, including nitrogen transformation in the
water [32,33], enabling nitrogen removal in aquacultural wastewater [34]. Meanwhile, the
abundance of Bacteroidetes and Cyanobacteria was also higher in the experimental reactor
than in the control reactor under various HRTs. Bacteroidetes had the particularity of using
nitrogen compounds for growth and Cyanobacteria had nitrogen fixation capacity [32,35].
These bacteria can promote the synthesis of EPS in MBF.

(3) The relative abundance of prokaryotes at the genus level

It can be seen from Figure 6 that the abundance of Janthinobacterium belonging to
Proteobacteria in the experimental reactor reached 20.74% at HRT 11 h, significantly higher
than that in the control reactor (0.68%). This may explain the effective water purification
capability of MBF at short HRT, as reported in our previous study [18]. Other studies have
shown that Janthinobacterium has nitrogen removal capacity in the water. Yang et al. [36]
found that Janthinobacterium sp. M-11 still exhibited nitrite removal capacity under low tem-
perature, and the removal rate of nitrite and nitrate even reached 93% and 98%, respectively,
under anaerobic conditions, which was beneficial for the treatment of eutrophic water.
Meanwhile, as dominant genera, the abundance of Phormidium and Leptolyngbya belonging
to Cyanobacteria was higher in the experimental reactor than in the control reactor under
various HRTs. Other studies have shown that Phormidium and Leptolyngbya had excellent
nitrogen fixation activity and PN and PS production capacity. Through the 15N2 gas tracer
method combined with the stable isotope nucleic acid probe technique (DNA-stable iso-
tope probing), it was confirmed that Leptolyngbya was one of the most important nitrogen
fixation microorganisms in paddy soil [37]. Bar et al. [38] found that Phormidium secretes
PS for flocculation. Kim et al. [39,40] found that Leptolyngbya sp. KIOST-1 produces a
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large amount of PN. In addition, the abundance of Hymenobacter belonging to Bacteroides
was higher in the experimental reactor than in the control reactor under various HRTs.
Hymenobacter possesses nitrogen fixation capacity [41]; therefore, in addition to C058, many
bacteria that can synthesize EPS were present in the experimental reactor, which promoted
the synthesis of EPS in MBF, enhancing the water purification efficiency of the system.
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2.4.2. Changes in Eukaryotes in Biofloc

(1) The diversity index of eukaryotes

The microflora abundance in the experimental reactor was on the rise on the whole
with the shortening of HRT, but the control reactor displayed an opposite trend (Table 2).
Compared with the control reactor, the microflora diversity was lower in the experimental
reactor, probably because C058 filamentous fungi dominated the experimental reactor, and
competition limited the growth of the other eukaryotes.

Table 2. The alpha diversity index of biofloc from both reactors based on the 18S rRNA sequences.

Chao1 Shannon Simpson

CKCB 290.25 4.43 0.92
CB-1 387.69 2.94 0.63
CB-2 259.12 2.21 0.52
CB-3 393.45 3.17 0.75

CKWB 492.11 4.06 0.87
BF-1 481.27 4.93 0.93
BF-2 372.07 4.16 0.88
BF-3 353.57 3.75 0.86

(2) The relative abundance of eukaryotes at the phylum level

It can be seen from Figure 7 that the most abundant eukaryote was Opisthokonta at the
first operation stage of the experimental reactor, achieving an abundance of 46.72%. In the
latter stages, SAR became the most abundant eukaryote, at 88.36% (HRT 36 h), 86.19% (HRT
18 h), and 90.49% (HRT 11 h), respectively; however, the proportion of SAR in the control
reactor declined. Studies have shown that protozoa caused flocs formation by excreting
gelatinous mucus before ingesting the bacteria [42]. After the formation of the floc, ciliated
protozoa become the main protozoan group, and the secretions during its predation further
promote the accumulation of microorganisms in the sludge [43]. Hence, the abundance of
SAR remained higher in the experimental reactor, which promoted the flocs’ formation and
EPS synthesis.
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(3) The relative abundance of eukaryotes at the genus level

