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ABSTRACT

Hydroxytyrosol (4-(2-hydroxyethyl)-1,2-benzenediol) is the most known bioactive compound
from the plant Olea europaea (olive tree). To date, few biocatalysis processes allowing efficient
production of hydroxytyrosol from potential substrates including, tyrosol (2-(4-hydroxy) phenyl
ethanol) and tyrosine have been reported. In this paper, we report for a Gram-positive bacter-
jum that produces hydroxytyrosol via conversion of tyrosol and/or L-tyrosine, identified as a
Rhodococcus pyridinivorans based on phenotypic characteristics and 16S rDNA sequence, and
designated R. pyridinivorans strain 3HYL DSM109178. Interestingly, strain 3HYL shows an out-
standing production of hydroxytyrosol from tyrosol up to 16.4+0.23 mmol/L with high kinetic
parameters exceeding the reported values. However, a slight downstream metabolism of the
product is assigned to the wild-type strain during the stationary phase of growth. The plasmid-
cured strain was obtained using random chemical mutagenesis, designated R. pyridinivorans
3HYL-AO, and was able to produce hydroxytyrosol, with yields up to 21.75+0.34 mmol/L.
Moreover, the plasmid-cured strain exhibited a significant reduction in the transformation to its
acetic acid forms compared to the wild-type strain as depicted by HPLC analysis. Comparison of
kinetic data of the bioconversion/accumulation process between the wild type and mutant
strain, in the presence and absence of L-tyrosine, and thus suggesting the occurrence of an
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upstream pathway for synthesis of tyrosol via (L)-tyrosine.

Introduction

Hydroxytyrosol is an o-diphenol found in the olive
tree and its products (Gordon et al. 2001), and it pos-
sesses several pharmacological activities (Ting et al.
2014; Colica et al. 2017). Data from in vivo and in vitro
studies showed that hydroxytyrosol acts as antithrom-
botic by inhibition of LDL oxidation (Visioli et al.
1995), platelet aggregation (Petroni et al. 1995), and
endothelial cell activation (Carluccio et al. 2003). Also,
other reports have demonstrated the activity of
hydroxytyrosol against multiple stages of the HIV-1 life
cycle, inhibiting cell-to-cell HIV-1 transmission and viral
core antigen p24 production (Lee-Huang et al. 2003).
Other studies suggested that hydroxytyrosol might
represent a non-toxic agent for the control of pro-
inflammatory genes (Chiara Maiuri et al. 2005).
Investigation on the protective effect of hydroxytyro-
sol on human melanoma cells exposed to UV-B

radiation showed remarkable protection against such
an effect (D’Angelo et al. 2005). Administration of a
low dose of hydroxytyrosol, administered through
olive mill wastewater, reduces the oxidative stress of
rats exposed to passive smoking (Visioli et al. 2000),
and improves blood lipid profile, antioxidant status,
and reduces atherosclerosis development (Gonzalez-
Santiago et al. 2006). All investigations performed on
various human cells have demonstrated that hydroxy-
tyrosol exerts its antioxidant effect by scavenging
hydrogen peroxide produced by human neutrophils
(O'Dowd et al. 2004) and prevented oxidation in the
erythrocytes (Manna et al. 1999).

Because of these properties, hydroxytyrosol has
received much attention as an attractive chemical for
both the pharmaceutical and food industries. Since
the first findings of these pharmacological effects of
hydroxytyrosol, interested scientists started to purify
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this molecule from its natural sources. For these rea-
sons, several protocols and processes were developed.
First attempts were directed towards the extraction
and the purification of the hydroxytyrosol starting
from the natural sources particularly from the olive
tree and by-products.

The recovery and the purification of the hydroxytyr-
osol from olives and by-products require the use of a
great amount of energy and toxic organic solvent and
are time-consuming. Yet, because of the risk accompa-
nied the use of pharmaceutical products produced
chemically or by a treatment using toxic compounds
such as solvents during the process, the development
of a process for the production of hydroxytyrosol by
using microbial cells, as biocatalyst is suitable for such
products intended to pharmaceutical use.

