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ABSTRACT Poly(ethylene terephthalate) (PET) is a commonly used synthetic plastic;
however, its nonbiodegradability results in a large amount of waste accumulation that
has a negative impact on the environment. Recently, a PET-degrading bacterium,
Ideonella sakaiensis 201-F6 strain, was isolated, and the enzymes involved in PET diges-
tion, PET hydrolase (PETase), and mono(2-hydroxyethyl) terephthalic acid (MHET) hydro-
lase (MHETase) were identified. Despite the great potentials of I. sakaiensis in bioreme-
diation and biorecycling, approaches to studying this bacterium remain limited. In this
study, to enable the functional analysis of PETase and MHETase genes in vivo, we have
developed a gene disruption system in I. sakaiensis. The pT18mobsacB-based disruption
vector harboring directly connected 59- and 39-flanking regions of the target gene for
homologous recombination was introduced into I. sakaiensis cells via conjugation. First,
we deleted the orotidine 59-phosphate decarboxylase gene (pyrF) from the genome of
the wild-type strain, producing the DpyrF strain with 5-fluoroorotic acid (5-FOA) resist-
ance. Next, using the DpyrF strain as a parent strain and pyrF as a counterselection
marker, we disrupted the genes for PETase and MHETase. The growth of both Dpetase
and Dmhetase strains on terephthalic acid (TPA; one of the PET hydrolytic products)
was comparable to that of the parent strain. However, these mutant strains dramati-
cally decreased the growth level on PET to that on a no-carbon source. Moreover, the
Dpetase strain completely abolished PET degradation capacity. These results demon-
strate that PETase and MHETase are essential for I. sakaiensis metabolism of PET.

IMPORTANCE The poly(ethylene terephthalate) (PET)-degrading bacterium Ideonella
sakaiensis possesses two unique enzymes able to serve in PET hydrolysis. PET hydrolase
(PETase) hydrolyzes PET into mono(2-hydroxyethyl) terephthalic acid (MHET), and MHET
hydrolase (MHETase) hydrolyzes MHET into terephthalic acid (TPA) and ethylene glycol
(EG). These enzymes have attracted global attention, as they have potential to be used
for bioconversion of PET. Compared to many in vitro studies, including biochemical
and crystal structure analyses, few in vivo studies have been reported. Here, we devel-
oped a targeted gene disruption system in I. sakaiensis, which was then applied for
constructing Dpetase and Dmhetase strains. Growth of these disruptants revealed that
PETase is the sole enzyme responsible for PET degradation in I. sakaiensis, while PETase
and MHETase play essential roles in its PET assimilation.

KEYWORDS poly(ethylene terephthalate) (PET), PET hydrolase (PETase), mono(2-
hydroxyethyl) terephthalic acid hydrolase (MHETase), Ideonella sakaiensis, genetic
manipulation

Environmental pollution caused by plastic waste is currently a focus of global atten-
tion. It is estimated that a total of approximately 6,300 million metric tons (Mt) of

plastic waste was generated between 1950 and 2015, and approximately 12,000 Mt
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will be discarded in landfills or the natural environment by the end of 2050 if the cur-
rent use patterns and management trends continue (1). Plastic waste is released into
the ocean through multiple paths, including waterways and littering on beaches and
coastlines (2, 3), with an estimated 4.8 to 12.7 Mt of plastic waste having entered the
ocean from 192 coastal countries in 2010 (2). Furthermore, the components of certain
plastic products affect animal health, which raises concerns about their potential risk
to human health as well (4, 5).

