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Editorial on the Research Topic

Natural and synthetic microbiology for the production of novel
biomolecules for applications in the areas of food, fuel, farming, pharma
and environment

This Research Topic aimed at getting the latest insight into the production of
biomolecules using microbial sources and the development of novel and sensitive microbial
detection strategies. Various screening methods for isolation of high-performance strains,
yield/productivity enhancement of microbial metabolites such as bioprocess optimization
by statistical methods, genetic engineering, and advanced purification methods have been
reported. New techniques for identifying improved strains have also been developed
and reported to support this. Some of the remarkable microbial research related to the
industrial production of metabolites, health, and medicine was published in this Research
Topic and is summarized in this editorial.

The production of microbial derived molecules such as exosomes and L-asparaginase
and their applications in biomedicine and health such as immunomodulation, gut health,
drug delivery, and cancer treatment was reviewed (Tsegaye et al; Liu). The reviews
emphasized on the design of efficient isolation and purification strategies as well as
engineering methods for enhanced functionalities of these molecules for biomedical
applications. Development and use of in-silico methods for rapid screening of effective
variants, techniques to assess in-vivo distribution and long-term safety was also highlighted
considering their applications for human health.

Bacillus licheniformis ALSZ2 has been reported (Amin et al.) for lactase production
having commercial potential for having lactose intolerant people. Statistical design of
media optimization was performed to choose out of 100 strains in the soil polluted with
dairy products for isolation of most potent microbial lactase producer with unique lactase
capacities. Two level Plackett-Burman design was used for weighing fifteen variables using
three factors, lactase activity was enhanced 4 times and 13 U/ml enzyme was achieved.
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Genetic engineering strategies for enhanced and tailored
production of prodniginines and rhamnolipids has been reported
(Kossmann et al.) as biocontrol agents effective against plant
nematodes. Bacterial secondary metabolites from genetically
engineered Pseudomonas putida are of particular interest due
to good plant compatibility and low toxicity. These are not
as readily accessible so a new hybrid synthetic route was
established in the same strain for enhancing the production of
bipyrrole precursor and mutasynthesis optimization. Chemically
synthesized and supplemented monopyrroles conversion to
tripyrrolic compounds and subsequent semisynthesis provided the
hydroxylated prodiginine which showed reduced infectiousness
in Arabidopsis thaliana plants from Heterodera schachtii. 50%
nematode control was achieved with combined application with
rhamnolipids due to the impaired motility and style thrusting
of parasites.

Modified yeasts producing proginsenediol-dammarane type
ginsenosides, such as G-Rh2, G-Rg3, and G-Rd have been
shown to enhance production in Saccharomyces cerevisiae (Lin
et al.). It was developed by previously reported PnUGT33 as
the necessary enzyme for the synthesis and manufacturing of G-
Rg3. Two gene modules, LKG and EGH, were built for high
level production of desired metabolites. In LKG31 (254.07 mg/L
+ 56.49 mg/L) in the optimized YPD (yeast extract, peptone,
and dextrose) medium with yeasts overexpressing the SCPGMI1,
ScPGM2, and ScUGP1 genes, 51 mg/L G-Rg3 production increased
threefold. However, this work was unable to be successfully
incorporated into the the EGH module (EGH-31 and EGH-
53) and efforts to raise the strain titer (56.68 mg/L) after 96
h failed.

Lactic acid bacteria (LAB) (Vasundaradevi et al.) was reported
as biocontrol agent to be effective against phytopathogenic fungus.
Seven isolates were shown to inhibit its growth, out of which only
two obtained from fruits Ficus and Tinospora exhibited promising
antifungal properties against Alternaria alternata. Molecular
identification technique was used for identifying strains showing
higher adaptability to a wide temperature range and salt tolerance
of up to 7%. Cell free supernatant (CFS) inhibition was quite high
as even 5% crude CFS reduced the fungal growth by >70% while
a complete inhibition was reported at 10%. Inhibition was against
mycelial growth and conidial germination and it was effective even
after long periods of cold storage of CFS.

Human health promoting bioactive compounds were reported
from various parts of the medicinal mushroom Ganoderma
lucidum (Tajik et al) which include peptides, fatty acids,
polysaccharides and triterpenoids. Extracts of isolated compounds
from G lucidum has been found to be have carcinostatic effects
on cancer cell lines like lung, pancreas, breast, skin etc., and
triterpenoids have been reported to be the most important bioactive
compounds with such effects. Glucose as carbon and corn steep
liquor (CSL) as nitrogen source was found to be the best for
stimulating the production of a triterpenoid called ganoderic acid
based on optimization studies. This was secreted from stem and
shell of mushroom and showed substantial anti-microbial and
anti-cancer activity in in-vitro conditions.

Industrial uses of microbes and ultra-sensitive detection has
been revolutionized in the recent times. This is of great importance
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in the case of anti-microbial resistance. Pseudomonas aeruginosa,
a principal pathogen responsible for urinary tract infections has
been known as difficult to eradicate and has evolved as the main
candidate for drug resistance due to the indiscriminate uses of
antibiotics. Rapid and efficient detection of microbes as well as their
drug resistance genes is desirable for early clinical diagnosis and
proper treatment. Recombinant polymerase amplification clustered
regularly interspaced short palindromic repeats associated with
protein 13a to establish one tube and two step reaction systems
for detecting the mexX drug resistance gene in Pseudomonas was
developed (Zhu et al.). This method outperformed the traditional
PCR and qRT-PCR (quantitative Real-time polymerase chain
reaction) and limit of detection was as low as 10 aM and 1 aM
respectively Primer was specifically designed for drug resistance
mexX gene. Method was verified with industrial samples and
commercial lateral flow dipstick with LoD of 10 Fm and showed
great accuracy.

Design of robust microbial systems as a source of metabolites
having commercial value and/or catering to low volume high
value products using novel strategies has attracted attention under
the sustainable circular economy concept. Ultrasensitive microbial
detection in clinical/environmental samples in the areas of health
and medicine are of special importance. This Research Topic
intends to motivate upcoming researchers to work in these areas
which will lead to new innovations and applications in the areas of
health, medicine, and industrial (bio)production.
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Bacterial secondary metabolites exhibit diverse remarkable bioactivities and
are thus the subject of study for different applications. Recently, the individual
effectiveness of tripyrrolic prodigininesand rhamnolipids against the plant-parasitic
nematode Heterodera schachtii, which causes tremendous losses in crop plants,
was described. Notably, rhamnolipid production in engineered Pseudomonas
putida strains has already reached industrial implementation. However, the non-
natural hydroxyl-decorated prodiginines, which are of particular interest in this
study due to a previously described particularly good plant compatibility and low
toxicity, are not as readily accessible. In the present study, a new effective hybrid
synthetic route was established. This included the engineering of a novel P. putida
strain to provide enhanced levels of a bipyrrole precursor and an optimization of
mutasynthesis, i.e., the conversion of chemically synthesized and supplemented
monopyrroles to tripyrrolic compounds. Subsequent semisynthesis provided
the hydroxylated prodiginine. The prodiginines caused reduced infectiousness
of H. schachtii for Arabidopsis thaliana plants resulting from impaired motility
and stylet thrusting, providing the first insights on the mode of action in this
context. Furthermore, the combined application with rhamnolipids was assessed
for the first time and found to be more effective against nematode parasitism
than the individual compounds. To obtain, for instance, 50% nematode control,
it was sufficient to apply 7.8 pM hydroxylated prodiginine together with 0.7 pg/
ml (~1.1 pM) di-rhamnolipids, which corresponded to ca. ¥4 of the individual ECs,
values. In summary, a hybrid synthetic route toward a hydroxylated prodiginine
was established and its effects and combinatorial activity with rhamnolipids on
plant-parasitic nematode H. schachtii are presented, demonstrating potential
application as antinematodal agents.

Prodiginines, plant-parasitic nematodes, plant protection, mutasynthesis and
semisynthesis, Pseudomonas putida, combinatorial activity, rhamnolipids
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1. Introduction

Prodiginines are a group of bacterial secondary metabolites
with diverse remarkable bioactivities, among which anticancer and
antimicrobial effects have perhaps been described in most detail
thus far (Fiirstner, 2003; Stankovic et al., 2014; Hu et al., 2016;
Sakai-Kawada et al., 2019; Yip et al., 2019; Berning et al., 2021; Li
et al., 2022). Notably, prodiginine-producing bacteria such as
Streptomyces and Serratia species also dwell in the rhizosphere, the
dynamic micro-biosphere around the plant roots and site of
manifold chemical interactions between the bacteria and plants
(Berg, 2009; Lugtenberg and Kamilova, 2009; Meschke et al., 2012).
Here, direct interactions can result in hormonal stimulation,
increased stress tolerance and improved nutrient availability and
uptake by plant roots. In addition, indirect beneficial effects for the
plant can result from the suppression of pathogens. Although the
ecophysiological role of prodiginines is still poorly understood,
various bioactivities of prodigiosin (1) and related tripyrrolic
analogs against several plant pathogens have already been reported
(Someya et al., 2001; Meschke et al., 2012; Rahul et al., 2014;
Roberts et al., 2021). Recently, their effectiveness against the plant-
parasitic nematode (PPN) Heterodera schachtii, the causative agent
of tremendous losses in crop plants, was described (Habash et al.,
2020).
metabolites with surfactant properties, namely rhamnolipids, were

Moreover, naturally-occurring bacterial secondary
recently reported to act against H. schachtii (Bredenbruch et al.,
2023). It has further been shown that prodigiosin (1) possesses
combinatorial antibacterial activities when applied together with
biosurfactants, such as the lipopeptide serrawettin W1 and
rhamnolipids (Hage-Hiilsmann et al., 2018). It has been postulated
that the pigment can only exert its full antimicrobial activity in
combination with biosurfactants (Williamson et al., 2008; Roberts
etal., 2021).

The aim of the present interdisciplinary study was to facilitate
access to the relevant compounds and to investigate their
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combinatorial activities against H. schachtii. Pseudomonas putida has
become a widely established biotechnological host for natural product
biosynthesis (Nikel et al., 2016; Loeschcke and Thies, 2020; Weimer
et al., 2020) including heterologous prodigiosin and rhamnolipid
production (Domrose et al., 2015; Tiso et al., 2020; Cook et al., 2021).
The rhamnolipid bioprocess has already been industrially
implemented by Evonik Industries AG while research to improve
accessing prodiginine derivatives is ongoing: recent studies showed
heterologous expression of the pig gene cluster of Serratia marcescens
via chromosomal integration, which established the biosynthesis of
prodigiosin (1) (Domrose et al., 2015, 2019; Cook et al., 2021).
Further, a mutasynthesis approach enabled the generation of new
prodiginines (Klein et al., 2017, 2018). This procedure was based on
the partial disruption of the native biosynthesis pathway and feeding
of monopyrrole precursor analogs, which were incorporated into new
tripyrrolic compounds. A limitation of this mutasynthesis approach
was a relatively low product yield of 2-12% (Klein et al., 2017).
Therefore, the development of a novel mutasynthesis chassis with
enhanced bipyrrole production capacity and an optimization of
mutasynthesis were identified as promising strategies to obtain target
prodiginines more efficiently.

In previous work, a prodiginine bearing a terminal allylalcohol
group (2) was reported to show remarkable plant growth promoting
properties. In addition, it was not toxic for Caenorhabditis elegans
at concentrations where prodigiosin (1) was lethal for this non-target
organism (Habash et al., 2020). Based on these findings, the focus of
the present study is the development of a feasible synthetic approach
to hydroxylated prodiginines for investigations of anti-nematode
activity. This study thus reports a mutasynthesis approach in a novel,
efficient bipyrrole-producing P. putida strain and subsequent
chemical conversion, i.e., semisynthesis, toward hydroxylated
prodiginine 3 (Figure 1). The mode of action against H. schachtii as
well as combinatorial activity with di-rhamnolipids (4) were
investigated for the first time, demonstrating potential application
as antinematodal agents.
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FIGURE 1

Bioactive compounds assessed in this study. The synthesis of prodigiosin (1) and hydroxylated derivative (2) has been established in previous studies.
A synthesis route to hydroxylated prodiginine (3) is presented in this study, enabling the compound's application together with di-rhamnolipids (4),
which can be obtained via microbial biosynthesis as a mixture of congeners as indicated.

1, 3: without double bond
5: with and without double bond at C-5
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2. Results

2.1. Development of an enhanced
Pseudomonas putida chassis for optimized
mutasynthesis

In natural prodigiosin (1) biosynthesis, the monopyrrole MAP
(2-methyl-3-amylpyrrole, 5) and the bipyrrole MBC (4-methoxy-2,2"-
bipyrrole-5-carbaldehyde, 6) are condensed by a ligase (PigC in
S. marcescens) to a tripyrrolic scaffold. The mutasynthesis approach
has previously been established successfully in P. putida pig-r2 ApigD
(Klein et al., 2017, 2018). The strain harbored the entire S. marcescens
pig gene cluster—with the exception of the first MAP biosynthetic
gene pigD, which was replaced by an antibiotic resistance gene. By
feeding chemically synthesized monopyrroles to this MAP-deficient
P, putida pig-r2 ApigD strain, the PigC-catalyzed condensation with
MBC (6) led to novel tripyrrolic compounds in these previous studies.

Since mutasynthesis might be limited by biosynthetic provision of
the bipyrrole precursor MBC (6), we aimed to establish a streamlined
MBC-producing chassis preferentially lacking genetic and metabolic
burdens. As a new strategy, a truncated pig gene cluster specifically
designed to facilitate the biosynthesis of the bipyrrole 6 was integrated
in the host. To this end, the artificial pigAFGHIJKLMN gene cluster
(excluding the MAP (5) biosynthesis-encoding genes pigBDE and the
ligase-encoding pigC, see Supplementary Figure S1) was assembled
by PCR and yeast recombinational cloning into the yTREX vector
following established protocols (Domrose et al., 2017; Weihmann
etal,, 2020). In this process, the promotor-less lacZ gene was inserted
downstream of pigN (Figure 2A). The resulting vector was used for
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random transposon Tn5-based integration of the recombinant operon
in the P. putida bacterial chromosome and LacZ was utilized as
transcription reporter. Based on that, clones with strong gene
expression were indicated by blue coloration as a result of X-gal
conversion. Of these clones, 19 were selected and subjected to small
scale cultivation, metabolite extraction and LC-MS analysis to verify
bipyrrole product accumulation. Results were comparatively evaluated
in relation to the previously established mutasynthesis chassis
P, putida pig-r2 ApigD (Figure 2B). While four strains did not produce
any detectable amounts of MBC (6), one clone (MBC17) produced a
lower amount of MBC (6) than P. putida pig-r2 ApigD, and 14
accumulated the bipyrrole at higher levels (up to 8-fold increased).
The best producer (MBC18) showed likewise elevated transcript levels
(approx. 4-fold), indicating that a higher expression level could
be reached in the new strain, which in turn contributed to higher
bipyrrole synthesis. The enhanced MBC (6) level was verified for
MBC18 in larger scale as applied in preparative mutasynthesis: Both
strains, P. putida pig-r2 ApigD and MBC18, were cultivated in TB
medium and polyurethane (PU) foam cubes were added as adsorbent
for the hydrophobic compound, as previously established for
prodigiosin (1) recovery (Domrose et al., 2015). Extracts from PU of
the cultures with the newly constructed strain MBC18 contained
about 12-fold more MBC (6) than those of the previously reported
strain P putida pig-r2 ApigD — a promising precondition
for mutasynthesis.

The next step was to evaluate the capacity of the new strains for
mutasynthesis with MBC17, MBC13, and MBC18 representing a low,
an intermediate, and a high MBC level producer, respectively. The
ligase PigC was thus introduced into these strains by plasmid-based
expression from the IPTG-inducible P, promoter in pVLT33-pigC

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1151882
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kossmann et al.

10.3389/fmicb.2023.1151882

A B
15
Lo} 1%}
0§15 z04
recombinant yTREX Tn5 transposon ° % 810 R0
5 0
OE-L OER 3. |38 222
N e =) o'01es L 2z, | O
PigAFG H | J KLMN lacZ TcR g £ ¥ "Apigb MBC18 € "ApigD 'MBC1T8
(3
selection selection 2 5 |
©
_’ E
(TeR) (lacz)
s — OO I i
\é\\qo 6 7 8151711 9 202212212 1013194 16 5 18
W MBC
C D
c 3
g
g 2 |pingngll J KILMN lacZ ‘TCQ
8 51 ~o
o< pigC_"pigB | enzymes \ \ © _o
g - pigC pigC pigC pigC pigC pigC " >~ PigC
g PI9C pigS PIgC PigC PIGC PIIC piasmid " T © g
WT MBC17 MBC13 MBC18  strain (/_\Q;
N
/ H 5
lsupplementation
E
5 20 5 [ OMAP _mProdigiosin _ eYield [%] | [ 8°
= =]
£ g 1000 . 60 =
g 910 &= 100 =
SE B = 40 3
3 04 [t} e — e © = 10 2 g
4 i P . B
o - 5:53 - glgB plasmid é
ApigD MBC18 ApigD  MBC18 strain @ 1000 500 250 150 100
25°C 30°C UM MAP substrate in mutasynthesis
FIGURE 2
Construction of a Pseudomonas putida mutasynthesis chassis. (A) The artificial 4-methoxy-2,2’-bipyrrole-5-carbaldehyde (MBC) biosynthesis-
encoding gene cluster was assembled by yeast-cloning and integrated in the bacterial chromosome via Tn5 transposition. After that, expressing clones
were selected based on LacZ reporter activity. (B) Relative MBC production in small scale cultivation of engineered P. putida shown as x-fold increase
relative to the signal of P. putida pig-r2 ApigD. Left Inset: Evaluation in preparative mutasynthesis setup (100 ml scale, MBC18 with pVLT33-pigC-pigB).
Right inset: Relative pigN mRNA levels. (C) Dependence of the condensation of biosynthesized MBC (6) with supplemented MAP (5) on co-expression
of PigB in P. putida stains MBC17, —13, —18 with plasmids pVLT33-pigC or pVLT33-pigC-pigB, respectively, in small scale cultivation. (D) Genetic setup
of the new mutasynthesis chassis carrying the MBC (6) biosynthetic genes in the chromosome and expressing pigC and pigB from a plasmid.
(E) Mutasynthesis performance of the newly established chassis P. putida MBC18/pVLT33-pigC-pigB in comparison with hitherto used P. putida pig-r2
ApigD in small scale cultivation at 25 or 30°C. The product was detected in extracts via spectrophotometry. Shown are mean values of independently
replicated measurements (min. triplicates) with the respective standard deviation. (F) Optimization of preparative mutasynthesis in 5x100 ml scale with
P. putida MBC18/pVLT33-pigC-pigB. The amount of substrate MAP (5) was varied from 1,000 uM to 100 pM to optimize conditions with respect to
isolated prodigiosin (1) and corresponding yields (% mol of product relative to the substance amount of substrate).