Hydroxytyrosol (HT) has also been identified as a
product of the oxidation of tyrosol by some bacteria,
such as Pseudomonas putida F6 (Brooks et al. 2006),
Pseudomonas aeruginosa (Allouche et al. 2004;
Bouallagui and Sayadi 2018), Serratia marcescens
(Allouche and Sayadi 2005) and Halomonas sp. strain
HTB24 (Liebgott et al. 2007), or by using tyrosinase as
a biocatalyst (Espin et al. 2001). Bacteria from the
genus Rhodococcus are known as versatile biocatalyst
with an expanded spectrum of applications including
biosynthesis and bioremediation. In his review,
Finnerty (1992), has suggested bacteria belonging to
the genus Rhodococcus as capable of oxidising a range
of phenyl ethanol substrates, where tyrosol (4-(2-
Hydroxyethyl)phenol), and since then, no experimental
data dealing with the occurrence of such process
among species of the genus Rhodococcus are avail-
able. In the present work, we describe a species, des-
ignated as strain 3HYL and belonging to the genus
Rhodococcus based on biochemical and molecular
approaches. This strain displays, as well as its plasmid-
free mutant, an o-hydroxylation efficiency of tyrosol
and production of hydroxytyrosol with outstanding
kinetic parameters. The process described in the pre-
sent work is reproducible at a Lab bench scale and
can be adapted to a pilot scale.

Materials and methods
Strain isolation and characterization

Soil samples were collected around an olive-tree (GPS
coordinate: 33°54'6.79" N, 4°39'45.47" W) in a sterile
plastic bottle. Subsequently, 1g of soil was added to
100mL of Luria Bertani broth (LB) and suspended
under low ultrasound energy and agitation. 100 pL
from the suspension were used to inoculate 100 mL of

glucose-free M9 medium containing Na,HPO, 7H,0,
349g/L; KH,PO4 15g/L; NH4CI, 5g/L; NaCl, 2.5g/L;
2mM MgSO, 0.1mM  CaCl,, supplemented with
7.5 mmol/L tyrosol, 1g yeast extract L™', and 0.1% (v/
v) trace element solution containing: EDTA, 0.59g/L;
ZnS0,4-7H,0, 0.22g/L; CaCl, 0.055g/L; MnCl,-5H,0,
0.059g/L; (NH4)eMo0,0,4-4H,0, 0.011g/L; CuSO,4-5H,0,
0.016 g/L; CoCl,-6H,0, 0.016 g/L, (w/v), pH 7.2. After 0,
12, 24, and 48h of incubation at 37°C, 100uL from
the culture dilutions were spread out on minimal
medium agar supplemented with tyrosol at 15 mmol/L
and incubated for 48 h at 37 °C. Strain characterization
and identification data are shown in the
Supplementary material. Standard tests were per-
formed based on the descriptions of the genus by
Jones and Goodfellow (2015). Cell morphology was
examined using scanning electron microscopy as
described by Kormendy (1975). Briefly, cells from the
early exponential growth phase (1day), stationary
phase (2 days) in an LB culture, alongside those grown
in the presence of tyrosol, were harvested and pre-
pared as described by The growth of the isolate was
monitored in a basal medium containing various con-
centrations of NaCl (0, 0.5, 1, 1.25, 1.5 and 2M). The
effect of increased tyrosol concentrations (0, 2.5, 7.5,
15, 22.5, 30, and 50 mmol/L) on the growth of strain
3HYL was tested in the same basal medium supple-
mented with yeast extract (1g/L). Temperatures
between 15 and 55°C at 5°C intervals and pH values
ranging from 2 to 12 in one-unit intervals were tested
on a basal medium containing fructose at 200 mmol/L.
Phenotypic properties of strain 3HYL were performed
as described by Gordon et al. (1974). Further biochem-
ical analyses were performed using APl 20NE, API
50CH systems (BioMérieux, France) according to the
manufacturer’'s instructions. Cell wall diamino-acids,
sugars, and amino acid determinations were per-
formed from the cell wall prepared by alkali treatment
of washed cell pellets as described by Keddie and
Cure (1977). Sugars determination was performed after
hydrolysis in 1 mol/L HCI for 4h. Amino acids and sug-
ars were detected by thin-layer chromatography (TLC).
For amino acids, TLC plates (cellulose with fluorescent
indicator, obtained from Fluka, USA) were eluted using
the mobile phase (methanol-water-6 N HCl-pyridine,
80-26-4-10), and the spots were visualised by spraying
0.2% ninhydrine (Staneck and Roberts 1974).
Authentic DL- and DD-diaminopimelic acids (Sigma
Chemical Co.), lysine, and ornithine were used as refer-
ences for the analysis of diamino acids. For sugars,
TLC plates (silica gel plates with fluorescent indicator,
obtained from Fluka, USA) were eluted using the
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mobile phase (butanol-acetic acid-water, 4-1-1), and
the spots were visualized after spraying with thymol/
H,SO, and incubation at 110°C. Standards of galact-
ose, arabinose, glucose, xylose, rhamnose, maltose,
and ribose were used as references for the
sugar analysis.