Poly(ethylene terephthalate) (PET) is a synthetic polymer produced on a large scale
and used as raw material for various plastic products, such as bottles and clothes. PET
is resistant to degradation in the natural environment, owing to structural elements
such as aromatic groups and crystallinity that limit the polymer chain movement along
with high surface hydrophobicity (6–8). To date, cascaded recycling that decreases the
quality of the polymer material has been developed for PET wastes, which includes a
thermomechanical reform, transformation to other applications such as fillers, and an
energetic conversion to collect thermal energy as a fuel (9, 10). In contrast, chemical
recycling allows the conversion of waste PET into the monomers or oligomers to recon-
struct polymers with the same or similar quality. However, this method requires a con-
siderable amount of chemicals in the depolymerization, separation, and purification
steps, leading to the production of toxic compounds that cause ecological issues (10).
Alternatively, research into enzymatic recycling first demonstrated in 2005 that a poly-
esterase is capable of hydrolyzing PET (11, 12). Furthermore, a novel bacterium,
Ideonella sakaiensis 201-F6, capable of degrading PET, was recently isolated (13, 14). I.
sakaiensis is a Gram-negative, non-spore-forming, aerobic, rod-shaped bacterium
belonging to the class Betaproteobacteria. The optimal growth conditions have been
determined, including the optimal temperature (30 to 37°C) and pH (7 to 7.5), while
appropriate culture conditions have also been reported (15). Additionally, a nearly
complete genome sequence of this bacterium is available, enabling the prediction of
its metabolism (13). I. sakaiensis can utilize PET as its primary carbon source, as it pro-
duces two enzymes important for hydrolyzing PET. PET hydrolase (PETase; ISF6_4831
protein) hydrolyzes PET into mono(2-hydroxyethyl) terephthalate (MHET), and MHET
hydrolase (MHETase; ISF6_0224 protein) hydrolyzes MHET into two monomers, tereph-
thalic acid (TPA) and ethylene glycol (EG).

Thus far, many studies on I. sakaiensis enzymes have been carried out, including
structural analyses of PETase (16–21) and MHETase (22, 23); enhancement of the PET-
hydrolytic activity of PETase by site-directed mutagenesis (8, 18, 20, 21, 24–27); coating
the PET film surface with anionic surfactants (28); and heterologous expression and
secretion of PETase (29–32). However, no analysis performed has investigated I.
sakaiensis cells. Lack of gene manipulation systems in this bacterium might deter pro-
gress in studies involving I. sakaiensis.

This study, therefore, aimed to develop a targeted gene disruption system in I.
sakaiensis to promote in vivo applications, such as gene functional analysis and meta-
bolic engineering. For the exogenous plasmid introduction into I. sakaiensis cells, con-
jugation, a genetic material transfer system via a bridge-like connection between do-
nor and recipient cells (33), was applied. Furthermore, the orotidine 59-phosphate
decarboxylase gene (pyrF; involved in the biosynthesis of pyrimidine derivatives such
as UMP, UDP, and UTP) was utilized as a selection/counterselection marker. As pyrF is
involved in the conversion of the pyrimidine analog 5-fluoroorotic acid (5-FOA) into
toxic 5-fluorouridine monophosphate, a pyrF-deficient mutant exhibits resistance to 5-
FOA. Therefore, counterselection based on the expression of pyrF in the pyrF-deficient
mutant is utilized for genome engineering in a wide variety of microorganisms, includ-
ing Betaproteobacteria (34–36). We first introduced a pyrF disruption (DpyrF) vector
into the wild-type strain via conjugation and isolated a DpyrF strain by counterselec-
tion with 5-FOA. Further, using the DpyrF strain as a parent strain and pyrF as a select-
able marker, we successfully constructed strains with disrupted PETase and MHETase

Hachisuka et al. Applied and Environmental Microbiology

September 2021 Volume 87 Issue 18 e00020-21 aem.asm.org 2

https://aem.asm.org


genes (Dpetase and Dmhetase). Their growth capacities on TPA, EG, or PET were com-
pared to understand the physiological functions of PETase and MHETase.

RESULTS
Preparation of the pyrF disruption strain. We found that I. sakaiensis 201-F6 pos-

sesses a putative pyrF (ISF6_5168 or pyrF) on its genome. To utilize the DpyrF strain as
a parent for counterselection using 5-FOA, we aimed to disrupt pyrF in I. sakaiensis.
Considering the relatively high GC content of the I. sakaiensis genome (70.4mol%)
(15), marker genes (tetR and sacB) in the pT18mobsacB, a mobilizable vector via conju-
gation, were replaced with those synthesized with codon optimization suitable for the
genus Ideonella (see Fig. S1 in the supplemental material), producing pT918mobsacB9
(Fig. S2). Next, DNA fragments of 709 bp (2750 to 242 relative to the pyrF initiation)
and 770 bp (220 to 1750 relative to the pyrF end) were directly connected and
inserted into the SmaI site of pT918mobsacB9, resulting in the pyrF disruption vector
pT9msB9DpyrF. This vector was designed to eliminate the predicted promoter region of
pyrF (241 to 21 relative to the pyrF initiation) and to leave the overlap with the neigh-
bor gene (ISF6_5167) (220 to 21 relative to the pyrF end) (Fig. S3).