(Brands et al., 2020). After small scale cultivation with supplementation
of MAP (5, 1mm), cells were extracted and prodigiosin-specific
absorption was measured at 535nm (Figure 2C). However, no
noteworthy conversion of the fed monopyrrole to prodigiosin could
be detected with either strain (MBC17, MBC13, MBC18/pigC).
Since it is known that in in vitro assays PigC does not require any
additional proteins for functioning (Brass et al., 2019; Brands et al.,
2020) it could be excluded that a generally necessary component was
missing in the new strains. However, the previous pigD deletion
mutant P. putida pig-r2 ApigD could facilitate conversion and it
additionally contained functional PigB and PigE-encoding genes.
This suggested an important role of either one or both of these
proteins in the mutasynthesis setup (see Supplementary Figure S1).
Based on their localization at the membrane and the proven
importance of their membrane-anchoring domains, it may further
be speculated that the last precursor-delivering enzymes PigN/F and
PigB, as well as PigC could form a membrane-associated protein
complex (Williamson et al., 2005; Chawrai et al., 2012; Couturier
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etal., 2019). This suggested that this complex consisting of PigC and
PigN/E, but devoid of PigB might not be functional (see also
Supplementary Figures S2, S3). PigB co-expression was therefore
tested next by using plasmid pVLT33-pigC-pigB in the new strains
(Figures 2C,D). While in the low-level precursor providing strain
MBCI17, co-expression of PigB did not lead to prodigiosin (1)
formation, an increased signal was observed with MBC13 and
highest levels were found in the high-level MBC-providing strain
MBC18 (MBC17, MBC13, MBC18/pigC-pigB).

As a next step, mutasynthetic prodigiosin (1) production of the
newly established chassis P. putida MBC18/pVLT33-pigC-pigB was
assessed in comparison with hitherto used P. putida pig-r2 ApigD. To
this end, small scale cultivation was used to test performance at 25°C
as previously established (Klein et al., 2017, 2018) and at the optimal
P. putida growth temperature 30°C (Figure 2E). At 25°C, 4.2 and
10mg/L prodigiosin were obtained, while at 30°C, 2.3 and 21 mg/L
were produced with P. putida pig-r2 ApigD and MBC18/pVLT33-
pigC-pigB, respectively. These results therefore verified enhanced
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performance of the newly constructed chassis, especially at 30°C, so
all following experiments were conducted at this temperature.

Since during small scale cultivation under the applied conditions
with excess of MAP (1 mm, 5), MBC (6) was consumed to below limits
of quantification, an adjustment of MAP concentrations was tested
next. Hence, different MAP (5) concentrations were supplemented to
P, putida MBC18/pVLT33-pigC-pigB in order to potentially match the
levels of both precursors in preparative scale experiments and
optimize yields (Figure 2F). The best yield of 62% purified product
was obtained with 150 pM MAP (5). Isolation by soxhlet extraction of
PU and column chromatography on silica yielded 17 mg prodigiosin
(1) from 500 ml mutasynthesis cultures. This outcome corresponding
to 34 mg/l represented an improvement to previously reported 17 mg/l,
obtained with the same pyrrole via comparable procedures (Klein
etal, 2017). Remaining MBC (6) was below 2 pM in this experiment
(Supplementary Figure S4). This procedure was therefore deemed as
suitable for further steps toward accessing the hydroxylated target
compound 3.

2.2. Chemical synthesis of pyrroles,
muta- and semisynthesis of hydroxylated
prodiginine 3

In order to establish a synthesis route to a hydroxylated
prodiginine tripyrrole, a pyrrole with terminal double bond was aimed
as precursor to allow a late-stage semisynthetic functionalization.
Previously reported prodiginine 2 was synthesized chemically in a
condensation reaction of Boc-6 and a pyrrole with allylalcohol
function (Habash et al., 2020). With this approach, the functional
group is already applied, but further modification and derivatization
are less feasible. The here presented mutasynthesis approach is more
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flexible in terms of late-stage functionalization and allows to
functionalize the obtained mutasynthesis product in a variety of ways,
such as with a bromination or oxidation. In order to yield the
hydroxylated prodiginine 3, we applied a hydroboration as
semisynthetic step.

Starting from carboxylic acid 7, Weinreb-amide 8 and ketone 9
were obtained in two steps, consecutively. Afterwards, oxime 10 was
synthesized to be used as starting material in the Trofimov pyrrole
synthesis toward pyrrole 11a, as previously described (Mikhaleva
et al., 1981; Trofimov et al., 2015; Klein et al., 2018). The Trofimov
pyrrole synthesis represents the yield-limiting step in this synthesis
sequence (Figure 3). This could be explained by the strongly basic
reaction conditions, which favor side-product formations as
described previously (Ivanov et al., 2014). Observed side-products
were a ketoxime diether and an N-alkylated pyrrole, which could
be removed by flash column chromatography on silica. In a
subsequent hydroboration with the organoborane 9-BBN
(9-Borabicyclo[3.3.1]nonane), a hydroxylated pyrrole 11b was
obtained as precursor.

Both pyrroles were tested as mutasynthons, but only pyrrole 11a
was converted in P. putida MBC18/pVLT33-pigC-pigB (Figure 4A).
The hydroxylated group likely prevents the pyrrole 11b from crossing
the cell membrane, since PigC-mediated condensation was observed
in experiments with lysate (Figure 4B). Therefore, 150 pM 11a was
applied in a preparative mutasynthesis, yielding 30mg/L of the
corresponding tripyrrole 12 which corresponds to 54% yield.

The hydroxylated prodiginine 3 was synthesized in a final
semisynthetic step by hydroboration of the obtained mutasynthesis
product 12, yielding targeted compound 3 in 65% yield (Figure 4C).
Notably, for the hydroboration to be successful, the mutasynthesis
product had to be purified via reversed phase column
chromatography in advance. Overall, a hybrid synthesis route for a
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hydroxylated prodiginine involving advantageous biosynthesis of the
bipyrrole precursor 6 instead of laborious organic synthesis could
be established.

2.3. Impact of prodiginines on the
plant-parasitic nematode Heterodera
schachtii

The main focus in this study was on hydroxylated
prodiginine 3 for the above mentioned reasons. Additionally, the
natural product prodigiosin (1) was used as reference in all
subsequent assays. The individual effects of the hydroxylated
prodiginine 3 and prodigiosin (1) against the PPN H. schachtii
were determined first. To this end, the half maximal effective
concentration (ECs,) for the reduction of nematode numbers on
the model plant Arabidopsis thaliana was assessed. Prodiginines
were found to inhibit nematode infestation by up to 80%. The
ECs (nematode infection) was 31.2puM for hydroxylated
prodiginine 3 and 15.1uM for prodigiosin (1) (Figure 5).
Although the synthesis of the previously presented prodiginine
2 is relatively laborious it appeared still interesting to validate its
impact on H. schachtii. Prodiginine 2 and an alternative
prodiginine with a side chain one carbon longer than prodiginine
3 (compound 13, see Supplementary Information) did not
exhibit stronger effects compared to prodiginine 3 (see
Supplementary Figure S6) thus justifying our focus on
hydroxylated prodiginine 3.

A next aim was to pinpoint the nematode’s life stage(s) and the
time during host-pathogen interaction when the effect of prodiginines
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on the nematode becomes obvious. Therefore a time-resolved analysis
of the nematodes’ reaction to application of prodigiosin (1) and the
hydroxylated prodiginine 3 was performed. To this end, fitness
parameters of second-stage juveniles of H. schachtii (J2), nematode
infection of A. thaliana and nematode development at the plant were
investigated. These parameters were evaluated at different time points
during exposure of the parasite to the above determined ECs,
(nematode infection).

The motility of H. schachtii ]2, which were exposed to
prodigiosin (1) and the hydroxylated prodiginine 3 at their ECs,
concentrations for 1h, was significantly reduced by 32 and 39%,
respectively, compared to the control (Figure 6A). An
investigation of H. schachtii J2 stylet movement revealed a
significant reduction in the frequency of thrusting at A. thaliana
roots by 19 and 16% upon prodigiosin (1) and hydroxylated
prodiginine 3 application, respectively (Figure 6B). This could
be the reason that the number of nematodes that successfully
penetrated the root epidermis (Figure 6C) and established a
sedentary interaction with the plant was significantly reduced by
prodiginines by 28 to 41% compared to the control (Figure 6D).
Finally, the growth of H. schachtii females and males developing
from ]2 that successfully infected the plant despite prodiginine
exposure was slightly reduced but not significantly impaired by
prodiginines (Figure 6F).

The presented data provides for the first time specific hints to
the mode of action of prodiginines and substantiates that
prodiginines exert a direct antagonistic effect on H. schachtii. In
contrast, the antinematodal effect of rhamnolipids has recently
been shown to be indirect, i.e., triggering plant defense
mechanisms (Bredenbruch et al., 2023). Based on these findings,
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ECs, determination of prodiginines on the plant-parasitic nematode
Heterodera schachtii. (A) Impact of prodigiosin (1) on nematodal
plant infestation. (B) Impact of hydroxylated prodiginine 3 on
nematodal plant infestation. The impact on H. schachtii was assessed
as reduction of nematode numbers on Arabidopsis thaliana. ECsg
values (effective concentration that causes a reduction of nematode
infestation of A. thaliana by 50%) were calculated by using
‘CompuSyn’. Results are expressed as the mean+standard error of
three independent biological replicates (n>18). Different letters
indicate statistically significant differences among treatments
according to Dunn’s Method (p<0.05).

it is intriguing to assess the combined effects of prodiginines and
rhamnolipids as a synergistic activity against nematodes may
be hypothesized. For these investigations the previously evaluated
and described mixture of di-rhamnolipid congeners (Bredenbruch
et al., 2023) was chosen, which revealed an EC;, (nematode
infection) of 2.8 pg/mL (corresponding to approximately ~ 4.3 pM;
Supplementary Figure S7).

Investigations of the combined activities of prodiginines (1 and
3) and di-rhamnolipids (4) revealed that the combination of the two
compounds was more effective against nematode parasitism than
the individual compounds, i.e., the combined application reduced
the required concentrations for the same effect (Figures 65,G). To
obtain, for instance, 50% nematode control, it was sufficient to
apply % the concentration of hydroxylated prodiginine 3 and
di-rhamnolipids (4) together or prodigiosin (1) and di-rhamnolipids
(4) together instead of the full dose of each compound individually
(see Supplementary Figure S8 for dose response curves and
combination index plots).
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3. Discussion

3.1. Development of hybrid synthesis
toward tailored hydroxylated prodiginine

The concept of mutasynthesis is highly attractive for synthetic
chemists as a method for structural diversification of natural products
by using genetically engineered microorganisms (Kirschning et al.,
2007). By using nature’s enzymatic biosynthetic machinery for the
synthesis of precursor MBC (6) this study presents an environmentally
friendly way by avoiding heavy metal catalyzed synthesis of Boc-6
(Dairi et al., 2006; Domrose et al., 2015). Furthermore, this approach
allows the incorporation of non-native building blocks into new
derivatives due to enzyme promiscuity (Sun et al., 2015).

While in our previous studies, prodigiosin (1) biosynthesis
resulted in titers, e.g., ranging from 60 to 150 mg/L (Domrose et al.,
2015,2017,2019) depending on the applied conditions, mutasynthetic
derivatives were only obtained with 0.6-3.1mg/L (Klein et al., 2018)
or maximally 19.8 mg/L (Klein et al., 2017). In general, this may reflect
poor substrate entry into the cells, a low activity of PigC toward
unnatural substrates, an insufficient MBC (6) supply, or a combination
of these factors. In the present study, the MBC (6) supply was
addressed by implementing expression of MBC (6) biosynthetic genes,
which led of
30-34mg/L. Further improvements are conceivable with alternative

successfully to reaching enhanced titers
ligase enzymes. The new strain setup of P. putida MBC18 allows their
exchange more easily by use of alternative plasmids, whereas strain
P, putida pig-12 ApigD carried all pig genes in the chromosome. In this
context, our studies uncovered, that coexpression of pigB is essential
in this setup. It might be speculated that the enzymes PigN/F and
PigB, that naturally deliver the pyrrole precursors, as well as PigC
assemble to form a membrane-associated complex (Williamson et al.,
2005; Chawrai et al., 2012; Couturier et al., 2019). This may
hypothetically ensure fast product release via the membrane. Our
findings suggest that an only partial assembly of this putative complex
consisting of PigC and PigN/F, but devoid of PigB is not functional.
Notably in this context, Janthinobacterium lividum appears to contain
a pigCB fusion in its pig gene cluster (Schloss et al., 2010). However,
further studies are required to elucidate these interactions.

Previous studies investigated the versatile substrate range of the
condensing enzyme PigC (Klein et al., 2017, 2018; Brass et al., 2019).
According to these findings, the present study focused on a
mutasynthesis approach toward tailored hydroxylated prodiginines by
feeding modified pyrroles to the new strain P. putida MBC18. In
advance, the mutasynthesis experiment was optimized concerning the
yields (Figure 2F). Notably, feeding a high amount of MAP (5) did not
lead to a likewise high amount of prodigiosin (1) and thus resulted in
relatively low yields up to 17%. Interestingly, by varying the MAP (5)
concentration in a range of 100-1,000pM, the prodigiosin (1)
concentrations obtained (93-167 pm) were relatively constant and did
not reflect the magnitude of the fed pyrrole concentration (Figure 2F).
This observation could be explained by a substrate inhibition of
involved enzymes. A PigC substrate inhibition by MAP (5) has been
demonstrated in a previous study: conversion assays using different
concentrations of MAP (5) at a fixed MBC (6) concentration suggested
an ordered kinetic mechanism in which MBC (6) has to bind before
MAP (5) (Chawrai et al., 2012). In the present study, 62% prodigiosin
(1), obtained with an adjusted MAP (5) concentration, is the highest
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Prodiginine impact on Heterodera schachtii fitness parameters, plant parasitism, and combined activity with di-rhamnolipids. (A) H. schachtii J2
motility, assessed as distance to an inoculation point after incubation. (B) Stylet thrusting at Arabidopsis thaliana roots, assessed as movements/min.
(C) A. thaliana root with an invading J2. (D) Nematode infection rate at A. thaliana, investigated at different time points after inoculation. (E) Nematode
size development, evaluated during 10days after inoculation. (F,G) The combined effect of prodigiosin (1) and di-rhamnolipids (4) as well as
hydroxylated prodiginine 3 and di-rhamnolipids (4), respectively, was assessed at 10days after inoculation. Combination indices were calculated using
‘CompuSyn’. Results are expressed as the mean+standard error of at least three biological replicates [n>614 (A); n=40 (B); n=56 (D); n>70 (E); n>20
(F); n>22 (Q)]. Different letters indicate statistically significant differences among treatments according to Dunn's Method (p<0.05). ECsy, is the effective
concentration that causes a reduction of nematode infestation of A. thaliana by 50%. Prodigiosin (1) and hydroxylated prodiginine 3 were used at their
ECs, concentration in A, B, D.

yield achieved in a preparative scale. However, further investigation = mutasynthon to produce prodiginine 12 in a yield of 54%. The
and optimization of the mutasynthesis approach may lead to even  hydroxyl group was introduced in a semisynthetic step toward the
higher yields, for example by feeding the pyrrole over a period of time  targeted prodiginine 3. Notably, the mutasynthesis product 12 had to
to overcome PigC substrate inhibition. be purified via reversed-phase column chromatography for the final

As mentioned above, a strength of mutasynthesis is the substrate ~ hydroboration step to succeed. Alternative purification methods, such
promiscuity of the enzymes used. Results of an in vitro PigC assay ~ as aqueous washing steps (sat. NH,Cl, sat. NaHCO;, sat. Na,SO,, sat.
showed acceptance for both pyrroles 11a and 11b (Figure 4B).  NaCl or sat. LiCl) or normal phase column chromatography (silica or
However, using 11b as mutasynthon in an in vivo approach did not  alox) led to an apparently inactivated prodiginine, which did not show
result in formation of the targeted hydroxylated prodiginine 3,  any conversion to the hydroxylated prodiginine 3, not even under
rendering an alternative approach necessary. We assume that the  high excess of the hydroboration agent 9-BBN. Quantitative 'H-NMR
hydroxyl group prevents the pyrrole 11b from crossing the cell  spectroscopy showed, that the purity of the mutasynthesis product,
membrane. To overcome this issue, pyrrole 11a was supplemented as ~ which was isolated by normal phase column chromatography
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increased from 60+ 3% to 92 +5% after an additional reversed-phase
column chromatography. This finding was crucial for the success of
the hybrid synthesis toward hydroxylated prodiginine 3, even if the
impurities that led to an inactivation of isolated mutasynthesis
products could not be identified and further investigations
are necessary.