It can be seen from Figure 8 that Spirotrichea was the most dominant group in both
reactors, but their abundance changed with time. The abundance of Spirotrichea in the
experimental reactor increased from 18.67% (inoculum) to 79.02% (HRT 36 h), 84.67%
(HRT 18 h), and 62.26% (HRT 11 h), but decreased in the control reactor from 70.64%
(inoculum) to 21.24% (HRT 36 h), 40.82% (HRT 18 h), and 56.42% (HRT 11 h). Spirotrichea
belonging to Ciliophora is a complex and diverse group of ciliates. It is an indispensable
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part of the microfood ring and is the main contributor to the energy cycle. Its abundance
in marine water was negatively correlated with the N and P contents [44–46]. Ciliates
stimulate the formation and adhesion of bacteria colonies, which are efficient for nutrient
uptake [47]; Ciliates appeared on the surface of aerobic granular sludge and secreted
the viscous substances that can absorb suspended particles and bacteria, and the dead
remains were used as the skeleton to form granular sludge [48]; therefore, the increase in
the abundance of Spirotrichea in the experimental reactor promoted flocs’ formation, and
thus improved the efficiency of water purification.
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3. Materials and Methods
3.1. Experimental Materials

The Cordyceps strain C058 was donated by the Medicinal Fungi Research Group of
the Institute of Microbiology, Guangdong Academy of Sciences. The formula of the C8
medium was referred to by Li et al. [22]. The formula of the simulated wastewater was
referred to by Schryver and Verstraete [49]. The size and structure of the baffled reactor
were described by Yang [20].

3.2. Experimental Methods
3.2.1. Culture and Collection of C058

The mycelium was taken from the C058 slope and inoculated into a C8 culture medium.
After a large number of new mycelium balls were grown out at 28 ◦C, 150 rpm in a rotating
incubator, they were collected by centrifugation under the condition of 2000 rpm, 10 min,
and were washed three times with sterilized water. The washed mycelium balls were used
for inoculation.
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3.2.2. Operation of the Reactors

The experiment was carried out in two sets of identical baffled reactors. After filling
with the simulated wastewater, one reactor, as an experimental reactor, was inoculated with
1% of C058 and 1% of Pearl River water (23◦06′37.9” N, 113◦16′51.6” E) to form mycelium
biofloc (MBF), and the other reactor as a control reactor was only inoculated with 1% of
Pearl River water to form OBF. Here, Pearl River is chosen as a typical natural water body
that is rich in natural microflora. The reactors were operated at room temperature and
contained above 5 mg/L of dissolved oxygen by continuous aeration.

After a consideration of the effect of HRT on the EPS content [26], the reactor was oper-
ated under three stages: HRT 36 h (v = 4.7 L/h), 18 h (v = 9.2 L/h) and 11 h (v = 15.3 L/h).
The first operation stage was HRT 36 h. When the reactor became stable, sampling for latter
index determination was carried out. Then, the influent velocity was changed to control
the HRT of 18 h for a second operation stage; so did the third operation stage at HRT 11 h.

3.3. Analysis Method
3.3.1. Extraction and Determination of EPS

The EPS was extracted using the centrifugal heating method [50]. In this study, the
main components of EPS, PN, and PS, were used to characterize EPS. The PN content was
determined using Coomassie brilliant blue spectrophotometry, and the PS content was
determined using phenol-sulfuric acid spectrophotometry [51].

3.3.2. Determination of SVI

Sludge settling velocity in 30 min (SV30) and mixed liquid suspended solids (MLSS)
content were determined according to “Monitoring of Water and waste Water” [52], and
SVI = SV30/MLSS.

3.3.3. SEM Analysis

Samples were dried (Tousimis Autosamdri-815, American) and sprayed with gold
(EMS 150T, American) before the electron microscope scanning (Tungsten Filament SEM
Q25, American). The specific operation was referred to by Shen et al. [53].