pT9msB9DpyrF was introduced into I. sakaiensis via conjugation by Escherichia coli
S17-1. The cells were selected on agar plates containing kanamycin (Kan; for which E.
coli is sensitive and I. sakaiensis is resistant) and tetracycline (Tet; for plasmid integra-
tion into the genome [Fig. 1A]). The typical transformation efficiency (the number of
transconjugants per donor cell) was approximately 2.5 � 1025. Integration of the plas-
mid into the genome (pop-in) was confirmed by PCR (data not shown). The pop-in
strain was then inoculated onto the medium containing 5-FOA to select a strain whose
target gene is removed with plasmid pop-out from the genome (pop-out strain). PCR
analysis using the primer set designed to anneal outside the regions of homologous
recombination (Fig. 2A and B, arrow a) detected a shorter band in the transformant
than in the wild-type strain. Another PCR analysis using the primer set designed to
anneal within the pyrF (Fig. 2A and B, arrow b) detected no band in the transformant,
whereas the predicted band was observed in the wild-type strain. These results

FIG 1 Schematic diagrams of targeted gene disruption by homologous recombination in I. sakaiensis. (A) Disruption of pyrF and its promoter. The first
crossover occurs at either the 59-flanking region or 39-flanking region of the target. In the resultant mutants, the second crossover produces the DpyrF
strain (parent strain). (B) Disruption of petase and mhetase. The first crossover occurs at either 59-flanking region or 39-flanking region of the disruption
target. The second crossover potentially produces the parent strain or the target gene disruption strain. Yellow and light blue boxes with slant lines
indicate the original promoters of tetR and sacB, respectively, in pT18mobsacB. Brown box with slant lines indicates original promoter of pyrF in I. sakaiensis
genome. Blue and green boxes indicate 59- and 39-flanking regions of the disruption target, respectively. 5-FOA, 5-fluoroorotic acid; pyrF, orotidine 59-
phosphate decarboxylase gene; sacB9, levansucrase gene with codon optimization for expression in the genus Ideonella; Tet, tetracycline; tetR9, tetracycline
repressor protein gene with codon optimization for expression in the genus Ideonella.
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demonstrated the transformant is a DpyrF strain. Here, we tested eight colonies with 5-
FOA resistance, all of which showed pyrF deletion. This indicates that the homologous
recombination occurs at a higher ratio rather than spontaneous loss-of-function muta-
tion(s) into pyrF in I. sakaiensis.

FIG 2 PCR analyses of the gene disruption. (A) DNA primers that anneal to the genome before and
after target gene disruption. These primers were used to analyze DpyrF (B), Dpetase (C), and
Dmhetase (D) strains. The red box represents the disruption target region. The blue and green boxes
represent its 59- and 39-flanking regions, respectively. The black arrows (a) and gray arrows (b) denote
the primer set designed to anneal outside the target region for homologous recombination and
within the target region, respectively. The expected number of base pairs in each DNA fragment is
indicated at the right side of the red arrowhead. M, marker; W, wild-type strain; P, parent strain
(DpyrF); Dp, Dpetase; Dm, Dmhetase.
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sacB, encoding levansucrase, which converts sucrose to levan, a compound toxic to
Gram-negative bacteria (37), was utilized as a counterselectable marker (38). To exam-
ine whether sacB9 functions as a counterselectable marker in I. sakaiensis, the pop-in
strain (pT9msB9DpyrF-integrated strain) was cultivated on medium including 5% (wt/
vol) sucrose, to which the wild-type strain is resistant. A number of colonies grew; how-
ever, sacB9 was detected in the 40 colonies examined (data not shown). This shows
that sacB9 is unlikely to be appropriate as a counterselection marker for I. sakaiensis.

Uracil auxotrophy and 5-FOA resistance of the DpyrF strain. The wild-type strain
grew on an SV plate (minimal medium without uracil) containing maltose, whereas the
DpyrF strain displayed no growth on this medium (Fig. 3i). The uracil addition to the
medium (final concentration, 10mg/ml) restored the growth of the DpyrF strain to a
level similar to that of the wild-type strain (Fig. 3ii). Cultivation on an SV plate supple-
mented with maltose, uracil, and 5-FOA resulted in clear growth of the DpyrF strain but
no growth of the wild-type strain (Fig. 3iii). These results indicate that the DpyrF strain
exhibits uracil auxotrophy and 5-FOA resistance, as expected. Therefore, the DpyrF
strain can be used as a parent strain for pyrF-based counterselection using 5-FOA.