3.2. Prodiginine-induced reduction of the
fitness and infectiousness of the
plant-parasitic nematode Heterodera
schachtii

Since PPN mostly inhabit the soil and primarily attack below-
surface parts of plants, it is often challenging to control
PPN. Microscopic life in the rhizosphere is particularly robust and
naturally occurring microbial compounds have been studied and
commercialized as potent bioactive ingredients against a diversity of
soil-borne pathogens over the past decades (Handelsman and Stabb,
1996; Haas and Défago, 2005; Kohl et al., 2019). Our previous work
revealed that prodiginines and rhamnolipids possess activity against
the PPN H. schachtii (Habash et al., 2020; Bredenbruch et al., 2023).
Rhamnolipids exert their activity by triggering plant defense responses
effective against nematodes. Unlike that, this current study
demonstrated that prodigiosin (1) and hydroxylated prodiginine 3
directly antagonize H. schachtii ]2 by inhibiting motility and stylet
thrusting (Figures 6A,B). The J2 is the infective larval stage of
H. schachtii, which migrates within the soil towards the root. In the
natural habitat, H. schachtii ]2 migrate at the maximum speed when
there is no lateral movement and each body part usually follows the
movement of its front part (Wallace, 1958). The presence of the
investigated  prodiginines appears to hinder nematode
forward movement.

Stylet thrusting of H. schachtii ]2 is a prerequisite for destructively
invading the host’s root tissue and later—after reaching the vascular
cylinder—carefully probing plant cells until a suitable cell is found,
which becomes the initial syncytial cell (ISC). The frequency of this
stylet movement is significantly reduced by prodiginines, as
demonstrated in this study. The continuous vigorous stylet thrusting
of J2 is an energy consuming process (Wyss and Zunke, 1986;
Grundler et al., 1991; Wyss, 1992; Wyss and Grundler, 1992). Since it
has been described that prodiginines can uncouple mitochondrial
F-ATPases due to their H*/Cl-symport activity (Konno et al., 1998),
their direct effect on the cellular energy metabolism might be one
explanation for the lower frequency of J2 stylet movements.

Once H. schachtii J2 accomplish the formation of permanent
feeding sites, they become immobile and change from a migratory
into a sedentary form (Wyss, 1992). Prodiginines were observed to
interfere with nematode invasion and infection of A. thaliana.
However, female and male development at the host plant is not
influenced by prodiginines at 2 and 4 days after the inoculation, while
it is slightly impaired after 10days (Figures 6D,E). As stated in our
previous study, a significant reduction of female size due to prodigiosin
application can be observed after 13days (Habash et al., 2020).
Probably, the impact of prodiginines on the pathogen’s development
at the root becomes obvious only at later time points after infection.
Future studies should investigate this aspect further and additionally
determine whether prodiginine exposure interferes with reproduction.
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While investigations on the molecular mode of action for the
interaction of prodiginines with nematodes are missing, studies of
their effects on bacteria document a disturbing impact on biological
membranes and reactive oxygen species (ROS) generation (Darshan
and Manonmani, 2015, 2016; Suryawanshi et al., 2017; Ravindran
etal, 2020; Choi et al,, 2021). Whether prodiginines cause disruption
of PPN membranes and whether this contributes to the observed
effects still needs to be elucidated.

Unlike “single compound - single target” approaches,
multicomponent therapeutics enable interactions with multiple
targets (Keith et al., 2005; Hopkins, 2007; Yildirim et al., 2007).
The discovery of drug-drug combinations offers promising
strategies for (1) the improvement of drug treatment efficacy, (2)
the reduction of drug dosage to avoid toxicity, and (3) the
minimization of drug resistance evolution (Jia et al., 2009; Cheng
et al, 2019). Our results demonstrate that, when applying
prodiginines and di-rhamnolipids combined, only % of the
concentration rather than the full dose of each single agent is
required to achieve the same nematode control efficacy (50%
reduction of nematode infestation; Figures 6F,G). This validates
the two compounds to exert synergistic effects. Intriguingly, by
increasing the doses for combinations, the combined effect is
diminished and even appears antagonistic. Similar results were
reported previously in the analyses of antibacterial effects, which
were dependent on the ratio of prodigiosin and rhamnolipids
(Hage-Hiilsmann et al., 2018).

Synergistic  effects between Dbiosurfactants including
rhamnolipids and various antibiotics have been described multiple
times before (Boonlarppradab et al., 2008; Williamson et al., 2008;
Sotirova et al., 2012; Magalhdes and Nitschke, 2013; Das et al., 2014;
Rossi et al., 2016). On the one hand, rhamnolipids, which exhibit
surface-active properties, can increase the solubility of the drug and
facilitate its access to target cells (Beal and Betts, 2000; Abdel-
Mawgoud et al., 2010). On the other hand, rhamnolipids can perturb
the packing of the cell membrane phospholipids by intercalating into
the bilayer, which leads to increased permeability of the cell
membrane (Dowhan, 1997; Ortiz et al., 2006). As a consequence, the
interaction of combined applications facilitates more effective
penetration through biological interfaces to better reach the site of
action (Bhadoriya et al., 2013; Bnyan et al., 2018; Hage-Hiilsmann
etal., 2018).

However, the role of rhamnolipids in combined antinematodal
activity goes far beyond that. Plants have developed sophisticated
defense mechanisms that enhance resistance to their enemies. After
perception of rhamnolipids, early events of cell signaling, including
calcium influx, MAP kinase activation, ROS accumulation, and
defense-related gene stimulation were detected in plants (Garcia-
Brugger et al., 2006; Varnier et al., 2009). Besides, rhamnolipids also
trigger the activation of a phytohormone-regulated immune signaling
network and thus modulate late defense responses to a diversity of
phytopathogens (Pieterse et al., 2012; Sanchez et al., 2012). A recent
study confirmed that di-rhamnolipids put A. thaliana on alert so that
the plant responds stronger to H. schachtii attack (Bredenbruch et al.,
2023). The combined application of rhamnolipids and prodiginines
may therefore effectuate molecular structures and processes on
multiple levels in both, the plant and the pathogen, and may pose a
promising starting point for the development of multicomponent
antinematodal agents.
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4. Materials and methods

4.1. Engineering and characterization of
Pseudomonas putida strains, PigC activity
assay

4.1.1. Bacterial strains and standard cultivation
conditions

Cultivation of P, putida KT2440 (Nelson et al., 2002; Belda et al.,
2016) was conducted at 30°C, if not stated otherwise, shaking
(130rpm) in Erlenmeyer shake flasks in LB medium (Carl Roth,
Karlsruhe, Germany), or on LB agar plates (LB medium completed
with 15g/L Agar). Small scale production tests were conducted in TB
medium (Carl Roth, Karlsruhe, Germany) in Flowerplates (m2p-labs
GmbH, Baesweiler, Germany). Cultures of P. putida pig-r2 ApigD
(Klein et al., 2017) were supplemented with 80 pg/mL streptomycin,
MBC strains created in the present study with 50 pg/mL tetracycline,
and MBC strains carrying pVLT33 derived plasmids with 25pg/mL
kanamycin. Escherichia coli strains S17-1 (Simon et al., 1983; used for
conjugation), and DH5a (Hanahan, 1983; used for cloning) were
cultivated at 37°C under constant agitation (120 rpm) in shake flasks
in liquid LB medium or on LB agar plates.

4.1.2. Cloning of integrative yTREX vector with
MBC biosynthetic genes and ligase expression
plasmids

The synthetic MBC biosynthesis-encoding pig gene cluster was
PCR-amplified in three parts for assembly into the yTREX vector
(Domrose et al., 2017; Weihmann et al., 2020) which was linearized
with endonuclease I-Scel: pigA (primers AD142+171, 1,239bp),
pigFGHI (primers AD172+ 162, 4,867 bp) and pigIKLMN (primers
AD163 + 164, 5,033 bp) using vector pPIG (Loeschcke et al.,, 2013) as
template. In addition, lacZ was amplified as promotorless gene
(primers AD124+ 125, 3,127 bp) using vector pRcExplII2-YFI1-Fix]-
PFixK2-LacZ (Weihmann et al., 2020) as template. All genes were
amplified with the respective 5-UTR sequences including the
ribosome binding sites; primers added homology arms to each of the
fragments. Assembly of the vector yTREX-MBC-lacZ, carrying the
gene cassette pigA-pigFGHIJKLMN-lacZ, in Saccharomyces cerevisiae
VL6-48 was conducted as previously described (Domrose et al., 2017;
Weihmann et al., 2020). Plasmid pVLT33-pigC, carrying the pigC
gene with an adapted codon usage for P. putida (Brands et al., 2020),
was used for PigC expression. The pigB gene was amplified (primers
RW144 + 145, 2090 bp) using yTREX-pig (Domrose et al., 2017) as
template. The vector and PCR product were hydrolyzed with
endonucleases HindIII und Xbal and ligated to obtain pVLT33-pigC-
pigB. All listed
Supplementary Table S1.

plasmids and oligonucleotides are in

4.1.3. Generation of MBC producing
Pseudomonas putida strains

To generate P. putida production strains, the plasmid yTREX-
MBC-lacZ was transformed into E. coli S17-1 and further transferred
to P putida KT2440 via conjugation as previously described
(Weihmann et al., 2020). Since yTREX constructs do not replicate in
P, putida, positive selection for strains in which Tn5 transposition of
the recombinant yTREX transposon occurred, could be conducted by
using LB medium supplemented with tetracycline. In addition, 25 pg/
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mL irgasan was added to prevent E. coli growth. Among exconjugants,
production strains were identified visually after 16 h of cultivation on
agar plates (Weihmann et al., 2020): The selection medium after
conjugation was additionally supplemented with 0.3 mm X-gal (stock
solution: 50 mM in DMF), and expression strains were identified by
blue color due to B-galactosidase activity.

4.1.4. Analysis of MBC biosynthesis in
Pseudomonas putida

For verification of MBC biosynthesis in small scale cultivation,
expression cultures of P. putida pig-r2 ApigD and MBC strains
(denoted with 2, 4,5,6,7,8,9,10, 11, 12, 13, 15, 16, 17, 18, 20, 21 or
22) (n=4, independent biological replicates) were cultivated in
Flowerplates. To this end, 1 mL precultures in LB medium were used
for inoculation of 1,1 mL main cultures in TB medium to an OD
(650nm) of 0.05. Flowerplates were covered with breathable air
sheets (139.7 pm sterile Rayon films, VWR North America Cat.No.
60941-086) and incubated for 24h (30°C, 1,400 rpm). After that,
700 pL samples were used for cell harvesting (15,000 rpm, 5 min).
The pellet was resuspended in 300 pL methanol and subjected to
sonication in a water bath (Sonorex RH 100 H) for 10 min. After
centrifugation (15,000 rpm, 5min), the supernatant was dried at
45°C under reduced pressure (in a Concentrator 5,301). For 2-phase
extraction, 300 uL. DCM und 300 pL MilliQ-water were added and
mixed well, before centrifugation (15,000 rpm, 3 min). The organic
lower layer was transferred in a fresh reaction tube and the extraction
repeated. The resulting pooled DCM was again dried (45°C,
Eppendorf Concentrator 5,301). Samples were resuspended in
200pL methanol, centrifuged (15,000rpm, 1min) and finally
subjected to LC-MS analysis or stored until that at 4°C. LC-MS
analysis was conducted using an HP 1100 Series LC/MSD (Agilent
Analytical Instruments) with an Atlantis T3 column (3pm,
3*¥100 mm) from Waters. The eluents water (A) and methanol (B),
both supplemented with 0.1% formic acid, were used for gradient
chromatography at 0.6 mL/min flow rate: Starting at 90% A and 10%
B, increasing to 60% B in 4 min, then in further 2 min to 100% B,
which was maintained for 4 min. After that, starting conditions were
implemented again (10% B) and held for 1 min. Sample volumes of
10 were injected and detection was accomplished with a G1315A
DAD-detector and an G1946A mass spectrometer (API-ES, positive
ion mode, single quadrupole detector, m/z-range 100-2000). After
verification of specific signals corresponding to the ion [M +H]* of
MBC (191 m/z), the UV/Vis signal (364nm) of the corresponding
peaks detected at 6.7 min were evaluated for relative quantification
with reference to the values obtained with strain P. putida pig-r2
ApigD. For subsequent routine MBC analysis, HPLC-PDA analysis
using an LC-10Ai (Shimadzu Deutschland GmbH, Duisburg,
Germany) was also applied with an SPDM10Avp photodiode array
detector (PDA), and an Accucore™ C18 HPLC column (2.6 pm,
4,650 mm) from Thermo Fisher Scientific (Walkham, United States).
At a column oven temperature of 30°C, 10 pL samples were analyzed
at 1mL/min flow rate in a gradient elution using water (A) and
acetonitrile (B), both with 0.1% formic acid: Starting at 95%A and
5% B for 0.5 min, increasing to 25% B at 0.9 min, to 55% at 9.5 min,
and to 98% at 10 min, which was held for 1 min, before returning to
5% B at 11.5 min, which was maintained for 2 min. Chromatograms
were recorded at 360 nm and detected MBC at 4.5 min (A, 363 nm).
To analyze MBC in 100 mL cultures, 1g polyurethane (PU) foam
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cubes were added as described for mutasynthesis conditions, and
extracted with 15 mL ethanol.

4.1.5. Quantification of pig gene transcript by
RT-gPCR

Reverse transcription (RT) followed by quantitative PCR (qPCR)
was employed to quantify mRNA levels of pigN. Precultures, grown in
LB medium, were used to inoculate 1 mL TB main cultures of P. putida
pig-r2 ApigD and MBC18 with pVLT33-pigC-pigB to an OD (650 nm)
0f 0.05 (n =3, independent biological replicates). These were incubated
shaking (1,200 rpm) at 30°C for 4 h, before induction of the latter with
0.5mm IPTG (10pL of a 50mmMm stock solution in water). After
additional 4h incubation, 500 uL of each culture were harvested to
extract total RNA with the NucleoSpin® RNA-Kit (Macherey-Nagel,
Diiren, Germany). DNAse treatment was conducted in three steps
with DNase from Macherey-Nagel, Qiagen (Hilden, Germany) and
(Thermo Fisher Scientific). The
Transcriptase (Thermo Fisher Scientific) was used for reverse

Ambion Maxima Reverse
transcription of 2000 ng RNA in 20 pL volumes. The qPCR reaction
mix contained 9.2 pL of the cDNA solution (diluted to correspond to
50ng RNA), 0.4 pL containing 4 pmol of each primer (stocks: 10 pmol/
pL), and 10pL Maxima SYBR Green/ROX qPCR Master Mix (2x;
Thermo Fisher Scientific). All qPCR reactions were carried out as
technical quadruplicates in addition to the biological triplicates.
Controls without reverse transcriptase and without template as well as
monitoring of PCR product melting curves ensured signal specificity.
Calibration with the pPIG plasmid allowed determination of pigh'
copy numbers in P. putida pig-r2 ApigD and MBC18, which were
177 x10* (+4x 10") and 683 x 10" (12 x 10*) per 100 ng total RNA,
respectively. For direct comparison, the data was evaluated as
expression levels relative to the signal of P. putida pig-r2 ApigD. To
corroborate comparability, the transcript levels of rpoD were analyzed
as internal control, which yielded similar results in both strains as
expected [571x 10" (£ 16 x 10*) and 750 x 10* (+30% 10*) per 100 ng
total RNA].

4.1.6. Mutasynthesis in small scale cultivation
Expression cultures of P. putida pig-r2 ApigD and strains MBC13,
—17, —18 with plasmids pVLT33-pigC or pVLT33-pigC-pigB (n=3,
independent biological replicates) were cultivated in Flowerplates.
Precultures in 1 mL LB medium were used for inoculation of 1 mL
main cultures in TB medium to an OD (650 nm) of 0.05. Flowerplates
were covered with breathable air sheets and incubated for 4h (30°C,
1,200rpm), before Imm MAP was supplemented to the cultures
(20 pL of a 50 mm stock solution in DMSO) and gene expression in
strains with plasmids was induced by addition of 0.5mm IPTG (10 pL
of a 50mm stock solution in water). Cultivation was subsequently
continued for 20h at 30°C or 25°C. After that, cultures were harvested
(12,000 rpm, 2 min). The pellets were pre-resolved with 20 pL milliQ-
water and extracted with 500 pL acidified ethanol [4% (v/v) 1 N~ HC]
in ethanol]. After centrifugation (2 min, 14,000 rpm), 150 pL samples
were either diluted by a factor of 10 or directly subjected to
spectrophotometric analysis in a microplate reader “Infinite M1000
pro” (Tecan Group LTD., Maennedorf, Switzerland) to measure
characteristic absorption spectra from 400 to 700 nm. Plotting the
absorption at 535nm facilitated comparative evaluation. For
quantification of prodigiosin formation via the previously published
molar extinction coefficient (Domrose et al., 2015), the signal of the
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Tecan plate reader was calibrated with solutions of known
concentration based on € (535nm) [M~' cm™!]=139,800 (Domrose
etal, 2015). Prodigiosin titers (expressed in mg/L) were determined
by considering the molecular weight of the compound (323.432 g/
mol) and the extracted culture volume.