16s rDNA sequencing and phylogenetic analysis

The genomic DNA of strain 3HYL was extracted and
purified using  PureLink™  Genomic DNA  Kit
(Invitrogen) following the manufacturer’s instructions.
The universal primers, 1492R (GGCTACCTTGTTACG
ACTT) and 8F (AGAGTTTGATCCTGGCTCAG) were used
to amplify a 16S rDNA fragment of more than
1400 bp. PCR was performed in a thermal cycler
(Techne Genius, Model FGENO5TD, England). The PCR
conditions were set as described by Turner et al.
(1999). Sanger sequencing was performed at the
Centre of Innovation (USMBA-Fez, Morocco) using an
ABI  PRISM 3130XL Genetic Analyser (Applied
Biosystems). The 16S rDNA assembled sequence was
analyzed by search in the NCBI database. The phylo-
genetic relationship with other similar strains was
done by applied Neighbor-Joining (NJ) criteria, using
the MEGA X software (Kumar et al. 2018). Phylogeny
tests were assessed by bootstrapping with 1000 repli-
cates, the maximum likelihood composite was used as
a substitution model.

Fermenter set-up and growth conditions

Batch fermentation was carried out in a 5L bioreactor
(Biostat B, Sartorius-Germany) with a total working vol-
ume of 4L containing a two-phase ferment. The
growth temperature was 37 °C, the pH was maintained
at 7.2 by adjusting with 0.5M HCl and 0.5M NaOH
aqueous solutions, the agitation speed was set
between 5 rpm/min and 350 rpm/min, and the gassing
rate was adjusted between OL/h and 7L/min air. The
dissolved oxygen concentration was monitored using
a standard amperometric pO, probe (Mettler-Toledo
ProzeGianalytik GmbH, Stein-Bach, Germany) with a
12mm O, sensor. Strain 3HYL was grown in M9
medium, supplemented with 15 mmol/L tyrosol and
0.6% casamino acids solution and with 1% (v/v) of a
solution of trace elements of the composition
described above. Finally, the pH of the medium was
adjusted to 7.2 with 0.5M HCl and 0.5M NaOH aque-
ous solutions. All solutions were filter-sterilized
(0.2 um, MILLIPORE). Cultures were inoculated with
1mL of 2 x 10% cells/mL pre-grown in an LB medium
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in a rotatory shaker at 180rpm at 37°C. The growth
rate was monitored by measuring the turbidity at
600 nm. Samples (1mL), from the culture medium,
were collected at 1h intervals and clarified through a
0.2 um filter (MILLIPORE), for quantitative analysis.