Construction of the Dpetase and Dmhetase strains. First, to enable the counterse-
lection using 5-FOA in the DpyrF strain, we replaced sacB and its promoter in
pT918mobsacB with I. sakaiensis pyrF and its promoter, producing pT918mobpyrF (Fig. S2
and S3). Further, the 750-bp upstream/downstream regions of the PETase gene (petase)
(Fig. S4A) and the 648-bp upstream and 641-bp downstream regions of the MHETase
gene (mhetase) (Fig. S4B) were inserted into the SmaI site of pT918mobpyrF, resulting in
the disruption vectors of petase and mhetase, pT9mpFDpetase and pT9mpFDmhetase,
respectively.

Figure 1B shows the assumed process of homologous recombination for disrupting
target genes using the DpyrF strain as a parent. Integration of the disruption vectors
into the genome of the DpyrF strain followed by plasmid pop-out from the pop-in
strain was carried out with the same procedure as that for DpyrF strain construction.
The pop-out strains potentially include both the parent and disruption strains.
Therefore, we performed colony PCR, which identified the disruption strains: 1 of 64
colonies for Dpetase and 14 of 32 colonies for Dmhetase. Regarding PCR toward the
genomic DNA, when the primer set designed to anneal outside the region for homolo-
gous recombination was used, a shorter band was detected in the transformant than
in the parent (Fig. 2A, C, and D, arrow a). When the primer set that anneals within
petase or mhetase was used, no specific band was detected in the transformant,
whereas a predicted band was detected in the parent (Fig. 2A, C, and D, arrow b).
Western blotting with antibodies against PETase and MHETase showed the expression

FIG 3 Growth of wild-type (W) and DpyrF (parent, P) strains. The strains were cultivated on SV agar
plates including Mal�H2O (i), Mal�H2O-Ura (ii), and Mal�H2O-Ura-5-FOA�H2O (iii) at 30°C for 5 days.
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of both proteins in the DpyrF strain, whereas they were not detected in Dpetase and
Dmhetase transformants (Fig. 4). These results demonstrated that the transformants
are Dpetase and Dmhetase strains.

Characterization of Dpetase and Dmhetase strains. To investigate the effects
brought by the gene deletion, the DpyrF (parent), Dpetase, and Dmhetase strains were
grown in SV-uracil (Ura) medium with PET film, disodium terephthalate (TPA�2Na), or
EG as a carbon source or without a carbon source (Fig. 5). The parent and disruptant
strains displayed slight growth in the medium without a carbon source (Fig. 5A).
Growth on medium without organic carbons might be due to the CO2 fixation capacity
of I. sakaiensis, predicted from the genomic information (13). Another possibility is that
I. sakaiensis utilizes uracil as a carbon source, where uracil was supplemented to the
minimum medium (SV medium) to grow DpyrF strains showing uracil auxotrophy. To
test this hypothesis, the wild-type strain was grown in SV medium with and without
uracil (10mg/ml). The results showed that their growth levels were comparable (data
not shown), indicating that uracil is not the major factor increasing I. sakaiensis growth.
The cell yields of Dpetase and Dmhetase strains cultured with PET were approximately
7-fold lower than that of the parent strain at 144 h and comparable to those cultured
without a carbon source, respectively (Fig. 5A and B). Cultured with TPA�2Na, the cell
yields of the disruptants were comparable to that of the parent, whose levels were sig-
nificantly higher than those cultured without a carbon source (Fig. 5A and C). Cultured
with EG, cell yields of the disruptants and parent strains were comparable, which were
equivalent to those cultured without a carbon source (Fig. 5A and D). In addition, to
evaluate the PET degradation capacity, the parent, Dpetase, and Dmhetase strains were
cultured in SV-Ura-PET medium for 10 days. The parent strain induced severe morpho-
logical change of the PET film surface (Fig. 6Aa) with significant weight loss of 6.9mg
(Fig. 6B), which corresponds to approximately 8% of the intact PET film. In contrast, in
the Dpetase strain culture, no degradation traces (Fig. 6Ab) and weight change of PET
film (Fig. 6B) were detected. Meanwhile, interestingly, the Dmhetase strain degraded
PET and only induced partial surface defects (Fig. 6Ac), resulting in a 1.4-mg weight
loss of the PET film (Fig. 6B). Similar trends of the PET surface degradations were con-
firmed by eye (Fig. S5). These results indicate that petase and mhetase are essential for
PET assimilation in I. sakaiensis.