4.1.7. PigC substrate acceptance assay

The in vitro assay with cell lysate of E. coli BL21 (DE3) pET28a(+)-
pigC was performed as described previously (Klein et al., 2017; Brass
et al., 2019). Accordingly, the heterologous expression of PigC was
carried out using E. coli BL21 (DE3) pET28a(+)-pigC cells, which were
stored at —20°C after cultivation and harvesting. Frozen cells (1g)
were thawed and resuspended in potassium phosphate buffer (KP;
buffer, 50mm, pH 7.0; 5mL). The cell suspension was disrupted using
a SONOPULS Ultrasonic homogenizer (Bandelin, Berlin, Germany)
for 2 x 5min (five cycles, 40% power), to obtain lysed cells which were
used for the PigC substrate acceptance assay. The assay solution
contained 440 pL of cell lysate in KP; buffer (50 mm, pH 7.0), 25 pL of
a pyrrole 5, 11a, 11b solution in DMSO (20 mm, end concentration:
ImMm), 25pL of an MBC (6) solution in DMSO (20mmMm, end
concentration: 1 mm) and 10pL of an ATPeNa, solution in water
(62.5mM, end concentration: 1.25mm). The reaction mixture was
shaken in a 1.5mL tube at 300 rpm and 30°C for 4 h. The supernatant
was removed after centrifugation (5min, 21,100 rcf, 23°C) and the
prodiginine pellet was resuspended in 300 pL acidic ethanol [4% (v/v)
1 N HCl in ethanol]. After centrifugation (5min, 21,100 rcf, 23°C), the
supernatant was transferred in a new 1.5mL reaction tube and
documented photographically.

4.2. Chemical precursor syntheses

4.2.1. General experimental procedures for
chemical syntheses

All reactions were carried out under nitrogen atmosphere and
magnetic stirring. Used glassware and magnetic stirring bars were
dried previously at 110°C. All starting materials were purchased from
commercial sources without further purification unless stated
otherwise. Dichloromethane, diethyl ether, ethyl acetate (EtOAc) and
petroleum ether (PE) were distilled prior to use. Tetrahydrofuran
(THF) was used directly. Reactions were monitored by GC-MS,
"H-NMR and thin layer chromatography (TLC; Polygram SIL G/
UV254, Macherey-Nagel) using an acidic solution of p-anisaldehyde
for staining or UV light at 245nm for visualization. Purification of
reaction products was carried out by flash chromatography on silica
gel 60 (particle size 0.040-0.063 mm, 230-240 mesh, Macherey-
Nagel). Analytics were carried out as described in the Supplementary
Information, including Supplementary Tables S2, S3, and
Supplementary Figure S5. The precursors 2-methyl-3-N-amylpyrrole
(MAP, 5), tert-butyloxycarbonyl-5"-formyl-4"-methoxy-1H,1'H-2,2’"-
bipyrrole (boc-MBC, Boc-6) and prodigiosin (1) as chemical
references were synthesized as previously described (Dairi et al., 2006;
Domrdése et al., 2015).

4.2.2. N-methoxy-N-methyloct-7-enamide (8)
To a solution of 7-octenoic acid (2mL, 13.0mmol, 1.0eq.) in
dichloromethane (70mL) was added N,O-dimethylhydroxylamine

hydrochloride (1.19g, 19.5mmol, 1.50eq.),
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N-(3-dimethylaminopropyl)-N'ethylcarbodiimid hydrochloride (3.03 g,
19.5mmol, 1.5eq.) and 4-(dimethylamino)pyridine (2.38g, 19.5mmol,
1.5eq.). After stirring for 22h at 22°C, the reaction mixture was
quenched with a saturated solution of NaCl and extracted with
dichloromethane (3 x 50mL). The combined organic layers were first
washed with 1N HCI, afterwards with saturated NaHCO; solution and
dried over MgSO,. After removal of the solvent under reduced pressure
N-methoxy-N-methyloct-7-enamide (8, 2.29g, 12.4mmol, 95%) was
obtained as a yellow oil and was used for the following experiment
without further purification. R=0.15 (PE/EtOAc 85:15); "H-NMR
(600 MHz, CDCL): 6 [ppm]=1.36 (m,, 2H, 4-H), 1.41 (m,, 2H, 5-H),
1.64 (m,, 2H, 3-H), 2.05 (m,, 2H, 6-H), 2.41 (t, J,,=7.7 Hz, 2H, 2-H),
3.18 (s, 3H, 17-H), 3.68 (s, 3H, I"-H), 4.93 (dd, ®J,,,=10.2Hz,
Jeasn=1.2Hz, 1H, 8-H,), 4.99 (ddd, "™%Jy,,=17.1Hz, *Jg,s,= 1.8 Hz,
Jgpe=1.8Hz, 1H, 8-Hy), 5.80 (ddt, "], =17.0Hz, ], =10.2Hz,
3,6=6.7Hz, 1H, 7-H); *C-NMR (151 MHz, CDCL): & [ppm] =24.6
(C-3), 28.8 (C-4), 29.1 (C-5), 32.0 (C-2), 32.3 (C-1”) 33.8 (C-6) 61.3
(C-1"), 114.5 (C-8), 139.1 (C-7); IR (ATR-film): # [1/cm]=3,074, 2,931,
2,855, 1,667, 1,463, 1,415, 1,384, 1,178, 998, 910, 732; MS (APCI, positive
ion): m/z=186 [(M)*], 97, 83, 55.

4.2.3. Non-8-en-2-one (9)

N-methoxy-N-methyloct-7-enamide (8, 2.29 g, 12.4mmol, 1.0eq.)
was dissolved in dry THF (100 mL) and methylmagnesium chloride
(3M in diethyl ether, 12.4mL, 37.1 mmol, 3.0eq.) was added within
15min at 0°C. The reaction mixture was stirred for 1.5h at 0°C and
afterwards quenched by the addition of a saturated solution of NH,Cl
at 0°C and extracted with dichloromethane (3 x 60 mL). The combined
organic layers were dried over MgSO, and the solvent was evaporated
under reduced pressure to yield non-8-en-2-one (9, 1.63 g, 11.6 mmol,
94%) as a yellowish oil without further purification. R;=0.40 (PE/
EtOAc 85:15); "H-NMR (600 MHz, CDCL,): § [ppm] =1.25-1.34 (m,
2H, 5-H), 1.35-1.43 (m, 2H, 6-H), 1.58 (tt, *J,,=7.5Hz, *J,s=7.5Hz,
2H, 4-H), 2.05 (m, 2H, 7-H), 2.13 (s, 3H, 1-H), 2.42 (t, *J,,=7.5Hz,
2H, 3-H), 4.93 (ddt, ], ;=102 Hz, Js,,=2.3 Hz, o, = 1.2 Hz, 1H,
9-H,), 4.99 (dd, ", s = 17.1 Hz, Jope0 = 1.7 Hz, 1H, 9-Hy), 5.79 (ddt,
wans3f = 17.0 Hz, %0, = 10.2 Hz, *Jy,=6.7 Hz, 1H, 8-H); *C-NMR
(151 MHz, CDCL,): § [ppm] =23.8 (C-4), 28.7 (C-5), 28.8 (C-6), 30.0
(C-1),33.7 (C-7), 43.9 (C-3), 114.6 (C-9), 139.0 (C-8), 209.4 (C-2); IR
(ATR-film): ¥ [1/cm]=2,928, 2,855, 1738, 1721, 1,443, 1,363, 1,217,
907; MS (APCI, positive ion): m/z=123.

4.2.4. Dec-9-en-2-one oxime (10)

To a solution of the non-8-en-2-one (9, 1.73 g, 12.4mmol, 1.0eq.)
in ethanol (6.2mL) was added pyridine (0.78g, 0.8 mL, 9.89 mmol,
0.8eq.) and grounded hydroxylamine hydrochloride (1.5eq.). The
reaction mixture was refluxed for 2h and afterwards extracted with
dichloromethane (3x25mL). The combined organic layers were
washed with 1N HCI (3 x20mL) and dried over MgSO,. After removal
of the solvent under reduced pressure, dec-9-en-2-one oxime (10,
1.76 g, 11.3mmol, 92%) was obtained in a diastereomeric mixture of
E:Z (1:3) without further purification. Ry=0.34 (PE/EtOAc 80:20); 'H-
NMR (600 MHz, CDCL,): 8 [ppm] = 1.28-1.36 (m, 2H, 5-H), 1.37-1.44
(m, 2H, 6-H), 1.51 (tt, *J,,=7.5Hz, *J,s=7.5Hz, 2H, 4-H), 1.87 (s, 3H,
1-H), 2.05 (dt, *J,s=6.4Hz, ], s=6.4Hz, 2H, 7-H), 2.18 (t, °J,,=7.5Hz,
2H, 3-H), 4.94 (ddt, ], s=10.2Hz, *Jy,,=2.4Hz, o, = 1.3 Hz, 1H,
9-H,), 5.00 (dd, "]y, =17.1 Hz, Jyys,= 1.5 Hz, 1H, 9-H,), 5.80 (ddt,
wans3f o —17.0 Hz, ©3yg,= 10.4Hz, Jy,=6.6 Hz, 1H, 8-H); *C-NMR
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(151 MHz, CDCL): § [ppm] = 13.4 (C-1), 26.2 (C-4), 28.7 (C-5), 28.8
(C-6), 33.7 (C-7), 35.8 (C-3), 114.4 (C-9), 139.1 (C-8), 159.1 (C-2); IR
(ATR-film): v [1/cm]=3,074, 2,929, 2,855, 1,637, 1,461, 1,369, 910;
MS (APCI, positive ion): m/z=156 [(M)*], 83; HRMS (ESI, positive
ion): calculated for CoH;sNO [(M +H)]*=156.1383, found = 156.1384.

4.2.5. 3-(hex-5-en-1-yl)-2-methyl-1H-pyrrole
(11a)

A reaction mixture of dec-9-en-2-one oxime (10, 0.72 g, 4.64 mmol,
1.0eq.), potassium hydroxide (1.30g, 46.4mmol, 5.0eq.), water
(62.7mg, 62.3 uL, 3.48 mmol, 0.75eq.) and DMSO (8.9 mL) was heated
at 90-100°C (using previously degassed DMSO on molecular sieves
(3.5A) could increase the yield). Over a period of 2h, a solution of
1,2-dichloroethane (1.38g, 1.10mL, 13.9mmol, 3.5eq.) in DMSO
(I mL) was added dropwise. After 1h of 1,2-dichloroethane addition a
secondary amount of potassium hydroxide (5.0 eq.) was added. After
an overall reaction time of 4h at 90-100°C the reaction mixture was
allowed to reach room temperature and subsequently ice water (20 mL)
was added. The mixture was extracted with diethyl ether (3 x20mL)
and the combined organic layers were dried over MgSO,. After the
solvent was evaporated under reduced pressure the crude product was
purified by column chromatography on silica gel [PE:dichloromethane
(60:40)+1% trimethylamine (v/v)] to obtain 3-(hex-5-en-1-yl)-2-
methyl-1H-pyrrole (11a, 228 mg, 1.40 mmol, 30%) as yellowish oil.
R;=0.37 (PE/dichloromethane 60:40); "H-NMR (600 MHz, CDCl,): §
[ppm] =1.44 (tt,°Jy.,»=7.5Hz, Jy-,»=7.5Hz, 2H, 3”-H), 1.51-1.59 (m,
2H, 2”-H), 2.02-2.14 (m, 2H, 4”-H), 2.18 (s, 3H, 1’-H), 2.39 (t,
3y =7.6Hz, 2H, 17-H), 4.93 (dd, oy 5»=10.2Hz, Jeye= 1.2 Hz,
1H, 6”-H,), 5.00 (dd, "*Js.5-=17.1 Hz, JJgy = 1.7 Hz, 1H, 6”-H,),
5.82 (ddt, ", 4, =16.9Hz, ¥, s=10.2Hz, *Jy,=6.7Hz, 1H,
57-H), 6.01 (dd, ¥J,,=2.8Hz, ¥J,;=2.8Hz, 1H, 4-H), 6.59 (dd,
3,1 =2.7Hz, ¥Js,=2.7Hz, 1H, 5-H), 7.70 (brs, 1H, 1-NH); *C-NMR
(151 MHz, CDCL): § [ppm] =11.2 (C-1"), 25.9 (C-1”), 28.9 (C-3"), 31.0
(C-2"),33.9 (C-4""),109.0 (C-4), 114.3 (C-6"), 115.0 (C-5), 119.7 (C-3),
123.4 (C-2), 139.4 (C-5”); IR (ATR-film): ¥ [1/cm]=3,385, 2,928,
2,855, 1741, 1,467, 1,363, 1,217, 907, 712; MS (APCI, positive ion):
m/z=164 [(M)*]; 121, 108; HRMS (ESI, positive ion): calculated for
C H eN [(M+H)]* = 164.1434, found = 164.1433.

4.2.6. 6-(2-methyl-1H-pyrrol-3-yl)hexan-1-ol (11b)
9-BBN (0.5 N in THE 5.54g, 3.10mmol, 2.2eq.) was added to a
solution of 3-(hex-5-en-1-yl)-2-methyl-1H-pyrrole (11a, 230mg,
1.41 mmol, 1.0eq.) in dry THF (11.6mL) over a period of 15min at
0°C. After stirring for 1 h at 0°C, the reaction mixture was heated up
at 70°C under reflux for 3h. Subsequently an aqueous solution of 3 N
NaOH (2.35g, 2.35mL, 7.05mmol, 5.0eq.) and 30% H,0, (2.24g,
2.00mL, 19.7mmol, 14.0eq.) was added at 0°C. After 1h at 0°C the
reaction mixture was allowed to reach room temperature and was
stirred for further 15h at 22°C. Ice water (40 mL) was added and the
mixture was extracted with dichloromethane (3 x 50mL). The
combined organic layer was dried over MgSO,, the solvent was
evaporated under reduced pressure and the crude product was
purified by column chromatography on silica gel [PE:ethyl acetate
(70:30 to 50:50) + 1% trimethylamine (v/v)] to isolate 6-(2-methyl-1H-
pyrrol-3-yl)hexan-1-ol (11b, 193 mg, 1.06 mmol, 76%) as orange oil.
R=020 (PE/EtOAc 70:30); 'H-NMR (600MHz, CDCL): &
[ppm] =1.20 (brs, 1H, 1-OH), 1.34-1.42 (m, 4H, 3-H, 4-H), 1.51-1.61
(m, 4H, 2-H, 5-H), 2.18 (s, 3H, 17-H), 2.39 (t, *Jos=7.7 Hz, 2H, 6-H),
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3.64 (t,%,,=7.1Hz, 2H, 1-H), 6.00 (dd, ¥/, = 2.8 Hz, *J,5 =2.8 Hz, 1H,
4'-H), 6.59 (dd, *Jy., =2.7Hz, ¥Js.,=2.7Hz, 1H, 5'-H), 7.72 (brs, 1H,
I’-NH); *C-NMR (151 MHz, CDCL): § [ppm]=11.2 (C-1”), 25.8
(C-4), 26.0 (C-6), 29.4 (C-3), 31.4 (C-5), 33.0 (C-2), 62.7 (C-1), 109.0
(C-4'), 115.0 (C-5'), 119.7 (C-3'), 123.4 (C-2); IR (ATR-film): ¥ [1/
cm]=3,373, 2,928, 2,855, 1735, 1,436, 1,363, 1,223, 1,059, 748; MS
(APCI, positive ion): m/z=182 [(M)*], 164, 108; HRMS (ESI, positive
ion): calculated for C,;H,(NO [(M +H)]*=182.1539, found = 182.1539.

4.3. Muta- and semisynthetic hydroxylated
prodiginine production

4.3.1. General procedure for preparative scale
mutasynthesis

A preculture of P putida MBC18 with pVLT33-pigC-pigB in LB
medium (25 pg/mL kanamycin) was incubated in a shake flask at 30°C
and 130rpm overnight. Five main cultures of 100mL each in TB
medium (25 pg/mL kanamycin) were inoculated to an OD4s, of 0.05 and
incubated in 11 baffled flask with air-sheet seals for 4h at 30°C and
130rpm. The pyrrole precursor was dissolved in DMSO (5-50 mm
stock, 10mL). To each culture 2mL of pyrrole stock solution was added
(final concentration 0.1-1.0mm). Induction was performed with 0.5 mm
IPTG (50 mm stock in dH20; 1 mL). After an additional hour at 30°C
and 130rpm, 1g of polyurethane (PU) foam cubes (Softpur, Gollheim,
Germany: Softpur foam, 25 kgm™ density, 4kPa compression hardness,
each cube approximately 1cm?) were added to each culture and the
cultures were incubated for further 23h at 30°C and 130rpm. After a
total of 28 h of cultivation, the foam cubes were wrung out, washed with
dH,O, and then extracted with diethyl ether (250-500mL) in a soxhlet
extractor. After evaporation of the solvent, the crude product was
dissolved in diethyl ether (20mL), washed with water, and the aqueous
layer was extracted with dichloromethane (3x 15mL). The combined
organic layers were washed with saturated NaCl (20 mL) and dried over
MgSO,. After evaporation of the solvent, the crude product was purified
by flash column chromatography on silica gel (CH,Cl, +1.0-1.5% NH,
in MeOH). For subsequent hydroboration, the product was further
purified by reversed-phase chromatography (column: ISAspher 100-5
C18 AQ, 5pm, 150*20mm from ISERA GmbH, Diiren, Germany;
column oven: 35°C; eluent: 60:40 acetonitrile:water +0.1% formiate;
flow rate 15mL/min; injection of samples in 1 mL ethanol) to obtain the
mutasynthesis product as red solid.