Kinetic determination of
hydroxytyrosol production

HPLC was performed using an LCQ Advantage Max
Thermo Electron. The separation was carried out in a
BDS Hypersil C18 column (150 x 4.6 mm x 5um). The
mobile phase consisted of acetonitrile-HsPO,
(10:0.1%) where the concentration of acetonitrile var-
ied as follows: at Omin, 10%; from Omin to 20 min,
from 10 to 50%; and hold for 5 min; from 25 to 30 min
from 50 to 10%. The column temperature was main-
tained at 40°C, and the flow rate was 0.5mL/min. A
standard curve for quantitative measurements was
made from 0 ppm to 10> ppm using HT as a standard.
Compounds were identified by comparing their reten-
tion times with those of authentic samples (tyrosol, R;
= 13.12-13.15; hydroxytyrosol, R, = 10.07-10.26;
DHPA, R, = 16.52-16.55). The GC-MS analysis was
used for the mass identification of HT. A Thermo
Scientific ISQ™ LT Single Quadrupole GC-MS System
was used. The carrier gas was helium (99.99% purity),
used at a flow rate of 1.5mL/min. The oven tempera-
ture program was as follows: from 65°C to 100°C at a
ramp of 10°C/min, from 100 to 260°C at 4°C/min,
and 10min at 260°C. A sample from the culture
medium (1 mL) was extracted with ethyl acetate, and
100 pL of bis (trimethylsilyl) trifluoroacetamide (BSTFA)
was added to 100pL of the organic extract. The
obtained solution was incubated for 20 min at 80°C.
Ethyl acetate and BSTFA were evaporated under an N,
current and the residue was dissolved n ethyl acetate
(TmL) and analyzed by GC-MS. TLC analysis was car-
ried out using silica gel sheets (DC-Alufolien-Kieselgel,
2mm layer, (Fluka) using a mixture solvent containing
ethyl acetate, chloroform, and acetic acid (50:49:1).
The spots were visualised either by exposure to UV
light or by spraying a solution of methanol containing
1% FeCls. Total phenolic compounds were quantified
using a modification of the method described by
Singleton and Rossi (1965). Briefly, 100 uL of cell-free
supernatant  were  mixed with 025mL  of
Folin—Ciocalteu reagent, then 500puL of 20% (w/v)
sodium carbonate solution and 4mL water were
added, and the mixture was vortexed thoroughly.
After 30min, colour development was measured at
725nm using a JASCO V-350 spectrophotometer
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(USA). Authentic HT was used as a standard for the
calibration curve. Total phenolic compounds were
expressed as mg gallic acid equivalent per mL of the
cell-free medium. All measurements were performed
in triplicate. Kinetic parameters were calculated
as follows:

Qpmax (mmol/L/h) designs the production rate, cal-
culated as the maximum concentration of hydroxytyr-
osol divided by the total culture time. ppma (h™)
defines the maximum rate of production, and calcu-
lated as the logarithm variation of the product con-
centration as a function of the time and divided by
the corresponding biomass considered as the corre-
sponding optical density. [umax (h~') defines the max-
imum growth rate and is calculated as the logarithm
variation of the biomass (optical density) divided by
the time course. R, which defines the stoichiometry
of the process of hydroxylation of tyrosol. It is calcu-
lated as the difference between the maximal and ini-
tial concentration of the hydroxytyrosol divided by the
difference between the initial and the final concentra-
tion of the substrate.

Plasmid curing and production assay

In all the experiments, exponentially growing (log-
phase) cells were used to ensure the sensitivity of
mutagenesis. From a saturated culture, 1 mL is diluted
into 500mL fresh LB, and cells were grown at 37°C
for 6 to 7 h. The cell density was around 5 x 10° UFC/
mL, then a range of concentrations of acridine orange
(0-500 ng/mL) was added, and cells were additionally
grown at 37°C for a further 3 to 5h. Samples were
withdrawn during the time course of the mutagenesis
experiment at 1h intervals. Samples were plated on
M9 medium supplemented with tyrosol at 7.5 mmol/L.
Strains were screened for their ability to hydroxylate
tyrosol and accumulate hydroxytyrosol.

Results and discussion
Strain isolation and identification

Typically, the bacterium is rod-shaped, having a size of
0.6-2 um x 1-10um, non-spore-forming, Gram-posi-
tive, non-motile. The morphology of the strain
observed under scanning electron microscopy during
the time course of the growth shows various morphol-
ogies, characterizes by branched mycelia during the
early phase of growth and are subsequently divided
into short rods through small cocci, thus defining the
pleiotropic growth of species of the Nocardia (Figure
S1). Colonies in LB agar medium are circular with a
diameter of 1-1.5 mm, smooth and a little convex, and
do show a pink pigment after 48h at 37°C. The iso-
late showed to be catalase, and urease positive, and
oxidase negative. Table 1 shows a comparative table
of key phenotypic characteristics of strain 3HYL and
related species.

In contrast to most of the Rhodococcus species,
from the 50 carbohydrates tested, the isolate was able
to use for growth only fructose and aesculin after
24 h, and sorbitol after 72 h at 37 °C. The isolate shows
the decomposition of (L)-tyrosine, adenine, and
Tween-80. The temperature tolerated for the growth
ranged from 20°C to 42°C, with an optimum at 37°C.
The isolate can support growth at a pH ranging from
6.00 to 8.75, with an optimum at pH 7.2. Growth
under different salt concentration (NaCl) was between
0 and 85g/L, with an optimum at 20 g/L.