3.3.4. Analysis of Microbial Community Structure

(1) The 16S rRNA sequence analysis

Total DNA was extracted using the soil strong DNA extraction kit (DNeasy PowerSoil
Kit, QIAGEN, Hilden, Germany). The DNA was diluted to 10 ng/µL for PCR amplification.
According to Tamaki [54], the V4-V5 hypervariable region of the 16S rRNA gene of the
experimental sample was amplified by primers 515F(5′-GTGYCAGCMGCCGCGGTA-
3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′). Reaction system: every 25 µL PCR
reaction solution contains 1× PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTP (Transgen, Beijing,
China), 1.0 µM primers, 0.25U Ex Taq (TaKaRa, Beijing, China), and 10 ng DNA template.
The PCR reaction procedure was pre-denatured at 94 ◦C for 3 min, then extended for 10 min
at 72 ◦C after 30 cycles of conventional amplification (denatured at 94 ◦C for 40 s, annealing
at 56 ◦C for 60 s, extension at 72 ◦C for 60 s). The same sample was amplified twice, and
the two PCR products obtained from the same sample were mixed. After 1.2% agarose
gel electrophoresis, the gel was cut and purified by sanPrep DNA gel recovery kit (Raw
engineering, China). After all the purified DNA was mixed in the same amount, PE250
sequencing was carried out using the Illumina Miseq platform [55].

The original sequencing data were spliced using the FLASH1.2.8 software and screened
using the QIIME1.9.0 software after splicing [29,56,57], using the Uchime program [58] to
detect and remove chimera sequences, then using the QIIME1.9.0 software to divide OTUs
(Operational Taxonomic Units) according to 97% similarity of sequences, and using the
RDP classifier [46] to annotate each species.
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(2) The 18S rRNA sequence analysis

The 18S rRNA was extracted as 16s rRNA. According to Lejzerowicz et al. [59], the
V4 hypervariable region of 18s rRNA gene of the experimental sample was amplified by
primer TAReuk454WD1 (5′-CCAGCASCYGCGGTAATTCC-3′) and primer TAReukREV3
(5′-ACTTTCGTTCTTGATYRA-3′). PCR reaction system: every 25 µL PCR reaction solution
contains 1× PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTP (Transgen, China), 1.0 µM primers,
0.25 U TransFast Taq DNA polymerase (Transgen, China), and 10 ng DNA template. The
PCR reaction procedure was the same as that of 16S rRNA. After the completion of the PCR
reaction, two PCR products amplified from the same sample were mixed, and the gel was
cut using 1.2% agarose gel electrophoresis and purified by the AxyPrep DNA gel recovery
kit (Axygen, Hangzhou, China). After all the purified DNA was mixed in the same amount,
PE250 sequencing was carried out using the Illumina Miseq platform [29].

The original sequencing data were analyzed as 16S rRNA.

3.4. Data Processing

Microsoft Excel 2019 was used for data processing and analysis, and Origin 2018 was
used for drawing.

4. Conclusions

(1) The EPS contents in MBF were 51.20 mg/g (HRT 36 h), 55.89 mg/g (HRT 18 h), and
33.84 mg/g (HRT 11 h), respectively, higher than the EPS content of OBF under the
corresponding HRTs. PN content or PS content also followed the same trend.

(2) The sedimentation performance of MBF was better than that of OBF, attributed to
higher EPS PN contents.

(3) MBF was constructed by fungi and bacteria together, and C058 was the main compo-
nent, promoting the synthesis of EPS.

(4) Compared with OBF, MBF bioaugmented by Cordyceps strain C058 had higher di-
versity and abundance of microorganisms, realizing a more stable operation of the
experimental reactor. More importantly, C058 promoted the growth of some functional
bacteria, including Janthinobacterium belonging to Proteobacteria, Phormidium and
Leptolyngbya belonging to Cyanobacteria, and Hymenobacter belonging to Bacteroides,
which participate in nitrogen fixation and PN and PS production, promoting the EPS
synthesis. In addition, C058 also promoted the growth of Spirotrichea belonging to
Ciliophora, which benefited floc formation and enhanced the water purification.
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