4.3.2. 4-Methoxy-5-[(5-methyl-4-hex-5-¢e
n-1-yl-2H-pyrrol-2-yliden)methyll-1H,1’'H-2,2’-
bipyrrol (3)

According to the general procedure for preparative mutasynthesis
and the use of pyrrole 11a (12.2mg, 75.0 pmol, 7.5mm in DMSO, end
concentration in 500 mL culture: 0.15mm) as precursor prodiginine
12 (15.0mg, 40.3 pmol, 54%) was obtained as red solid. R;=0.15
(dichloromethane); "H-NMR (600 MHz, CDCL,): § [ppm] =1.43 (tt,
g =7.5Hz, Jy.s-=7.5Hz, 2H, 8”-H), 1.53-1.59 (m, 2H, 7-H), 2.08
(dt,*Jyg-=7.2Hz, Jy o= 7.2 Hz, 2H, 9”-H), 2.41 (t, *J,»=7.6 Hz, 2H,
67-H), 2.54 (s, 3H, 127-H), 401 (s, 3H, 7-H), 4.95 (dd,
@3 0 =102Hz, Yyean=22Hz, 1H, 117-H), 5.01 (dd,
w3y 0=17.1Hz, Jyye=17Hz, 1H, 117-H), 5.80 (ddt,
rans3f ey = 16.9Hz, 93¢0 11,-=10.2 Hz, 3,9 =6.7 Hz, 1H, 10”-H),
6.08 (d, ¥J5,=2.0Hz, 1H, 3-H), 6.36 (dd, °],+=3.7Hz, ‘], =2.3Hz,
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4-H),6.68 (d,J=2.6Hz), 6.92 (ddd, }J=3.9Hz, }J=2.5Hz, = 1.3Hz),
6.96 (s, 1H), 7.24 (d, *Jy,»=2.7 Hz, 1H, 3”-H), 12.58 (brs, 1H, I-NH),
12.75 (brs, 2H, 1-NH, 1”-NH); *C-NMR (151 MHz, CDCL): &
[ppm]=12.6 (C-12”), 25.3 (C-6"), 28.6 (C-8"), 29.7 (C-7"), 33.7
(C-9), 58.9 (C-7), 93.0 (C-3), 111.9 (C-4"), 114.7 (C-10”), 116.1
(C-8), 117.2 (C-3"), 120.9 (C-5), 122.4 (C-2), 125.3 (C-2"), 127.1
(C-5), 128.3 (C-4""), 128.4 (C-3"), 138.8 (C-9”), 146.9 (C-5"), 147.9
(C-2), 165.9 (C-4); IR (ATR-Film): # [1/cm]=3,163, 3,099, 2,974,
2,928, 2,857, 1,630, 1,604, 1,544, 1,512, 1,414, 1,356, 1,261, 1,158,
1,137, 1,044, 993, 960, 838, 756; MS (APCI, positive-Ion): m/z=336
[(M)*], 266, 163; HRMS (ESI, positive ion): calculated for C,,H,N;O
[(M +H)]* =336.2070, found = 336.2076.

4.3.3. Semisynthesis toward 6-(2-((4-methoxy-
1H,1’H-(2,2’-bipyrrole)-5-yl) methylene)-
5-methyl-2H-pyrrole-4-yl)hexan-1-ol (3)

9-BBN (0.5 n in THE 94.2mg, 0.05mmol, 2.2 eq.) was added to a
solution of 4-Methoxy-5-((5-methyl-4-hex-5-en-1-yl-2H-pyrrole-2-
yliden)methyl)-1H,1"H-2,2’-bipyrrole (12, 9mg, 0.02 mmol, 1.0eq.) in
dry THF (2mL) over a period of 15min at 0°C. After stirring for 1 h
at 0°C, the reaction mixture was heated up at 70°C under reflux for
3h. Subsequently an aqueous solution of 3N NaOH (39.9 mg, 105 pL,
0.12mmol, 5.0eq.) and 30% H,O, (38.0mg, 34.1pL, 0.34mmol,
14.0eq.) was added at 0°C. After 1h at 0°C the reaction mixture was
allowed to reach room temperature and was stirred for further 15h at
22°C. Ice water (10 mL) was added and the mixture was extracted with
dichloromethane (3 x 15mL). The combined organic layer was dried
over MgSO,, the solvent was evaporated under reduced pressure and
the crude product was purified by column chromatography on silica
gel [dichloromethane +0.5-4.0% trimethylamine (v/v)] to isolate
6-(2-((4-methoxy-1H,1"H-(2,2"-bipyrrole)-5-yl)methylene)-5-methyl-
2H-pyrrole-4-yl)hexan-1-ol (3, 6.10 mg, 0.02 mmol, 65%) as red solid.
R=0.16 (PE/EtOAc 50:50); 'H-NMR (600MHz, CDCL): &
[ppm] =1.28 (brs, 1H, 12”-OH), 1.37 (m,, 4H, 8”-H, 9”-H), 1.50-1.63
(m, 4H, 7”-H, 10”-H), 2.40 (t, *J¢,»=7.6 Hz, 2H, 6”-H), 2.54 (s, 3 H,
13”-H), 3.64 (t, *J,11-= 6.6 Hz, 2H, 11”-H), 4.00 (s, 3H, 7-H), 6.08 (d,
4J,,=1.9Hz, 1H, 3-H), 6.35 (dd, *J, s =4.3Hz, ¥J,, = 2.0 Hz, 1H, 4"-H),
6.67 (d, *Jy,»=2.6 Hz, 1H, 3”-H), 6.92 (ddd, *J;.» =3.9Hz, J,» =2.5Hz,
1, ,=14Hz, 1H, 3-H), 6.94 (s, 1H, 8-H), 7.23 (dd, *Jy»=2.7Hz,
3J,=1.3Hz, 1-H, 5-H), 12.56 (brs, 1H, 1’-NH), 12.72 (brs, 2H,
1-NH, 1”-NH); C-NMR (151 MHz, CDCL,): § [ppm] = 12.6 (C-13"),
25.0 (C-6"), 25.7 (C-8"), 29.1 (C-9”), 30.2 (C-7""), 32.9 (C-10""), 58.9
(C-7),63.1 (C-11),93.0 (C-3), 111.9 (C-4'), 116.3 (C-8), 117.3 (C-3),
120.9 (C-5), 122.4 (C-2), 125.3 (C-2), 127.2 (C-5'), 128.3 (C-4""),
128.4 (C-3"), 147.0 (C-5"), 148.0 (C-2), 166.0 (C-4); IR (ATR-film):
v [1/em]=3,422, 3,172, 2,930, 2,861, 1,630, 1,602, 1,543, 1,511, 1,363,
1,261, 1,137, 960, 748; MS (APCI, positive ion): m/z =354 [(M)*], 279,
157; HRMS (ESI, positive ion): calculated for C,Hy;N;O,
[(M+H)]*=354.2176, found = 354.2179.

4.4. Assessment of effects on the
plant-parasitic nematode Heterodera
schachtii

4.4.1. Plant material and nematode culture

Arabidopsis thaliana Columbia (Col-0) seeds were surface-
sterilized by soaking in 0.7% sodium hypochlorite for 5min and
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submerging them in 70% (v/v) ethanol for 1 min. Subsequently, the
seeds were rinsed with sterile distilled water 5 times, dried at room
temperature for 4h and stored at 4°C for further experiments.
H. schachtii cysts were harvested from the roots of mustard (Sinapsis
alba), which was grown aseptically on modified Knop agar medium,
and submerged with sterile 3mm ZnCl, in the Baermann funnel
(Grundler et al., 1991). After 7 days, the freshly hatched second-stage
juveniles (J2s) were collected for subsequent analysis. All preparation
procedures were performed under aseptic conditions.

4.4.2. EC5, (nematode infection) determination of
di-rhamnolipids and prodiginines

ECs, determination of selected compounds was performed in an
in vitro agar system: Petri dishes (90 mm diameter) were filled with
modified Knop medium (Sijmons et al., 1991; Matera et al., 2021)
supplemented with prodiginines or di-rhamnolipids at different
concentrations (Supplementary Table S4). Stock solutions of
prodiginines in DMSO were applied to implement a final
concentration of 0.5% DMSO. The di-rhamnolipids, which were
obtained by microbial production as a congener mixture as previously
described (Bredenbruch et al, 2023), were solved in water.
Accordingly, modified Knop medium alone or supplemented with
0.5% (v/v) DMSO served as control. On the medium, 2 surface-
sterilized A. thaliana seeds were germinated aseptically and incubated
in a climate chamber under a red/blue light with a 16-h/8-h light/dark
photoperiod at 24°C (Sijmons et al., 1991). At 12 days post seeding,
each plant was inoculated with approximately 60 H. schachtii J2s. At
10days post inoculation, the total number of males and females on
each plant was counted under a Stereo Microscope (Leica, Germany).
ECs, was determined by using software ‘CompuSyn’ (Chou and
Martin, 2005). Three independent biological replicates of the
experiment were performed. Each biological replicate included at least
6 technical replicates (plants) per variant.

4.4.3. Determination of the combinatorial effect
of compounds on nematode infection

Assays to measure combinatorial effects were carried out in an
analogous experimental set-up as the ECs, determination described
above. The concentration of compounds alone or in combination is
detailed in Supplementary Table S5. The compound combination
effects (antagonistic, additive or synergistic) were evaluated according
to the Combination Index Plot obtained by the software ‘CompuSyn’
(Chou and Martin, 2005). The experiments were performed
independently in triplicate.

4.4.4. Time-resolved analyses of the compounds'
impact on nematodes

The time-resolved analysis consisted of four assays investigating
nematode motility, stylet thrusting, infection, and development. Petri
dishes (90 mm diameter) were filled with modified Knop medium
supplemented with prodigiosin (1) or hydroxylated prodiginine 3 at
the determined ECs,, which is 15.1 and 31.2 pM, respectively. Modified
Knop medium alone or supplemented with 0.5% (v/v) DMSO served
as controls.

4.44.1. Nematode motility

Approximately 30 H. schachtii ]2 were inoculated in the center of
a Petri dish containing the test compound. The location of J2s was
documented after 30 and 60 min and the distance to the inoculation
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point was measured by Image ] (Schneider et al., 2012). The
experiment was performed independently in quadruplicate.

4.4.4.2. Nematode stylet thrusting

Two surface-sterilized A. thaliana seeds were germinated
aseptically on the medium containing the test compound. At 12 days
post seeding, approximately 60 H. schachtii ]2 were inoculated to each
plant. At 6h post inoculation, 10 J2, which successfully penetrated the
root epidermis, were tracked under a Stereo Microscope (Leica,
Germany) in order to count the number of stylet movements for
5min. The experiment was performed independently in quadruplicate.

4.4.4.3. Nematode infection and development

Two surface-sterilized A. thaliana seeds were germinated aseptically
on the medium containing the test compound. At 12 days post seeding,
approximately 60 H. schachtii ]2 were inoculated to each plant. At 2, 4
and 10days post inoculation, the number of males and females was
counted, and the size of male and female nematodes was measured
under a LeicaS4E Stereo Microscope (Leica, Germany) equipped with
Leica Application Suite (LAS) software. Four independent biological
replicates with 14 plants per variant and biological replicate (n=56) were
conducted for the nematode infection assay. Three independent
biological replicates with in total n=70 technical replicates (nematodes)
were performed for the development experiment.

4.4.5. Statistical analysis of bioactivity evaluating
data

All data are expressed as mean + standard error (SE). Statistical
analysis was performed by using one-way analysis of variance
(ANOVA; p<0.05; SIGMAPLOT 12.5, Systat Software, Inc., San Jose,
CA, United States).
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Panax notoginseng is one of the most valuable traditional Chinese herbs. The main
active ingredients, dammarane-type ginsenosides, show multiple pharmacological
activities. Recently, the key UDP-dependent glycosyltransferases (UGTs) involved
in the biosynthesis of common ginsenosides have been widely studied. However,
only a few UGTs that catalyze ginsenoside formation have been reported. This
study further investigated the new catalytic function of 10 characterized UGTs from
the public database. PnUGT31(PnUGT94B2) and PnUGT53 (PnUGT71B8)exhibited
promiscuous sugar-donor specificity of UDP-glucose and UDP-xylose, which
could catalyze the glycosylation of C20-OH sites and elongation of the sugar
chain at the C3 and/or C20 sites. We further analyzed the expression patterns in P.
notoginseng and predicted the catalytic mechanisms of PnUGT31 and PnUGT53
using molecular docking simulations. Moreover, different gene modules were
built to increase the yield of ginsenosides in engineered yeast. The metabolic flow
of the proginsenediol (PPD) synthetic pathway was enhanced by LPPDS gene
modules based on the engineered strain. The resulting yeast was constructed to
produce 1.72g/L PPD in a shaking flask, but cell growth was significantly inhibited.
EGH and LKG gene modules were constructed to achieve high-level production
of dammarane-type ginsenosides. The production of G-Rg3 controlled by LKG
modules increased 3.84 times (254.07mg/ L), whereas the G-Rd titer reached
56.68mg/L after 96h in shaking flask culture under the control of all modules,
both of which yielded the highest values for known microbes.

Panax notoginseng, ginsenosides, glycosyltransferase, biosynthesis, engineered yeast

Introduction

The underground part of Panax notoginseng has been widely used for treating cancer and
cardiovascular and cerebrovascular diseases (Zhang et al., 2018). Damarane-type saponin is
considered to be the main active agent responsible for various pharmacological activities. At
present, more than 200 ginsenosides have been found in P. notoginseng, and dammarane-type
saponins account for 98%. More specifically, dammarane-type ginsenoside Rb1l (G-Rb1), Rb2
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(G-Rb2), Rgl (G-Rgl), Re (G-Re), Rc (G-Rc) and notoginoside R1
(N-R1) account for more than 90% of the total saponins (Wan et al.,
2006; Wei et al., 2018). Depending on the position of the hydroxyl
group, dammarane-type saponins can be divided into proginsendiol-
type (PPD-type) and proginsentriol-type (PPT-type) saponins. More
than 20 dammarane-type saponins have been tested in animal
experiments and preclinical studies, and the proginsenodiol-type
ginsenosides, G-CK, G-Rh2, G-F2, and G-Rg3, have shown significant
anticarcinogenic activity (Chen et al., 2013; Wang et al., 2018; Chen
etal, 2019; Liu et al,, 2020). It is worth noting that G-Rg3 has entered
the stage of clinical studies as an efficient antitumor agent (Sun
etal., 2017).

Dammarane-type ginsenosides are tetracyclic triterpenes. The
hydroxyl groups at the C3, C6, and C20 sites of the skeleton can
be glycosylated by different sugar donors to form ginsenosides.
During the biosynthesis of ginsenosides, the final step of glycosylation
is normally catalyzed by UDP-dependent glycosyltransferase (UGT)
with the supplementation of UDP-sugar donors such as UDP-glucose
(UDP-Glu), UDP-xylose (UDP-Xyl), UDP-rhamnose,
UDP-arabinose, and substituting sites can form sugar chains that

and

combine multiple sugar groups. Glycosyltransferases are a group of
multi-gene superfamilies which can transfer sugar from the substrate
to specific receptor molecules. All UGTs involved in ginsenoside
biosynthesis belong to family 1 glycosyltransferases (GT1 family),
which uses 5 “-uridine diphosphate - sugar as glycosyl donors. Based
on the similarity of amino acid sequences, UGTs from plants can
be divided into 94 subfamilies and clades that have not yet been
classified (Ross et al., 2001). Previous reports have shown that the
UGTs involved in the biosynthesis of dammarane-type saponins are
mainly distributed in the UGT71, UGT74, and UGT94 subfamilies
of plants.

Currently, the acquisition of dammarane-type saponins depends
heavily on the raw plant materials, and their content is easily affected
by various environmental factors. In fact, more than 200 types of
dammarane-type ginsenosides only account for approximately 2% of
the dry weight of 3-year-old P. notoginseng, that is hard to meet the
market demand for rare ginsenosides. Synthetic biology offers a new
strategy for producing valuable compounds via heterologous
organisms. To overcome this yield limit, more than 10 UGT genes
have been engineered in yeast to produce ginsenosides. Although
some achievements have been made in the microbial production of
dammarane-type ginsenosides, the highest yield of proginsenodiol-
type ginsenosides, such as Rg3 is still less than 100mg/L (Jiang
etal., 2022).