The cell wall contains meso-diaminopimelic acid,
arabinose, galactose, and glucose. The 16S rDNA
sequence of the isolate was determined and deposited
in the GeneBank database under accession no.
FJ887962.1. The 16S rDNA sequence of strain 3HYL
DSM109178 was 1420 nucleotides long. It was com-
pared with available sequences of related species
(retrieved from NCBI in April 2019). This sequence con-
tains all the “signature” nucleotide characteristics of
the family Nocardiaceae according to Stackebrandt

Table 1. Kinetic parameters of the conversion of tyrosol to hydroxytyrosol by Rhodococcus pyridinivorans 3HYL in differ-

ent conditions.

Substrate

Product
Tyrosol; Tyrosol¢ Hydroxytyrosols Qpmax Hymax Wpmax
(mmol/L) (mmol/L) (mmol/L) (mmol/L/h) (h™") (h™" Ross
Rhodococcus pyridinovorans 3HYL

M9* + 6g CAA L' microaerobic conditions 15.00 11.64+1.32 14.65+0.62 040+£0.05 028+0.01 145+0.52 3.36+1.92
M9* + 6 g CAA L™"in aerobic conditions 15.00 6.14+0.43 13.45+1.26 041+£0.02 082+0.09 1.58+0.67 2.85+0.87
M9* + 1g/L yeast extract aerobic conditions 15.00 3.44+0.75 931+1.83 060+0.03 0.98+0.04 1.64+023 1.03+0.11
M9* + 0.2 g/L fructose in aerobic conditions 15.00 0.72+0.26 10.75+1.65 0.52+0.03 031+0.03 124065 1.06+0.13

M9*: M9 minimal media supplemented with tyrosol at 15mmol/L, Mg™" and Ca™™" solution, trace elements as mentioned in material and methods;
tyrosol;: initial concentration of tyrosol; tyrosols: final concentration of tyrosol; tyrosine;: initial concentration of tyrosine; tyrosines: final concentration of

tyrosine; CAA: casamino acids®.
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et al. (1997). In the tree-based Neighbor-Joining algo-
rithm, strain 3HYL falls within the cluster comprising
Rhodococcus species, and, in particular, forms a coher-
ent cluster with the type strains of R. pyridinivorans
strain NK19 and R. rhodochrous strain PRK1. The place-
ment of the strain 3HYL within this cluster was also
confirmed with the maximum-likelihood and max-
imum-parsimony algorithms. The 16S rDNA sequence
similarity between strain 3HYL and the type strains of
other validly described Rhodococcus species ranged
between 99 and 94%. This strain has been designated
Rhodococcus pyridinivorans strain 3HYL, and it was
deposited at the DSMZ collection under the accession
number DSM109178.

Data for strain identification are presented in Table
S1, Figures S1 and S2.

Hydroxytyrosol production: kinetics of growth
and production

Rhodococcus pyridinivorans strain 3HYL supports con-
centrations of tyrosol and hydroxytyrosol for optimum
growth of 39.63 +2.37 mmol/L, and 46.27 +3.21 mmol/
L, respectively. In mineral media containing tyrosol at
15mmol/L, strain 3HYL DSM109178 shows an out-
standing production of HT with maximum concentra-
tions up to 13.45+1.26 mmol/L after 8 h of incubation
under aerobic conditions.

Figure 1 showed the evolution of the concentra-
tions of both, tyrosol and hydroxytyrosol during the
growth of strain 3HYL. It shows that the sum of the
produced hydroxytyrosol and the present tyrosol at
a time t, during the exponential phase of the growth
is by far superior to 15mmol/L, reaching values up
to 25.72+1.43mmol/L. These data were validated
based on HPLC-UV analysis using tyrosol as the
standard (R? = 0.985). Subsequently, kinetic experi-
ments were conducted to determine parameters
governing this unexpected conversion yield from
tyrosol to hydroxytyrosol leading to an excess of
both, the substrate and the product. The stoichiom-
etry of the production of hydroxytyrosol via oxida-
tion of tyrosol as indicated by the parameter R,/ in
aerobic and micro aerobic conditions showed mean
values of 3.36+1.92 and 2.85+0.87, respectively (See
Table 1 and Figure 2(A)), indicating that the produc-
tion reaction is not equimolar. However, the oxygen-
ation rate did not show any effect on the production
rate Qpmax (Mmol/L/h) that shows positive depend-
ency to the initial density of inoculum (Figure 2(B)).
In contrast, cultivation in mineral medium containing
only tyrosol (15 mmol/L), and fructose (25 mmol/L) as
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Figure 1. Time course of hydroxytyrosol, tyrosol and biomass
concentrations. Values were calculated based on HPLC quanti-
tation. (A): culture performed under oxygenation rate of 7L/
min and under agitation of 250 rev/min, (B): culture per-
formed under oxygenation rate of 0.2L/min and under agita-
tion of 30 rev/min. (H): hydroxytyrosol, (@): tyrosol, (A):
optical density. Culture conditions are as described in material
and methods.