FIG 4 Expression of PETase and MHETase in I. sakaiensis strains. The DpyrF, Dpetase, and Dmhetase
strains were grown in SV-TPA�2Na and analyzed by Western blotting using polyclonal antibodies
against PETase (A) and MHETase (B). Red arrowheads indicate the predicted molecular weight
positions of PETase and MHETase proteins. M, molecular marker; P, parent strain (DpyrF); Dp, Dpetase
strain; Dm, Dmhetase strain.
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DISCUSSION

The ability of I. sakaiensis to degrade and assimilate PET has an applicable niche
in the face of expanding environmental plastic pollution. In this study, we estab-
lished a targeted gene disruption system of I. sakaiensis and identified the in vivo
functions of PETase and MHETase using this system. This study reports the develop-
ment of a gene manipulation system for I. sakaiensis that could serve to accelerate
various in vivo studies on this bacterium, such as gene function analysis and meta-
bolic engineering.

The positive selections using Tet and 5-FOA are completed on a nutrient-rich me-
dium that is more convenient to prepare than the synthetic selection medium defined
based on microbial auxotrophy. In a previous report, a genetic system in Leptothrix dis-
cophora SS1, belonging to Betaproteobacteria, was developed by constructing the
DpyrF mutant by single-crossover homologous recombination, where neo, a marker
gene used, remained on the genome (36). Therefore, gene disruption toward this
DpyrF mutant allows only one gene but no additional genes using the same marker
gene. In contrast, gene disruption in this study was developed by double-crossover ho-
mologous recombination, offering a resultant strain without marker genes containing
tetR9 and pyrF (Fig. 1B). Therefore, it can be applied for the disruption of multiple
genes. This system would also be applicable for introducing mutations and exogenous
genes into the I. sakaiensis genome using disruption vectors with a sequence of inter-
est and the flanking sequences for homologous recombination.

In DpyrF strain construction (Fig. 1A), we also attempted unsuccessfully to pop out
the plasmid including sacB9 from the pop-in strain using sucrose rather than 5-FOA.
I. sakaiensis might insufficiently express sacB9, owing to its inactive promoter in this

FIG 5 Growth of I. sakaiensis DpyrF and its mutant strains. The parent (DpyrF), Dpetase, and Dmhetase strains were cultivated in SV-Ura (A), SV-Ura-PET (B),
SV-Ura-TPA�2Na (C), and SV-Ura-EG (D). Circle, triangle, and square symbols indicate the parent, Dpetase, and Dmhetase strains, respectively. The means 6
standard deviations from three independent growth measurements are shown.
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parent, fold the corresponding proteins incorrectly, and/or reduce the effect of
increased sucrose or levan by a certain mechanism.

Based on the enzymatic activities of PETase and MHETase, we predicted the PET
metabolic pathway in I. sakaiensis, where PET is hydrolyzed into MHET by PETase and
the MHET is hydrolyzed into TPA and EG by MHETase (see Fig. S6 in the supplemental
material) (8, 13). Compared to the DpyrF parent strain, both Dpetase and Dmhetase
strains showed dramatic reduction in growth on PET with no reduction on TPA (Fig. 5B

FIG 6 PET degradation by I. sakaiensis DpyrF and its mutant strains. The parent (DpyrF) (a), Dpetase
(b), and Dmhetase (c) strains were cultured with PET film in SV-Ura-PET at 30°C for 10days. (A) SEM
image of the degraded PET film surface. Scale bars represent 1mm. Visual images of the corresponding
samples are shown in Fig. S5. (B) Weight loss of PET films after cultivation relative to before cultivation.
The means 6 standard deviations are calculated from three independent experiments.
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and C). This demonstrates that PETase and MHETase are the primary I. sakaiensis
enzymes carrying out hydrolytic activities toward PET and MHET, respectively.
Together with the results that the Dpetase strain did not reduce the weight of PET film
(Fig. 6B), we conclude that PETase is the sole enzyme that can hydrolyze PET in this
bacterium. In contrast, the Dmhetase strain induced weight loss of PET film, which cor-
responds to approximately 20% of that with the DpyrF strain (Fig. 6B). The ratio was
proportional to their cell yields (Fig. 5B). These results indicate that MHETase is not
essential for PET degradation but important for assimilating it.