To date, five versions of the genome and abundant transcriptomes
of P notoginseng have been published, and nearly 100 UGTs have been
identified in P. notoginseng (Wang et al., 2020; Yang et al., 2021). These
rich data from the genome, transcriptome, and metabolome provide
a solid foundation for exploring the functions of UGTs. Here, based

Abbreviations: gRT-PCR, real-time reverse transcriptase polymerase chain reaction;
PPD, protopanaxadriol; PPT, proginsentriol-type; UGT, UDP-dependent
glycosyltransferase; HPLC, high performance liquid chromatography; LC-MS,
liquid chromatography-mass spectrometry; NMR, nuclear magnetic resonance
spectroscopy; LC-MS/MS, chromatography-tandem mass spectrometry; G-,
ginsenside; V-, vinaginsenosides; GT, glycosyltransferases; UDP-Glu, UDP-glucose;
UDP-Xyl, UDP-xylose.
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on the UGTS obtained from previous studies, we further identified two
of
biosynthesizing vinaginsenosides R16 and R18, as well as UDP-Glu

UDP-xylose-dependent  glycosyltransferases capable
for glycosylation at the C20 site and sugar chain extension. Based on
the reconstructed PPD-producing Saccharomyces cerevisiae, we used
these two UGTS to establish a cell factory to produce part of the
PPD-type ginsenosides as an alternative source for expanding the
industrial production of ginsenosides to protect wild populations of

Panax plants, such as P. notoginseng.

Materials and methods
Strains and materials

Saccharomyces cerevisiae strain BY4742 (Wuhan Miaoling
Biotechnology Co., LTD, China) was used as the initial strain for
engineering. Escherichia coli strain BL21 (DE3; TransGen Biotech,
China) and S. cerevisiae strain W303-1B were used for heterologous
expression. E. coli DH5a and Trans-T1 chemically competent cells
(TransGen Biotech) were used for the cloning of UGTs. The codon-
optimized gene was synthesized by Tsingke Biotechnology (Beijing,
China). All primers and strains used in this study are listed in
Supplementary Tables S1, S2. The standards and substrate compounds
PPD, PPT, and ginsenosides (>98%) were purchased from DeSiTe
Biotechnology (Chengdu, China)
(Chengdu, China).

and PuRuiFa Technology

Cloning and heterologous expression of
recombinant PnUGT proteins

The coding sequence of UDP-glycosyltransferase was determined
by PCR-amplified from P. notoginseng and cloned into the pEASY
vector (TransGen Biotech, Beijing, China). Briefly, UGT genes were
ligated into the pET28a vector with a 6 x His-tag using the Golden
Gate Assembly Kit (NEB, USA) and transformed into E. coli BL21
(DE3). UGT genes with a C-terminal 6 x His-tag were ligated into the
YCplac22 vector using the ClonExpress II One Step Cloning Kit
(Vazyme Biotech Co., Ltd., Nanjing, China).

After the sequence was correctly constructed into E. coli, positive
clones were selected and cultured in 4mL LB medium containing
100mg/L kanamycin (Kan) at 37°C for 12-16h, and the bacteria
solution was transferred into 400 mL LB + Kan* medium for further
culture until the ODg,, value reached 0.5-0.8. The medium was
induced with 0.1 mM isopropyl-p-D-thiogalacto-pyranoside (IPTG)
at 15°C for 16 h. The cells were collected and resuspended in 100 mM
lysis buffer (pH 7.4). The cell suspension was lysed at 4°C and 2000 bar
with a high pressure cell fragmentation instrument (Constant Systems,
Britain). The supernatant obtained by centrifugation was concentrated
and used for enzymatic reactions.

The recombinant yeast strains were cultivated in 2mL YPD
medium at 30°C for 16-18 h, and then transferred to 50 mL YPD
medium for further culture for 2 days. The cells were collected
and suspended in 15mL of PBS (pH 7.4). The yeast cells were
broken at 4°C and high pressure of 3,000 bar. The supernatant
obtained by centrifugation was concentrated and used for
enzymatic reactions.
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Enzyme assays

Enzymatic assays of UGTs were performed in random
UDP-arabinose,
UDP-rhamnose, and UDP-xylose as sugar donors with 11 ginsenoside

combinations, consisting of UDP-glucose,
substrates. The 100 pL reaction system included 100 mM phosphate
buffer (pH="7.4), 2mM UDP-sugar donors, 1 mM ginsenoside, 50 pL
crude UGT enzyme, incubated at 35°C for 12h and terminated by
adding 100 pL of methanol. The lysates of E. coli harboring the pET28a
vector and S. cerevisiae harboring the YCplac22 vector were used as
negative controls. After centrifugation at 14,000 xg for 10 min, the
supernatant was filtered through a 0.22 mm nylon syringe filter and
prepared for HPLC and LC-MS analysis. After the enzymatic assays
system was expanded ten times, the reactants were incubated in a
thermostatic oscillator with a revolution of 800rpm/min, and
n-butanol was used at a ratio of 1:1 to terminate the reaction. The
supernatant obtained after centrifugation was subjected to
NMR analysis.

Real-time reverse transcriptase polymerase
chain reaction quantification

Omega Plant RNA Kit (Omega Bio-Tek, China) was used to
isolate the total RNA of P. notoginseng, and the HiScript II One Step
RT-PCR Kit (Vazyme, China) was used to obtain cDNA. PnUGT53
and Pn3-29 were amplified by real-time PCR (RT-qPCR) using SYBR
Green Realtime PCR Master Mix (Vazyme, China). The primers are
listed in Supplementary Table S1.

Construction, cultivation, and metabolite
extraction of yeast strains

The establishment of the gene expression cassette required two
rounds of PCR cloning. Q5 High-Fidelity DNA Polymerase Cloning
Kit (NEB, United States) was used to amplify basic fragments
containing promoters, genes, terminators, selective markers, and
homologous fragments of the yeast genome in the first round. Each
basic fragment has a special homologous sequence of 40-75bp on
either side for recombination or fusion PCR. In the second round,
gene expression cassettes were obtained by fusion of basic fragments.
All fusion fragments were purified, quantified, and co-transformed
into yeast cells using the standard lithium acetate method for assembly
and integration. Correct clones were first inoculated into 2mL
synthetic dropout medium and grown at 30°C until the ODyg, value
reached 0.8-1.0, and the bacteria solution was subsequently
transferred into 30 mL YPD medium and grown at 30°C for 5-6 days.
To extract ginsenosides from the fermentation culture cells, the cells
were collected and suspended in 6 mL methanol. After ultrasonication
for 30 min, the separated supernatants were used for HPLC analysis.

Chemical analysis
The HPLC analysis was performed using an Agilent 1200 series

preparative HPLC system (Santa Clara, CA, United States).
Chromatographic separation of ginsenosides from enzyme assay
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products was carried out at 25°C on a Phenomenex 00D-4,627-E0
Kinetex 5pm Biphenyl 100 A, LC Column (100 mm x 4.6 mm, 5 pm,
United States). The detection wavelength for the ginsenosides was
203nm. The gradient elution system comprised water (A) and
acetonitrile (B). There are two gradient programs for separation, the
first gradient program: 0 ~4 min (15-30% B), 9 ~ 15 min (40-42% B),
18 ~25min (60-100% B); the second gradient program: 0~ 6min
(20-30% B), 8 ~ 12 min (40-42% B), 25 ~ 30 min (90-100% B), and the
flow rate was kept at 1.0 mL/min.

LC-MS and LC-MS/MS was performed using a Micro ToF MS
instrument (Bruker Daltonics) equipped with an Agilent HP1100
series LC system. The chromatographic column and gradient elution
programs are the same as in HPLC analysis. The products were
identified in negative mode. All spectra were recorded in negative ion
mode over 50-1,000m/z under 6.01 L/min dry gas flow, 203nm
detection wavelength, 180°C dry temperature, 1bar nebulizer
pressure, and 14.5kV probe voltage.

To isolate of new glycosylated products from enzyme assays, the
glycosylated products were collected from the n-butanol phase of the
enzyme assay suspension and dried using a Termovap Sample
Concentrator to yield a dry residue. The dry residue was dissolved in
methanol and further purified with an Agilent Agilent ZORBAX
SB-C18 column (9.4x250mm 5pm, 2.2pm, Shimadzu, CA,
United States) (solvent A: water; solvent B: acetonitrile; the gradient:
0~7min (40-50% B), 16 ~ 20 min (60-70%); flow rate 2 mL/min). The
resulting methanol phase was collected and completely evaporated to
yield the crystallized product, which was weighed and dissolved in
deuterium pyridine-d5 for NMR analysis. '"H and *C NMR spectra
were obtained using an 800 MHz Bruker Avance III spectrometer.

For the separation of ginsenosides from yeast fermentation
products, an Agilent Poroshell 120 EC-C18 column (100 mm x 3.0 mm,
2.7 pm) was used for gradient elution at 35°C. The gradient elution
system comprised water (A) and acetonitrile (B). There are two
gradient programs for separation, the first gradient program: 0 ~6 min
(15-30% B), 11 ~ 17 min (40-42% B), 25~ 27 min (100-100% B); the
second gradient program: 0 ~7 min (30-40% B), 7 ~ 12min (40-42%
B), 13 ~19min (60-90% B), 21 ~25min (100-100% B), and the flow
rate was kept at 0.8 mL/min. The calibration curves of the standard
samples were generated based on the integrated peak of HPLC, which
was used to quantify of G-CK, G-Rg3, G-Rh2, G-Rd and PPD.

Results

Functional characterization of PnUGT31
from Panax notoginseng

A total of 116 UGTs from P. notoginseng were obtained from the
PanaxGDB database' (Lin et al., 2022). According to previous studies,
UGTs that catalyze dammarane-type ginsenoside belong mainly to the
UGT 74, 94, and 71 families. Therefore, we screened 19 candidate
UGT; from these families as candidate genes which closely related to
other UGTs that catalyze dammarane-type ginsenosides in the
phylogenetic tree (Supplementary Figure S1). Information regarding

1 http://panaxGDB.ynau.edu.cn
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these 19 candidate UGT genes is provided in Supplementary Table S3.
We found that UGTs involved in the biosynthesis of dammarane-type
ginsenosides were mainly highly expressed in the rhizomes or roots of
P notoginseng (Supplementary Figure S2). Finally, ten candidate UGTs
with high-level expression in roots or rhizomes were selected from
these 19 UGTS for functional verification (Supplementary Figure S2).
The UDP-xylose-dependent catalytic activity of the 10 PnUGTs was
screened by heterologous expression of recombinant PnUGT proteins
in E. coli or S. cerevisiae. Eleven dammarane-type ginsenosides were
selected as substrates for enzyme assays. HPLC and LC-MC results
showed that PnUGT31 (PnUGT94B2) could catalyze xylosylation of
G-F2 to produce an unknown product 1 with a fragment feature of
915.5 (m/z, [M-H]") mass (Figure 1). NMR analysis revealed that
product 1 was vinaginsenoside R16 (V-R16). The results showed
PnUGTS31 catalyzes the elongation of the second sugar chain at the C20
site of G-F2 with xylose to produce V-R16 (Figures 1, 2A,B;
Supplementary Figures S3A-C).

The sequence characteristics of PnUGT31 were consistent with
those previously reported Pn3-31, which catalyzes G-Rh2 to produce
G-Rg3 (Wang et al,, 2020). In our study, PnUGT31 showed catalytic
activity to produce G-Rg3, G-F2, G-Rd, V-R16,G-Rb1 and G-F1
starting from G-Rh2 with UDP-glycose and UDP-xylose as the
substrates (Figure 1; Supplementary Figure S4). Moreover, PaUGT31
showed the capability of glycosylating the C20-OH and elongating the
sugar chain at the C3 or/and C20 sites. These new catalytic functions
of PnUGT31 have not been reported yet. When the molar mass ratio
of the sugar donor to the substrate is 5:1, PnUGT31 can catalyze the
formation of G-F2 and G-Rg3 from G-Rh2 in an enzyme system
simultaneously (Supplementary Figure S4). Although parts of G-Rg3
were consumed by continuous glycosylation, the peak area of G-Rg3
was still higher than that of G-F2, indicating that PaUGT31 preferred

10.3389/fmicb.2023.1191102

elongation of the sugar chain at the C3 and/or C20 sites over
glycosylation of the C20-OH site (Supplementary Figure S4).
Interestingly, we found that PnUGT31 could not catalyze C20-OH
glycosylation in the presence of an extra group at the C6-position of
the saponin skeleton.

The three-dimensional protein structure of PnUGT31 was
predicted and molecular blind docking prediction was conducted with
11 PPD-type ginsenosides and four UDP-sugar donors. There were
seven UDP-xylose and 11 UDP-glucose hydrogen-bonding residues
between these two sugar-donor ligands and PnUGT31, mainly
distributed in the Ser261-Glu262, Trp317-Gln320, His335-Trp338, and
Asp359-Gln360 regions (Figures 2C,D). The key residues responsible
for the hydrogen-bonding activity between PnUGT31 and the four
dammarane-type ginsenosides (G-Rh2, G-Rg3, G-F2, and G-Rd) were
Trp317-Gln320, GIn228-Arg229, His20-Ser22
(Supplementary Figure S5). Trp317-GIn320 are the conserved

and

residues in the PSPG region, where is the overlapping region that sugar
donor ligands interact with the protein (Supplementary Figure S5).

Functional characterization of PnUGT53
from Panax notoginseng

In vitro enzyme assays, we found that PnUGT53 (PnUGT?71B8)
could catalyze the xylosylation of G-Rg3 to form the known product 2
with 915.5 (m/z, [M-H]-) mass, which was identified as vinaginsenoside
R18 (V-18) by NMR analysis (Supplementary Figures S3D-F;
Figures 3A,B). This is the first demonstration of a key UGT enzyme in
the biosynthesis of V-18. PnUGT53 could catalyze the C20-OH site of
PPD, PPT, and G-Rg3 to produce G-CK, G-Fl, and G-Rd with the
supplementation of UDP-glucose, respectively (Supplementary Figure S4;
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Figure 1). It also catalyzed the continuous glycosylation of G-Rh2
via the G-F2 and G-Rd pathways G-Rbl
(Supplementary Figure S4; Figure 1). PnUGTS53 catalyzed the
glycosylation of C20-OH and elongation of the sugar chain at the C3
and/or C20 sites but favored the glycosylation of the C20-OH site under

to generate
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these two conditions. G-Rg3, the product of the extension of the sugar
chain, was not found, even though the ratio of sugar donors was higher
in vitro assays (Supplementary Figure S4; Figure 1). After glycosylation
at C6-OH, PnUGT53 could not further catalyze the glycosylation of
C20-OH in the saponin skeleton.
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Function and enzymatic reaction mechanism of PnUGT53. (A) HPLC results of enzyme assays including PnUGT53, G-Rg3 and UDP-xylose, peak 4 was
new products 2, peak 2 was G-Rg3. (B) MS/MS results of new product 2. (C,D) Shows a simulation of molecular docking between protein PnUGT53
with ligands. The ligands in (C) are UDP-xylose and G-Rg3; The ligands in (D) are UDP-glucose and G-Rg3.

PnUGTS53 is highly homologous to the previously reported Pn3-29
(99.79%). Pn3-29 can catalyze G-Rg3, PPD, and PPT to generate
G-Rd, G-CK, and G-F1, respectively. However, the catalytic capacity
of PnUGTS53 differs from that of the reported Pn3-29, the sequences
of these two genes were compared. The results showed that there
were only differences in one amino acid and three nucleobases.
Alphafold2 predicted that the spatial folding structure of the two
proteins was completely consistent, and the different amino acids were
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not located in the key region of the substrate-bonding site
(Supplementary Figure S6). Eleven ginsenosides and four UDP-sugar
donors were selected as ligands for molecular docking
(Supplementary Figure S6; Figures 3C,D). The results showed that
their differential loci were not key sites for substrate selection.
Therefore, it remains to be seen whether these two genes have similar
catalytic functions. Molecular blind docking prediction showed two

to six hydrogen bonds were observed between different receptor sites
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and PnUGT53 in the Ala40-Asp45 and Arg81-Ile84 regions
(Figures 3C,D; Supplementary Figure S6). PaUGT53 forms eight and
seven hydrogen bonds with UDP-xylose and UDP-glucose ligands,
respectively, and these two sugar ligands exhibit a hydrogen-bonding
reaction with residues Ala345, Ser367, Typ384, and His362
(Figures 3C,D; Supplementary Figure S6). These four residues may
be active sites for UDP sugar binding.

To further verify whether Pn3-29 and PnUGT53 have the same
expression pattern in P. notoginseng, we designed primers for their
differential nucleobases for RT-qPCR. The gene expression trends of
Pn3-29 and PnUGT53 in the different tissues of 1-year-old and 2-year-
old P. notoginseng plants were similar (Figures 4A,B,D,E). Interestingly,
The expression levels of PnUGT53 and Pn3-29 significantly differented
in the 3-year-old P notoginseng. The relative expression level of
PnUGT53 has significantly increased in flower buds and rhizomes of
3-years old P. notoginseng, whereas the relative expression level of
Pn3-29 in 3-years old P. notoginseng was significantly increased in the
flower buds (Figures 4C,F). Moreover, the relative expression levels of
Pn3-29 in different tissues of 1-3years old plants were higher than
those of PnUGT53 (Figure 4). Single SNPs within the gene may
directly affect the expression levels of PnUGT53 and Pn3-29 in
P. notoginseng.