a supplement source of carbon, did show a stoichio-
metric depletion of tyrosol along with the produc-
tion of hydroxytyrosol compared to culture in
mineral medium containing tyrosol, and a supple-
ment source of amino acids (e.g. Yeast extract,
Casaminoacids) under the same conditions (Table 1).
Furthermore, monitoring the total phenolic com-
pounds from the cell-free supernatant during the
growth of the isolate Rhodococcus pyridinivorans
strain 3HYL in M9 minimal medium containing tyro-
sol showed a significant increase in the total phen-
olic concentration (See Figure S3), reaching values
up to 24.31+1.43mmol/L tyrosol equivalent, when
compared to Pseudomonas aeruginosa strain ET6 that
in contrast, it exhibits instead a catabolic metabolism
of tyrosol via hydroxytyrosol.
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Figure 2. (A), Effect of the oxygen rate (L/min) on the kinetic parameter R, calculated as the difference between the final and
initial concentration of the hydroxytyrosol, assumed as the maximal hydroxytyrosol concentration in the cell-free medium during
the steady state and divided by the difference between the initial and the final concentration of the substrate in the same condi-
tions as before. (B) Evolution of the Qumax (MM/h) as function of the initial inoculum density, calculated as the maximum concen-

tration of hydroxytyrosol divided by the total culture time.

Table 2. Kinetic parameters of the conversion of tyrosol to hydroxytyrosol by Rhodococcus pyridinivorans 3HYL and strain

3HYL-AO1.
Substrates Product
Tyrosol; Tyrosine; Tyrosiner Tyrosols  Hydroxytyrosol¢ Qpmax
(mmol/l)  (mmol/L)  (mmol/Ll)  (mmol/L) (mmol/L) (Mmmol/L/h)  tmax (h™") pomay (1) Ross
Rhodococcus pyridinovorans 3HYL
M9* + 6g/L CAA 7.50 7.50 ND 277+£034 12.40+0.81 041+£0.74 030+£0.04 1.19+£0.05 2.01+0.28
M9* + 6g/L CAA I+ 7.50 7.50 0.24+0.00 506+0.27 20.01+0.64 0.60+0.73 0.89+0.01 1.58+0.03 5.57+0.13
0.05% tyrosine
M9* + 1g/L 7.50 7.50 ND 827+0.13  16.81+0.21 0.69+0.02 0.59+0.04 3.15%£0.12 2.50+0.11
yeast extract
Rhodococcus pyridinovorans 3HYL-AO1
M9* + 6g/L CAA 2.50 7.50 ND 10.99+0.21 18.75+0.56 0.62+0.08 0.94+0.03 1.64+0.11 248+0.12
M9* + 6g/L CAA + 2.50 7.50 0.17£0.00 9.54+0.52 23.50+0.27 0.65+0.02 045+0.04 1.83+0.04 4.68+0.134
0.05% tyrosine
M9* + 1g/L 2.50 7.50 ND 395+0.14 21.75+0.34 0.52+0.01 0.34+0.01 1.24+0.02 1.97+0.25

yeast extract

M9*: M9 minimal media supplemented with tyrosol at 15mmol/L, Mg™* and Ca™™" solution, trace elements as mentioned in material and methods;
tyrosol;: initial concentration of tyrosol; tyrosols: final concentration of tyrosol; tyrosine;: initial concentration of tyrosine; tyrosines: final concentration of

tyrosine; CAA: casamino acids®.