I. sakaiensis strains, including the parent, Dpetase, and Dmhetase strains, grew slightly
on EG as a carbon source, but the cell yields were similar to those on no carbon source
(Fig. 5A and D), indicating their incomplete EG metabolism. Given the prediction that
MHETase locates in the periplasmic space (8, 13), I. sakaiensismay harbor the uptake sys-
tem into the periplasm for MHET but not for EG. More importantly, growth levels of
Dpetase and Dmhetase strains on PET were similar to those cultivated without carbon
source, indicating that PETase and MHETase are essential for assimilating PET. In addi-
tion, at earlier stages of cultivation, such as between 48 h and 72 h, their cell densities in
a medium including PET were clearly lower than those without carbon source, which
might be caused by the adherence of I. sakaiensis cells to the PET surface (13).

The gene manipulation technique developed in this study can be applied to the
metabolic engineering and analysis of gene function in I. sakaiensis. We expect this
genetic technique to lay the groundwork for PET recycling using I. sakaiensis.

MATERIALS ANDMETHODS
Strains, media, and culture conditions. Strains used in this study are summarized in Table 1. E. coli

DH5a strain was used for cloning plasmids. E. coli S17-1 strain was used for transfer of plasmids into I.
sakaiensis via conjugation. E. coli cells were cultivated in lysogeny broth (LB) medium supplemented
with appropriate antibiotics at 37°C. I. sakaiensis cells were cultivated as described previously (13) with
slight modifications. The cultivation was performed at 30°C in either 5ml liquid medium in a test tube
(diameter, 18 by 180mm) with shaking at 300 strokes/min or on a 1.5% agar plate. The media used in this
study are the following: nutrient-rich medium NBRC 802 (NBRC802) and sodium carbonate-vitamin (SV) me-
dium (yeast extract-depleted from YSV medium) containing 0.2 g/liter sodium hydrogen carbonate, 1 g/liter
ammonium sulfate, 0.1 g/liter calcium carbonate, 0.01 g/liter iron(II) sulfate heptahydrate, trace elements
[10mg/liter magnesium sulfate heptahydrate, 1mg/liter copper(II) sulfate pentahydrate, 1mg/liter manga-
nese(II) sulfate pentahydrate, and 1mg/liter zinc sulfate heptahydrate], and vitamin mix (2.5mg/liter thia-
mine hydrochloride, 0.05mg/liter biotin, and 0.5mg/liter vitamin B12) in 10mM Na2HPO4-NaH2PO4 (pH 7.4).

TABLE 1 Strains and plasmids used in this study

Strain/plasmid Relevant feature(s)
Source or
reference

Strains
Ideonella sakaiensis
201-F6 Wild-type strain Lab stock (13)
DpyrF DpyrF This study
Dpetase DpyrF Dpetase This study
Dmhetase DpyrF Dmhetase This study

Escherichia coli
DH5a For cloning TOYOBO
S17-1 (lpir) For conjugation NBRP (33)

Plasmids
pK18mobsacB Mobilizable vector in general (used for cloning in this study), Kanr NBRP (43)
pT18mobsacB Mobilizable vector for gene disruption, Tetr Addgene (39)
pT918mobsacB pT18mobsacB derivative; tetRwas replaced by tetR9, Tetr This study
pT918mobsacB9 pT918mobsacB derivative; sacBwas replaced by sacB9, Tetr This study
pT918mobpyrF pT918mobsacB derivative; sacBwith its promoter was replaced by I. sakaiensis-derived sequence

including pyrF and its promoter, Tetr
This study

pT9msB9DpyrF For pyrF disruption, pT918mobsacB9 derivative, Tetr This study
pT9mpFDpetase For petase disruption, pT918mobpyrF derivative, Tetr This study
pT9mpFDmhetase Formhetase disruption, pT918mobpyrF derivative, Tetr This study
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PET film with a crystallinity of 2.4%, determined by differential scanning calorimetry, disodium terephthalate
(TPA�2Na), EG, or D-(1)-maltose monohydrate (Mal�H2O) was added to the SV medium as a carbon source.
Tetracycline hydrochloride (Tet�HCl), kanamycin sulfate (Kan�nH2SO4), uracil (Ura), and 5-fluoroorotic acid
monohydrate (5-FOA�H2O) were supplemented to the media when necessary.