Design and construction of engineered
yeast for PPD production

PPD is a direct precursor of G-Rh2. The yeast strain BY4742 was
employed as the starting strain according to a previous study to

10.3389/fmicb.2023.1191102

construct a PPD-producing yeast strain ZW04BY (Wang et al., 2019).
Strain ZW04BY produced 652 mg/L and 851 mg/L PPD after 96h and
120h in a shake flasks (Figure 5D; Supplementary Figure S7). Our
results show that the PPD yield of strain ZWO03BY in a shake flasks
was higher than in a previous study (529.0mg/L). There was still a
possibility of converting more accumulated dammarenediol (DM)
into PPD. To increase the metabolic flow of PPD biosynthesis, codon-
optimized PgPPDS controlled by the TDH3 + UAS s, crri-crs, promoter
was inserted into the strain ZW04BY. Previous studies have shown
that the selection of combinatorial promoters enhances gene
expression (Blazeck et al., 2012). To increase the copy number of the
PgPPDS in yeast, the § sequence was selected as inserted locus, while
G418 (geneticin) was selected as resistance selection tags (Parekh
etal,, 1996; Wang et al., 1996). This engineered strain was constructed
based on LPPDS gene modules named LPPDS (Figure 5A). Compared
with the control strain ZW04BY, the PPD yield of strain LPPDS
reached 1.72g/L, double the control yield (Figure 5D; Table 1).
Although the engineered strain LPPDS could show significantly
improved PPD production, the ODy, value showed that the cell
growth of the strain LPPDS was significantly inhibited compared to
the control, which might be due to the metabolic inhibition
(Figure 5E).

High-level production of
proginsenodiol-type ginsenosides

Both PnUGT31 and PnUGT53 catalyze continuous glycosylation
of G-Rh2 to G-Rbl. In this study, PnUGT31 and PnUGT53 were
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TABLE 1 The yield of ginsenosides produced by engineering yeast.

Yield (mg/L)

Strains G-Rh2

ZWO04BY 851+51.87 - - - -
LPPDS 1722.10+80.72 - - - -
EGH31 947.32+78.95 - - 52.48+21.02 -
EGH53 1027.66 +60.22 20.48+0.20 4.40+0.13 - -
LKG31 721.36+71.37 - 12.80+9.59 254.06%56.49 -
LKG53 745.75+147.29 - 35.42+5.37 - -
LKG3IRS 795.41+83.54 - 0.7240.14 164.58 +24.54 2621+12.86
LKG53RS 908.46 % 64.58 - 54.57+6.36 - -
LKG53EGHLPPDS 1313.75+87.33 - 5570+ 1.4 - 56.68+16.21

placed under the control of the TEF1 promoter and CYC1 terminator
and inserted into the EGHI (Yir007w) locus of S. cerevisiae strain
ZWO04BY. The effect of glucosidase on the desugarization and
degradation of ginsenosides can be reduced by knocking out EGH1,
which can hydrolyze various $-glucosides (Dai et al., 2014; Zhuang
et al., 2017; Figure 5B; Supplementary Table S2). The fragment
contained the Pn1-31 gene was inserted to increase the production of
G-Rh2 precursor in yeast (Supplementary Figure S2). To increase the
UDP-glucose  stock, phosphoglucomutase 1  (ScPGML1),
phosphoglucomutase 2 (ScPGM2), and UDP-glucose-phosphorylase
(ScUGP1) genes were controlled by the PGKI, FBAI, and TDH3
promoters and ADHI, TDH2 and PFKI terminators, respectively
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(Figure 5B; Supplementary Table S2). All the above genes constituted
the EGH-31 and EGH-53 gene modules, and the corresponding
engineered strains were named EGH31 or EGH53, respectively
(Figure 5B; Supplementary Table S2).

The HPLC results of the yeast fermentation extracts showed
that strain EGH31 produced peaks of DM, PPD, and G-Rg3, but
intermediate G-Rh2, suggesting that G-Rh2 was completely
consumed in the biosynthesis of saponins in the downstream
pathway (Figures 6A,B). There was also evidence of G-Rg3
formation, but no G-F2 peak was observed, which further
confirmed that PnUGT31 preferentially catalyzes sugar chain
extension (Figure 6A). The products of strain EGH53 showed
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peaks for DM, PPD, G-Rh2, and G-CK, and the titer of G-CK was
significantly higher than that of G-Rh2, further verifying that
PnUGT53 prefers the glycosylation of C20-OH rather than
catalyzing the extension of the sugar chain (Figure 6A). No peaks
for G-Rd and G-Rb1 were detected in the fermentation extracts of
strains EGH31 and EGH53, indicating that PnUGT53 and
PnUGT31 have weak catalytic synthesis abilities for G-Rd and
G-Rb1 or generate fewer precursor substances (Figure 6B). The
results showed strain EGH31 could produce 0.95+0.08 g/L PPD
and 52.48 +£21.02mg/L G-Rg3, whereas strain EGH53 could
produce 1.03+0.06g/L PPD, 20.48+0.20mg/LG-CK and
4.40 £0.13 mg/L G-Rh2 (Figure 6B; Table 1).

Accumulation of key precursors
The precursor G-Rh2 produced by the engineered yeasts EGH31

and EGH53 was consumed, resulting in low production of
ginsenosides in the downstream pathway. Insufficient precursor
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G-Rh2 did not generate sufficient G-Rb1. To improve the titer of
G-Rh2, SnyPnUGT50, the expression controlled by the
TDH3 + UASrgr crri-cs2 promoter, was selected to catalyze PPD to
generate G-Rh2. SnyPnUGT50 significantly increased the titer of
G-Rh2 from PPD in yeast (Wang et al., 2019). The insertion of
PnUGT53 and PnUGT31 fragments promoted ginsenosides
biosynthesis in the downstream pathway. LEU2 was selected as the
insertion locus to recover leucine selection labels. The gene modules
mentioned above were named LKG-31 or LKG-53, and the
corresponding engineered strains were designated LKG31 and LKG53,
respectively (Figure 5C; Supplementary Table S2). After shaking for
120h, strain LKG53 consumed more PPD than EGH53. The absence
of G-CK indicated that UGT53 was consumed to catalyze PPD to
produce G-Rh2, which increased 8-fold the titer of G-Rh2, from
4.40+0.13mg/ L to 35.42+5.37mg/ L. In addition, the G-Rg3 yield of
strain LKG31 (254.07 £56.49 mg/ L) was 3.84 times higher than that
of strain EGH31 (52.48 £21.02 mg/L; Figure 6B; Table 1). These results
show that the LKG module significantly increased the titer of G-Rg3 in
S. cerevisiae.
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To increase the PPD precursor yield, two methods were
employed to increase the conversion rate of DM to PPD. The
insertion of the LPPDS module at the § sequence site may inhibit
of cell growth. To exclude cell growth inhibition caused by the
insertion site, the engineered yeast strains LKG31RS or LKG53RS
were constructed based on the LKG31 and LKG53 strains by
replacing with y sequence as the insertion site. The engineered
yeast strains LKG31RS and LKG53RS, and their control strain
LKG, were cultured in a shake flask for 120h. These results
revealed the presence of G-Rd in the strain LKG31RS (Figure 6A).
Meanwhile, the PPD titers of strains LKG31RS and LKG53RS
increased by 10.27 and 21.76%, respectively. Compared to the
control group, the total saponin production in the downstream
pathway also increased (Figure 6B; Table 1). In addition, the ODgq
of these strains was not significantly difference compared to the
control strain LKG31 or LKG53 (data not shown). HPLC results
showed that the peak area of DM decreased by 80.03%, whereas
the total saponin production increased by 23.3%. The peak area
of DM from strain LPPDS decreased by 85.02% compared to the
control strain ZWO04BY, and total saponin (PPD) production
increased by 132.3%. Therefore, the introducting of the RS module
alleviated cell-growth inhibition to a certain extent and increased
the PPD conversion rate, which was slightly lower than that of the
LPPDS module. Quantitative analysis showed that strain LKG31RS
produced 795.41+83.54mg/L PPD, 0.72+0.14mg/L G-Rh2,
164.58 +24.54 mg/L G-Rg3 and 26.21 + 12.86 mg/L G-Rd. Strain
LKG53RS  produced  908.46+64.58mg/L  PPD
54.57 £6.36 mg/L G-Rh2 (Figure 6B; Table 1).

Owing to the restriction of the enzyme activity of PaUGT31 and

and

PnUGT53, appropriately increasing the accumulation of the
precursors PPD and G-Rh2 is helps improve the biosynthesis of
downstream saponins. The resulting strain was named
LKG53EGHLPPDS after stacking the above three modules. The
G-Rh2 titer of strain LKG53EGHLPPDS (55.67 + 1.44 mg/L) increased
by 23.86% compared with that of strain LKG53 (44.97 +12.01 mg/L)
following incubation in a shake flask for 96 h (Figures 6C,D; Table 1).
The PPD yield of strain LKG53EGHLPPDS was 1313.75 £87.33 mg/L,
and that of strain LKG53 was 460.15+ 137.48 mg/L, Which is a 185%
increase (Figures 6C,D; Table 1). Strain LKG53EGHLPPDS also
produced 56.68 +16.21 mg/L G-Rd, twice higher than that of strain
LKG31RS (Figures 6C,D; Table 1).

Discussion

P notoginseng has the highest agricultural output value in
traditional Chinese medicine, owing to various bioactive ginsenosides.
The biosynthetic pathways and heterologous biosynthesis of
ginsenosides and saponins have recently attracted significant
attention. In this study, known UGTs from previous studies on
ginsenoside biosynthesis were screened from the PDB (panaxGDB)
to discover new catalytic functions of PnUGT53 and PnUGT31.
Moreover, the key UGT (PnUGT53) of V-18 biosynthesis was
identified for the first time.

A previous study reported that UGTs involved in dammarane-
type ginsenoside biosynthesis might catalyze different substrates
even with high sequence homology (98.11-99.37%; Zhao et al.,
2020). We found that the sequence homology between PnUGT53
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and PnGT95 was 98.74%. PnGT95 was reported to catalyze the
glycosylation of hydroxyl groups at C20 and C6 sites of
dammarane-type saponins (Yu et al., 2019). However, PnUGT53
catalyzed the glycosylation of C20-OH, extended the sugar chain
of dammarane-type saponins, and accepted UDP-xylose as a
sugar donor in our study. PnUGT53 and PnUGT95 exhibited
similar but different catalytic functions. Their expression patterns
in different tissues of 3-year-old P. notoginseng plants were also
distinct. PnUGT53 was highly expressed in the flowers, whereas
PnUGT95 was highly expressed in the rhizomes of 3-year-old
P. notoginseng. Other studies showed that more than 40 UGTs
catalyze ginsenosides in the UGT94 family of P. ginseng, and the
amino acid identity between UGTSs is higher than 98%, but the
catalytic activities or functions are quite different (Yang
et al., 2020).

To further investigate the catalytic mechanisms of PnUGT31
and PnUGT53, we performed molecular docking simulations.
Previous studies have shown that ten conserved residues in the
PSPG region are directly linked to sugar donors (Li et al., 2007).
Correspondingly, in the predicted model, PnUGT53 and
PnUGT31 had four and six amino acid residues connected to
sugar ligands, respectively, which also corresponded to the
conserved residues in the PSPG region. Among the 44 amino acids
in the PSPG region, tryptophan, aspartic acid/glutamic acid, and
glutamine at positions 22, 43, and 44 are easily hydrogen-bonded
to sugar ligands (Osmani et al., 2009). However, PnUGT31 and
PnUGTS53 lacked the corresponding hydrogen bonds at positions
43 and 44. The overlap of the donor and acceptor pockets in
PnUGTS31 may increase the probability of an interaction between
the two. When a protein performs a catalytic function, its structure
is not invariable, and interdomain interactions between the
C-terminal- and N-terminal domains are often found (Li et al.,
2007). Protein structure prediction and molecular docking
technology can be used to predict the interactions between
proteins and ligand molecules, but their accuracy still needs to
be verified by further experiments.

To increase the production of ginsenosides, the engineered
ZWO04BY was reconstructed to produce two times higher PPD
than the reported yield. This may be due to differences in the
number of gene copies obtained by yeast transformation in single
cells, which causes biological differences among strains, or the
selection of G418-resistant transformants. In this study, G418
resistance screening was performed twice for the LPPDS and LKG
modules of strain LKG53EGHLPPDS. A higher concentration of
G418 (400 mg/L) was selected for the second screening, which was
applied to strain LKG53 as a chassis cell. After replacing strain
LKG31 as the chassis cell, transformants could not be obtained
through G418 resistance screening, which the copy number and
expression level of the KANMX gene in strains LKG53 and LKG31
might have caused. In addition, the insertion of the LPPDS
module resulted in the inhibition of the cell growth of the strain
LPPDS and strain LKG53EGHLPPDS. We hypothesized that
because 2, 3-oxsqualene is a common precursor of the synthesis
of steroidal saponins and PPD, the production of PPD was greatly
increased and the precursor 2,3-oxsqualene was consumed in
large quantities, which might restrict the biosynthesis of steroidal
saponins necessary for cell growth in plastids eventually causing
cell growth inhibition (Parks and Casey, 1995). It could also
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be that & sequences are involved in the reverse transcription
process in yeast cells, and excessive consumption 8 sequences may
impose a metabolic burden on cells. Therefore, we designed the
RS module to change the insertion site into y sequences. The
results showed that cell growth inhibition was alleviated, but the
transformation efficiency of DM was lower than that of the
LPPDS module.

Both PnUGT31 and PnUGT53 continuously catalyzed G-Rh2
to produce G-Rbl. However, PnUGT31 and PnUGT53 were
constructed into engineered yeast, and G-Rb1 was not detected in
the fermentation products of all engineered yeasts. The same
situation was observed in the engineered yeast platforms Pn3-31
and Pn3-29 in a previous study (Wang et al., 2020). We suspect
that this may be due to the lower accumulation of the G-Rd
precursor or the weak activity of the enzyme that catalyzes G-Rd
to produce Rb1. Moreover, results showed that codon optimized
PnUGT3! in strains was able to produce more downstream
ginsenosides than PnUGT53. Enzymatic activity is the main
limiting factor in the production of PPD-type saponins by
engineered yeast. However, the adaptability of genes to the yeast
expression systems must also be considered. The gene expression
level of SynCYP2 from P. notoginseng, which catalyzes PPD to
generate protopanaxatriol (PPT), was lower than that from
P. ginseng in engineered yeast, even though the abundance of
PPT-type ginsenosides in P. notoginseng was higher than that in
P. ginseng (Li et al., 2021).

In this study, engineered yeasts producing PPD, G-Rh2, G-Rg3,
G-Rd, and other ginsenosides were successfully constructed, but there
is still much work to be done to improve the production of
dammarane-type ginsenosides by S. cerevisige. The previously
reported PnUGT33 was selected as the key enzyme for G-Rg3
production to construct engineered yeast. Yeasts overexpressing
ScPGM1, ScPGM2, and ScUGP]I genes produced 51 mg/L G-Rg3 in the
optimized YPD medium, which was lower than that of LKG31
(254.07mg/ L). In this study, the EGH module was not successfully
constructed into the LKG31RS genome for unknown reasons, and
we failed to increase the G-Rd titer of strain LKG53EGHLPPDS
(56.68mg/L), yet it was the highest yield from a known
engineered yeast.

Conclusion

In this study, new catalytic activity of PnUGT31 and PnUGT53
was identified and utilized in yeast cell factory producing
damarane-type ginsenosides using metabolic engineering.
We constructed appropriate gene modules, and finally increased
the titer of G-Rg3 and G-Rd in yeast. This study established an
efficient method for the production of G-Rg3 and G-Rd.
Meanwhile, the synthetic biology strategy of this study can also
be used for heterologous synthesis of other natural products
in yeast.
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Introduction: Lactose intolerance is a widespread problem that affects people
of many different races all over the world. The following pharmacological
supplements can improve the lives of those who suffer from this issue.

Methods: This work focused on lactase producer isolation and statistical
design (Plackett—Burman, and BOX-Behnken) to maximize the effectiveness
of environmental factors. A lactase-producing bacterium was chosen from
a discovery of 100 strains in soil that had previously been polluted with dairy
products. Plackett-Burman investigated fifteen variables.

Results: The most critical variables that lead to increased lactase synthesis are
glucose, peptone, and magnesium sulfate (MgSO,). The ideal process conditions
for the creation of lactase yield among the stated variables were then determined
using a BOX-Benken design. To establish a polynomial quadratic relationship
between the three variables and lactase activity, the Box—Behnken design level
was used. The EXCEL-solver nonlinear optimization technique was used to
predict the best form for lactase production. The ideal temperature and pH levels
have been determined, both before and after the lactase purification process, to
achieve the highest performance of isolated lactase.