Curing pHyl in Rhodococcus pyridinivorans 3HYL
increased the accumulation of hydroxytyrosol

The improvement in HT accumulation by strain 3HYL
is highly relevant for industrial applications. The wild
type Rhodococcus pyridinivorans 3HYL vyields up to
15.37 mmol/L HT in a fermentation media under opti-
mal conditions. However, when using a plasmid-cured
strain, obtained after iterative chemical mutagenesis
with acridine orange, the mutated strain, designated
Rhodococcus pyridinivorans 3HYL-AO1, showed produc-
tion of up to 20.52mmol/L of HT in the same condi-
tions as the wild type. The plasmid-less strain
3HYL-AO1 showed an outstanding overall process with
promising kinetic parameters of conversion of tyrosol
to HT that exceed those recorded for the wild type,
mainly the parameter Rp/s that describes the stoichi-
ometry of the bioconversion of tyrosol to

hydroxytyrosol (See Table 2 for details). This strain
supports  optimum  tyrosol  concentrations  of
3554+261mmol/L  and a  concentration  of
28.62 +2.84 mmol/L of HT for optimum growth. Figure
3 displays the HPLC chromatograms of the cell-free
supernatant during bioconversion of tyrosol to HT by
Rhodococcus pyridinivorans 3HYL and Rhodococcus pyr-
idinivorans 3HYL-AO1 at different time intervals. In
contrast to the wild-type strain, that oxidises tyrosol
to hydroxytyrosol, with concomitant formation of 3,4-
Dihydroxyphenyl acetic acid (DHPA), the mutagenized
strain shows a remarkable reduction in the synthesis
of DHPA. Furthermore, Rhodococcus pyridinivorans
3HYL-AO1 shows an accumulation of HT to final con-
centration after 18 h of 21.75+0.34 mmol/L, compared
to the wild-type strain yielding 16.81+0.21 mmol/L, as
well as an increase in the parameters of production
kinetic, as shown in Table 2.



BIOCATALYSIS AND BIOTRANSFORMATION 7

Rhodococcus Pyridinivorans strain 3HYL
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Figure 3. Typical HPLC chromatograms of cell-free medium showing the evolution of the composition of the culture medium dur-
ing the growth of Rhodococcus pyridinovorans 3HYL (A-C), and of Rhodococcus pyridinovorans 3HYL-AO1 (D-F) in presence of tyro-
sol as substrate. (A and D): cell-free supernatant at time 0; (B, E): cell-free supernatant after 16 h of incubation; (C, F): cell-free
supernatant after 48 h of incubation. Tsl: tyrosol, HT: hydroxytyrosol, and DHPA: 3,4-dihydroxyphenyl acetic acid.

Metabolism of tyrosol and hydroxytyrosol and the
effect of tyrosine on the synthesis of tyrosol

Both, the wild-type and the mutated strain
Rhodococcus pyridinivorans 3HYL-AO1 showed efficient
hydroxylation of tyrosol to HT as well as the metabol-
ism of tyrosine to hydroxytyrosol via tyrosol. Besides,
HPLC analysis showed the appearance of other com-
pounds, mainly resulting either from the pathway of
the production of tyrosine to tyrosol or from the

downstream metabolism of HT. GC-MS analysis of the
TMS derivatives from the crude extract prepared from
the cell-free medium showed signals of [M*-30TMS]
and [M*-20TMS] at m/z 370.45, 384.04, and 282.34,
corresponding to HT, 3,4-dihydroxyphenylacetic acid,
and tyrosol, respectively, according to Di Tommaso
et al. (1998). Standard compounds of HT, tyrosol, and
3,4-dihydroxyphenylacetic acid were used to verify
the authenticity of the purified compounds. No
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Rhodococcus pyridinovorans 3HYL-AOI (M9*+tyrosine+tyrosol)
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Figure 4. Typical HPLC chromatograms of cell-free medium
showing the evolution of the production of hydroxytyrosol
during the growth of of Rhodococcus pyridinovorans strain
3HYL-AO1 in presence of tyrosol and tyrosine as substratee.
(A): cell-free supernatant at time 0h; (B): cell-free supernatant
after 12h of incubation; and (C): cell-free supernatant after
24h of incubation. Tsl: tyrosol, HT: hydroxytyrosol, and
Tyr: tyrosine.

4-hydroxyphenylacetic acid (HPA) was detected in the
cell-free medium. Both, HT and DHPA were subse-
quently metabolised to brown compounds, most likely
due to tyrosinase activity allowing melanin synthesis
from their corresponding quinones.