Plasmid construction. Plasmids and primers used in this study are summarized in Table 1 and Table
S1 in the supplemental material, respectively. DNA sequences of tetR and sacB in pT18mobsacB (39)
were codon optimized for expression in I. sakaiensis based on the codon usage database of Ideonella
dechloratans by Kazusa DNA Research Institute (https://www.kazusa.or.jp/codon/) (Fig. S1) and synthe-
sized by Integrated DNA Technologies (Coralville, IA), resulting in tetR9 and sacB9. Primers for inverse-
PCR toward pT18mobsacB were constructed so that the regions to be exchanged were removed. The
inverse PCR fragment was fused with tetR9 and sacB9 using and In-Fusion HD cloning kit (TaKaRa Bio,
Shiga, Japan), resulting in pT918mobsacB and pT918mobsacB9, respectively. The promoter region of pyrF
was predicted with the online software BPROM (prediction of bacterial promoters; http://www.softberry
.com/berry.phtml?topic=bprom&group=programs&subgroup=gfindb) (40). sacB and its promoter region
in pT918mobsacB were removed by inverse PCR and fused with pyrF with its promoter region amplified
from I. sakaiensis genomic DNA (Fig. S3), resulting in pT918mobpyrF. For the pyrF disruption vector, the
59 709bp and 39 770 bp of pyrF on the I. sakaiensis genome (shown in Fig. S3) were amplified. These two
fragments were fused by overlap extension PCR using dpyrF1_IF-F/dpyrF2_IF-R primers and inserted
into the SmaI site in pT918mobsacB9 by In-Fusion cloning, producing pT9msB9DpyrF. For the petase dis-
ruption vector, a DNA fragment including petase and its flanking regions (59 750bp and 39 750bp) was
amplified from the genomic DNA using dpetase_IF-F/dpetase_IF-R primers. The fragment was inserted
into the SmaI site of pK18mobsacB plasmid by In-Fusion cloning. petase in the obtained plasmid was
removed by inverse PCR using 59-phosphorylated primers of inv-dpetase-F and inv-dpetase-R, followed
by self-ligation to cyclize the vector. The 1,500-bp region including the 59 750bp and 39 750bp was ampli-
fied with dpetase_IF-F/dpetase_IF-R and inserted into the SmaI site of pT918mobpyrF plasmid through In-
Fusion cloning, giving pT9mpFDpetase. For the mhetase disruption vector, the 59 648bp and 39 641bp of
mhetase on the genome were amplified. The fragments were fused by overlap extension PCR using
dmhetase1_IF-F/dmhetase2_IF-R primers and inserted into the SmaI site in pT918mobpyrF, producing
pT9mpFDmhetase. The integrity of the plasmids was confirmed by DNA sequencing. The genomic DNA of
I. sakaiensis was extracted by using a Wizard genomic DNA purification kit from Promega (Madison, WI).

Construction of DpyrF, Dpetase, and Dmhetase strains. Conjugation from E. coli S17-1 (donor) to
I. sakaiensis (recipient) was performed as previously described (41, 42), with modifications. I. sakaiensis
(wild-type or DpyrF strain) was cultivated in NBRC802 for 2 days. E. coli S17-1 transformant with the dis-
ruption vector (pT9msB9DpyrF, pT9mpFDpetase, or pT9mpFDmhetase) was cultivated in NBRC802-Tet�HCl
(10mg/ml) at 30°C overnight. When the absorbance at 660 nm of both cultures exceeded 1.0, cells were
harvested from 2ml of I. sakaiensis culture and 1ml of E. coli S17-1 culture by centrifugation (5,000� g,
5min) and suspended with 500ml of NBRC802. They were thoroughly mixed, harvested, and resus-
pended with 100ml of NBRC802. The mixture was dropped onto a nitrocellulose membrane (Merck
Millipore, Burlington, MA) on an NBRC802 agar plate and incubated at 30°C for 2 days. The cells on the
membrane were suspended with NBRC802 and plated onto an NBRC802-Tet�HCl (5mg/ml or 10mg/ml)-
Kan�nH2SO4 (20mg/ml) agar. Colonies were evaluated by PCR using M13F/dpyrF_out-f and M13R/dpyrF_out-r
(for DpyrF), M13F/dPETase_out-f and M13R/dPETase_out-r (for Dpetase), or M13F/dMHETase_out-f and M13R/
dMHETase_out-r (for Dmhetase) to select the pop-in strains. The pop-in strains were cultivated in NBRC802-
Tet�HCl (10mg/ml), harvested, washed with NBRC802, and plated onto SV-Mal�H2O (1mg/ml)-Ura (10mg/
ml)-5-FOA�H2O (55mg/ml)-Kan�nH2SO4 (10mg/ml) agar or NBRC802-Ura (10mg/ml)-5-FOA�H2O (55mg/ml)-
Kan�nH2SO4 (10mg/ml) agar. PCR analysis toward the colonies using dpyrF_out-f/dpyrF_out-r and
dpyrF_in-f/dpyrF_in-r (for DpyrF), dPETase_out-f/dPETase_out-r and dPETase_in-f/dPETase_in-r (for
Dpetase), or dMHETase_out-f/dMHETase_out-r and dMHETase_in-f/dMHETase_in-r (for Dmhetase)
was performed to select the disruption strains. The integrity of the homologous regions of disrup-
tion strains was confirmed by DNA sequencing.

Uracil auxotrophy and 5-FOA resistance of the DpyrF strain. The wild-type and DpyrF strains were
cultivated in NBRC802 at 30°C for 2 days and harvested by centrifugation (5,000� g, 5min). The cells
were suspended using SV without vitamin mix to adjust the absorbance at 660 nm to 0.1. Ten microliters
of the suspension was dropped onto agar plates of SV-Mal�H2O (1mg/ml), SV-Mal�H2O (1mg/ml)-Ura
(10mg/ml), and SV-Mal�H2O (1mg/ml)-Ura (10mg/ml)-5-FOA�H2O (55mg/ml) and streaked with an inocu-
lating needle. The plates were incubated at 30°C for 5 days.

Western blot analysis. The DpyrF (parent), Dpetase, and Dmhetase strains were cultivated in SV-TPA�2Na
(1mM)-Ura (10mg/ml) at 30°C for 3days. For protein denaturation, the culture fluid was vortexed in 3% (wt/
vol) Triton X-100 and incubated at room temperature for 10min. The samples were subjected to SDS-PAGE
using 12.5% acrylamide gel followed by blotting to a polyvinylidene difluoride (PVDF) membrane (Clear
Blot Membrane-P plus from ATTO, Tokyo, Japan). The primary antibodies were created as follows. PETase
and MHETase were expressed as previously described (13) and purified through nickel-affinity chromatogra-
phy under denaturing conditions using 6 M guanidine-HCl. Rabbit and guinea pig were immunized with
purified PETase and MHETase, respectively, at Eurofins Genomics (Tokyo, Japan). Polyclonal antibodies were
purified from antiserum by utilizing their affinities with the corresponding antigens. As secondary antibod-
ies, goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP) (Invitrogen [Thermo Fisher
Scientific], Waltham, MA) and goat anti-guinea pig IgG HRP conjugate (Invitrogen [Thermo Fisher Scientific])
were used. After antibody labeling, the PVDF membrane was reacted with Chemi-Lumi One Super (Nacalai
Tesque, Kyoto, Japan), and the band signals were visualized using ImageQuant LAS 500 (GE Healthcare,
Chicago, IL).
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Growth of mutant strains. The parent, the Dpetase, and the Dmhetase strains were cultivated in
NBRC802 for 2 days until their absorbance at 660 nm exceeded 1.0. Cells were harvested and suspended
using SV without vitamin mix. The suspension was inoculated to SV-Ura (10mg/ml) with or without PET
film (ca. 85mg, 20 by 15by 0.2 mm3), 1mM TPA�2Na, or 1mM EG as a carbon source to adjust the ab-
sorbance at 660 nm to 0.002 and shaken at 300 strokes/min at 30°C. The growth of three independent
cultures was monitored with the absorbance at 660 nm. After cultivation, PET films were washed with
10% (wt/vol) SDS, distilled water, 5% SDS, distilled water, 1% SDS, distilled water (2 times), and 70%
ethanol (3 times), in that order, with shaking. The air-dried PET film was weighed, and the weight reduc-
tion was calculated. The specimen was coated with osmium tetroxide using osmium plasma coater OPC-
80 (Nippon Laser & Electronics Lab, Nagoya, Japan) and observed using a JSM-7500F (JEOL, Tokyo,
Japan) at Hanaichi UltraStructure Research Institute (Okazaki, Japan).

Data availability. All data generated during this study are included in this published article and the
supplemental material files.
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