In the presence of (L)-tyrosine (7.5mmol/L) and
tyrosol (2.5mmol/L) in the production medium, both
the wild-type and mutagenized strain (5.5 x 10° UFC/
mL) consume almost all tyrosine within 16 h of culture
with the concomitant production of both tyrosol and
HT. The concentration of the later increases to reach
values up to 20.01+0.68mmol/L for Rhodococcus
pyridinivorans  3HYL and 23.50+0.24mmol/L for
Rhodococcus pyridinivorans 3HYL-AO1. Table 2 summa-
rises the kinetic parameters of the production of
hydroxytyrosol in the presence and absence of tyro-
sine and Figure 4 displays the HPLC chromatograms

by strain Rhodococcus pyridinivorans 3HYL-AO1 and
the corresponding kinetic parameters. In the condition
of the growth of wild type and the plasmid-cured
mutant in the presence of tyrosine as well as tyrosol,
the parameter Rp/s showed values of 5.57+0.13 and
4.68+0.134, yielding thus, 20.01+0.64 mmol/L and
23.50+0.27 mmol/L, respectively (see Table 2). When
grown in the presence of (L)-tyrosine, both the wild-
type and the mutated strain of Rhodococcus pyridini-
vorans 3HYL showed efficient production of both tyro-
sol and HT with kinetic parameters higher than those
registered in the absence of (L)-tyrosine. Yet, these
data corroborate with the involvement of a de novo
pathway with (L)-tyrosine as a precursor for tyrosol
synthesis, as well as the hydroxylation reaction to
allow hydroxytyrosol production in the culture media
(Figure 5). In comparison to what has already been
suggested for other biocatalysts (Allouche et al. 2004;
Allouche and Sayadi 2005; Brooks et al. 2006;
Bouallagui and Sayadi 2018), Table S2, strain 3HYL
shows during the higher production vyield late expo-
nential phase of growth of either the wild-type or the
mutated strain of Rhodococcus pyridinivorans 3HYL in
presence of tyrosol, the culture medium turns brown,
indicating the formation of melanin from the corre-
sponding o-quinones.

In contrast to the wild type, Rhodococcus pyridini-
vorans 3HYL-AO1 showed production and accumula-
tion of HT with reduced DHPA formation, thus
allowing easy purification of HT and tyrosol from the
cell-free medium. Additionally, no HPA was detected
in the culture media during the biotransformation pro-
cess, compared to most of the described biocatalysts,
indicating that the formation of the corresponding
carboxylic acid occurs after the o-hydroxylation of
tyrosol. This suggests that the HPA pathway is not
active, in contrast to what has been demonstrated
for Rhodococcus globerulus PWD1 (Stackebrandt
et al. 1997).

Conclusion

In conclusion, this process of the production of
hydroxytyrosol via hydroxylation of tyrosol using
either the wild type or the plasmid-cured strain of
Rhodococcus pyridinivorans 3HYL is unique in that it
allows the production and accumulate HT at concen-
trations up to 23.01+£2.37mmol/L in the cell-free
medium and it does so with high kinetic parameters,
which makes it suitable for industrial production of
hydroxytyrosol, which is easy to isolate from produc-
tion medium. The occurrence of a de novo pathway
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Figure 5. Proposed pathways displayed during bacterial production of hydroxytyrosol from tyrosol and tyrosine.

for the synthesis of tyrosol is supported by the
increase in the R, parameter that exceeds one in
most optimal cases. The optimized hydroxylation of
the tyrosine process, in combination with a supply of
tyrosine as a supplement substrate, enables the pro-
ducing hydroxytyrosol at high levels of quantity and
purity. Moreover, in the presence of tyrosine, these
parameters showed relatively higher values for the
mutant compared to the wild-type, showing signifi-
cant improvement in product yield, thereby increasing
the cost-effectiveness of the process. These results
gave insights into the study of the governing pathway

for the de novo synthesis of tyrosol and provide hints
for modelling the kinetic parameters governing the
bioconversion of tyrosol to hydroxytyrosol by the iso-
late Rhodococcus pyridinivorans strain, which are sub-
jects to ongoing projects. This process opens the way
for the economic and environmentally friendly produc-
tion of hydroxytyrosol.
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