Conclusion: According to this study, Bacillus licheniformis is a perfect supply of
the lactase enzyme (p -Galactosidase), It can be used as a product to assist people
who have health issues due to lactose intolerance.

lactase, Plackett-Burman, Box-Benken, characterization, purification

1. Introduction

Enzymes are active proteins that function as biochemical catalysts (Piumetti and Illanes,
2022). These are biomolecules that are required for both the synthesis and breakdown reactions
of living organisms (Aggarwal et al., 2021). The enzymes known as p-galactosidases (EC
3.2.1.23), sometimes known as lactases, hydrolyze lactose (the most prevalent milk sugar) into
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glucose and galactose (Liburdi and Marco, 2022). Although these
enzymes are accessible in a range of biological systems, such as plants
or microorganisms, they are currently only available commercially
from yeasts, molds, and bacteria (Saqib et al., 2017; Martarello et al.,
2019). Although these enzymes from various bacteria have varied
features, their specificity is fundamentally the same (Ramos and
Malcata, 2011; Kocabas et al., 2021). Each chain of the four
polypeptides in the tetramer of -galactosidase has 1,023 amino acids,
and together they form five different structural domains (Sedzro et al.,
2018; Swentowsky, 2021). One of these domains is the jellyroll barrel,
while the others are fibronectin, b-sandwich, and a central domain
with a TIM-type barrel that also serves as the active site. Tetramer
subunits make up the core domain, which is catalytically active (Wang
etal, 2021). The catalytic site is disabled when a tetramer is broken up
into dimers. Those enzymes are active proteins and their function as
biocatalysts were discovered by Cao et al. (2021). Similarly, the
f-galactosidase amino acid sequence was done by Poch et al. (1992)
and the structure was determined by Jacobson et al. (1994). This
enzyme’s amino-terminal sequence contains a-peptide that engages in
a-complementation and aids in the formation of the subunit
interaction (Aydin and Coin, 2021; Xu et al, 2021). Numerous
organisms, including fungi, plants, yeast, and bacteria, may produce
lactase (Shaima'a and Rashid, 2017). In the industrial sector, bacterial
strains offer a lot of promise for large-scale manufacturing. Lactase
generated by bacteria was frequently used to hydrolyze lactose because
of its ease of fermentation, high activity, and good stability
(Movahedpour et al., 2022). p-Galactosidase is used in a variety of
industries (Ureta et al., 2021). B-galactosidase is utilized to handle
whey disposal concerns on a commercial scale in addition to
manufacturing lactose-free goods for lactose-intolerant patients
(Paulo, 2018). To avoid the problem of hygroscopic lactose
crystallizing in food, p -galactosidase is employed to hydrolyze the
lactose in frozen, concentrated sweets (Portnoy and Barbano, 2021).
This treatment lowers the lactose level of milk so that lactose-
intolerant people can drink it. Lack of lactase, a digestive enzyme that
prevents the body from hydrolyzing lactose in meals, is the primary
cause of lactose intolerance. About 75% of people worldwide have
lactose intolerance, which significantly lowers their quality of life
(Venkateswarulu et al., 2017; Peele et al., 2018). Probiotic supplements
may be beneficial for those with lactase deficiency. The dairy industry
used lactase-producing bacterial strains to cure milk-based products
(Venkateswarulu et al., 2017). Stomach pain and abdominal
distension, abdominal colic, diarrhea, and nausea are all signs of
lactose intolerance (Shrestha et al., 2021). Lactase deficiency can
be classified as primary, congenital, or secondary. Primary lactase
insufficiency affects adults aged 2 to 20. A more prevalent variety is
primary lactase deficiency, which is caused by a decrease in
fB-galactosidase production along the small intestine’s brush
boundaries (lactase). The second kind of lactase deficit is a birth defect
in lactase production, which is brought on by a genetic defect and is
defined by patients having either little or nonexistent lactase enzyme
at all. The third kind, sometimes referred to as secondary lactase
deficit, is when there are inadequate levels of this enzyme as a result
of a GI tract issue (Paulo, 2018; Szilagyi et al., 2019; Muzaffar
etal., 2021).

The current study’s major purpose is to develop exploitation
tactics for the eventual advantage of extracellular bacterial lactase
production. The goal of this study was to uncover a novel approach
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to lactase manufacturing in a newly discovered lactase producer.
Furthermore, the utilization of mathematical models was the main
emphasis of the current investigation to optimize the growth
conditions that result in the best lactase productivity from a newly
discovered Bacillus licheniformis ALSZ2. To our knowledge, lag phase
bacterial lactase production has not yet been documented in the
literature; the current study’s findings are the first report of Egyptian
lactase manufacturing that is significantly cost-effective.

2. Materials and method

2.1. Isolation and screening of lactase
producers

Samples of diverse dairy products (12) (milk, Romy cheese, and
karish cheese) were collected in a sterile dry container. For bacterial
isolation and colony purification, an LB medium that was diluted to
one-tenth of medium strength was used. For lactase production, 100
purified bacterial isolates were screened. Isolation of lactase-producing
bacteria was achieved using an LB broth medium fortified with lactose
substrate (5%) and 1% X-gal. Blue color after growth refers to
lactase production.

2.1.1. Rapid plate assay method

Qualitative identification of lactase producers was achieved using
an LB agar medium containing 1 mM of IPTG (substrate of lactase)
and X-gal (1%). The solidified agar plates were incubated in an
inverted position at 37°C for 24h. Isolated colonies that are blue
(positive lactase producer) were subcultured in nutrient broth and
incubated at 37°C and preserved for further studies (Petassi
et al., 2020).

2.2. Molecular identification of the most
potent producer

Fresh bacterial cells are used for DNA extraction using GeneJET
Genomic DNA Purification Kit. Using standard primers (F: AGA
GTTTGATCMTGGCTCAG and R: TACGGYACCTTGTTACGACTT)
(Alkhafaje et al., 2019) intended to magnify a 1,500 base pair portion
of the 16S rDNA region (Kim and Chun, 2014; Soliman et al., 2018),
the 16S rDNA was amplified using PCR (polymerase chain reaction).
The condition of the cyclical reaction was 4min at 95°C and
then 40 cycles of 40s at 94°C, 50 s at 55°C, and 50 s at 72°C, monitored
by an additional 10min at 72°C. PCR reactions were run on an
agarose gel, and the remaining mixture was purified for sequence
(Alkhafaje et al., 2022).

2.2.1. Phylogenetic analysis

To evaluate the DNA similarity of the obtained 16SrDNA
sequence [by using a 3,130 X DNA Sequencer (Genetic Analyzer,
Applied Biosystems, Hitachi, Japan)], phylogenetic analysis was
conducted using the BLAST tool." Mega7 software was used to

1 www.ncbi.nlm.gov/blast
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accomplish molecular phylogeny and multiple sequence alignment
present in the database (NCBI). A neighbor-joining (NJ) tree and a
maximum parsimony (MP) tree using bootstrapping were made
using this alignment (Hassan et al., 2018; Shaaban et al., 2022).

2.3. Enzyme assay

The culture media were prepared, inoculated with lactase
producers, and incubated for 24h at 37°C. At the end of the
incubation period, the fermented culture was centrifuged at
5000 rpm for 10 min at room temperature (at 25°C). 0.8 mL of the
cell-free extract (crude enzyme) was incubated with 1.2mL of 5%
lactose at 37°C for 30 min. Enzyme lactase hydrolyses lactose into
glucose and galactose, and this reaction was terminated by boiling
the crude enzyme extract for 10 min. Glucose was then measured
using a Glucose kit (Biosystem) at 540nm (Amamcharla and
Metzger, 2011). The quantity of enzyme necessary to yield 1 pg of
glucose every minute under typical test circumstances was
considered to be a single lactase unit.

2.4. Optimization of lactase producer using
experimental design

2.4.1. Plackett-Burman screening design

Using the Plackett-Burman experimental design, the effects of
various medium compositions on the production of the lactase
enzyme were investigated. Constructed using a Plackett-Burman
matrix (Supplementary Table S1) (Al et al., 2013; Sorour et al., 2020),
a two-level factorial design was used to examine fifteen variables at
two levels, —1 for the low value and + 1 for the high value. This permits
the analysis of n— 1 variables with the fewest number of tests. To
determine the relative significance of 15 elements or variables (MgSO,,
Glucose, NaNO,, CaCl,, CuSO,, MnSO,, ZnSO,, FeSO,, KCL,
NaHPO, 12H,0, KH,PO,, K,HPO,, yeast extract (YE), Beef extract,
and Peptone), an experimental design which includes a set of 20
experiments (trials) was used. The first-order model served as the
basis for the Plackett-Burman design: Y =0 +iXi, where Y represents
the response (enzyme activity), o represents the model intercept,
I represents the linear coeflicient, and Xi represents the degree of an
independent variable. Developing the free Essential Experimental
Design program, data analysis, coefficient determination, and
polynomial model reduction was performed on the lactase
enzyme statistics.

2.4.2. Box-Benken design

To discover the kind of response surface in the experiment and
to decide the greatest circumstances for enzyme synthesis, a
Box-Benken design (Ali et al., 2013; Sorour et al., 2020; Tamer et al.,
2021) was adopted. The factorial design, which includes thirteen
trials, was constructed to look into the most critical parameters that
influence enzyme synthesis. Each variable was examined at three
different levels, with low, moderate, and high values, respectively,
denoted by —1, 0, and+1 (Supplementary Table S2). A second-
order polynomial equation was developed to determine the
appropriate location and to connect the relationship between the
independent components and the response for three parameters.
The equation was:
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Y =0+ BIX1+B2X2 + B3X3 + BI2X12 + P13X13
+B23X23 + B11X12 + B22X22 + B33X32

Where Y is the expected response, 0 is the design constant, X1,
X2, and X3 are the independent factors, 12-13 and 23 are cross-
product constants, 11-22 and 33 are quadratic constants, and 12-13
and 23 are coeflicients of the cross product, respectively, and 11-22
and 33 are quadratic coeflicients, and 12-13 and 23 are cross product
coeflicients, respectively. The experimental data were subjected to a
regression analysis using Microsoft Excel 2010. The constant of
determination, R2, was employed to explain the polynomial model
equation’s grade of fit (Ali et al., 2013; Sorour et al., 2020). The tests
were repeated three times, with the average results presented.

2.5. Purification of lactase enzyme

The crude enzyme was purified using the column chromatography
(gel filtration) technique. Multiple columns with different pour sizes
were applied to detect the molecular weight and extract the target
enzyme (Amicon system). The system combines downstream sample
concentration and buffer exchange with affinity-based spin column
purification. The tool eliminates the requirement for numerous
centrifugation processes and has a large reservoir that can hold a
variety of sample quantities. For simultaneous elution, concentration,
and extremely effective diafiltration (>99%) in a single spin, the
included Amicon® Ultra filter (Philippines - Merck Millipore Division,
an affiliate of Merck KGaA, Darmstadt, Germany) was attached.
According to the protein cut-off different filters were used (UFC8010,
UFC8020, UFC8030, UFC8050, UFC8070, and UFC8100 for 10, 20,
30, 50, 70, and 100 KD respectively). The concentrated protein fraction
was very carefully layered on top of the pre-equilibrated and stabilized
falcon tubes. The tubes were then centrifuged under cooling (4°C) for
20 min at 8000 rpm, and the upper layer was transferred to the tube
with the cut-off (10, 20, 30, 50, 70, and 100 KD) as presented in the
supplementary file. Protein content was estimated in each of the filter
cut-offs, using the bovine serum albumin (BSA) standard curve The
enzyme activity of each of the resulting various molecular weight
proteins was then determined (Patel et al., 2017).

2.5.1. Characterization of purified and crude
lactase

2.5.1.1. Determination of optimum temperature
At pH 7, temperatures between 30-60°C were found to be the
ideal temperature for the crude and purified enzyme activity.

2.5.1.2. Obtaining the ideal pH for enzyme activity

In a trial to test the effect of pH level on crude and purified enzyme
activities one at a time, different buffers, namely sodium phosphate
buffer, Tris—-HCI buffer, and potassium phosphate buffer with varied
pH ranges (5.8-8), (6-8.5), and (5.8-8) respectively, were used.

2.6. The antibiotics sensitivity of ALSZ2

Seventeen antibiotic disks were tested, namely amikacin (AMK,
30 pg), amoxicillin-clavulanic acid (AMC, 20 pg/10 pg), ampicillin
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(AMP, 10pg), aztreonam (ATM, 30pg), cefepime (FEP, 30pug),
(CAZ, 30pg), (CHL, 30pg),
ciprofloxacin (CIP, 5 ug), clindamycin (CLI, 2 pg), clotrimazole (CC,
10pg), erythromycin (ERY, 15ug), gentamicin (GEN, 10ug),
imipenem (IPM, 10pg), kanamycin (KAN, 30pg), ticarcillin-
clavulanic acid (TIM, 75pg/10 ug), trimethoprim (TMP, 5pg) and
vancomycin (VAN, 30 pug). The prepared plates were incubated for 24h

ceftazidime chloramphenicol

at 37°C. The inhibition zone for each antibiotic was measured with a
ruler. The indicator of antibiotic sensitivity has traditionally been the
existence of a clear zone surrounding the disk. The diameter of the
inhibitory zone was used to calculate the results of antibiotic
sensitivity tests.

3. Results

In the beginning, many bacteria were isolated from different
sources of dairy products, and then the isolates were compared to
produce the required enzyme and determine the best one in terms
of productivity.

3.1. Isolation and screening of lactase
(B-galactosidase) producers

In a screening process for lactase enzyme-producing bacteria, 100
isolates were collected from dairy product samples and examined for
enzyme production. Lactase-producing bacteria were screened
qualitatively on X-Gal agar plates (Figure 1A) and nutrient broth
media containing X-Gal (Figure 1B) at 37°C. Thirteen out of 100
bacterial isolates showed a variance in enzyme activity. Isolate ALSZ2
was the most promising lactase producer and was related for
further work.

3.2. ldentification of the selected bacterial
isolates

The most promising isolate with the code ALSZ2 was
identified using PCR-amplified 16S rDNA genes. Molecular
identification and gene bank sequence isolate (ALSZ2) was
Bacillus genus, with a 96.66 present similarity to B. licheniformis,
according to the findings. The Mega 7 program was used to
generate a phylogenetic tree, showing that isolate (ALSZ2) is
more strongly related to B. licheniformis bacterium (acc.:
MW148439.1), shown in Figure 1.

3.3. The antibiotic sensitivity of the
selected bacterial isolates

The antibiotics

ampicillin, aztreonam, cefepime, ceftazidime, chloramphenicol,

amikacin, amoxicillin-clavulanic acid,

ciprofloxacin, clindamycin, clotrimazole, erythromycin,
gentamicin, imipenem, kanamycin, ticarcillin-clavulanic acid,
trimethoprim, and vancomycin were all very sensitive to
B. licheniformis ALSZ2. The strain was resistant to ampicillin

and cefepime.
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3.4. Improving the nutritive necessities
upsetting Bacillus licheniformis ALSZ2
lactase production using multifactorial
statistical design: Plackett-Burman and
Box—Behnken designs

3.4.1. Selection of important variables upsetting
lactase production using a Plackett-Burman
design

The “two-phase” optimization strategy was used to apply the
statistical design. The initial stage was to determine the relative
relevance of the various components in the culture media, as well as
the levels of variables that have a major impact on lactase synthesis.
The trials were then verified to validate the results under precise,
optimal experimental settings.

Plackett-Burman design for twenty trials with two concentration
levels for fifteen different variables (Supplementary Table S1) was
conducted based on the experimental matrix shown in Table 1. The
corresponding results were summarized in Table 2. The Plackett-
Burman design studies’ results revealed a wide range of variations. To
assess variables that affect lactase production, the Plackett-Burman
statistical design was employed (B. licheniformis ALSZ2). Calculations
and graphical representations of the primary impacts of the
investigated factors on lactase activity are shown in Figure 2. A major
effect value with a positive sign suggests that a variable’s high
concentration is close to its optimal level, whereas the main effect
value with a negative sign indicates that a variable’s low concentration
is close to its optimal level (Figure 2 and Table 3). It was found that
Peptone, MgSO,, and Glucose have the greatest positive effect on the
production, followed by ZnSO,, Beef extract, KCl, FeSO,, MnSO,, and
CaCl,. Whereas, NaHPO, has the most negative effect, followed by
K,HPO,, CuSO,, yeast extract, KH,PO,, and NaNO; in order.

3.4.1.1. Verification of the model

Variables with negative main effect values were used as (—1)
coded values, while variables with positive main effect values were
used as (+1) coded values. Supplementary Table S3 shows the lactase
activity variations X1, X2, X3, X4, X5, X6, X10, and X19. Considering
the data gathered from the outcomes of the Plackett-Burman
experiment, the following composition (g/L) is expected to be near to
the optimal: Beef extract, 1; MgSO,, 10; Glucose, 75; NaNOs, 30; Yeast
extract, 100; CaCl,, 1; CuSO,, 0; MnSO,, 10; ZnSO,, 15; FeSO,, 20;
KCl, 1; NaHPO,.12H,0, 10; KH,PO,,10; K,HPO,, 0; Peptone, 25. The
medium was reformed to a pH of 7 and the flasks were incubated at
37°C for 24 and 48 h, respectively. A verification experiment was done
to estimate the reliability of the Plackett-Burman screening test.

3.4.2. Optimization of medium composition by
Box—Behnken design

To validate the precision of the variables identified by the Plackett-
Burman design using the Box-Behnken design experimental strategy,
Response Surface Methodology was used. The following three tiers of
the three crucial factors were looked into: —1, 0, and + 1.

3.4.2.1. Box—Behnken design for Bacillus licheniformis
ALSZ2

According to the Box-Behnken design, Supplementary Table 52
shows alternative combinations of the three essential variables. All
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MT789202.1 Bacillus haynesii
MT789170.1 Bacillus piscis
MT789217.1 Bacillus haynesii
MT789229.1 Bacillus piscis
MT856257.1 Bacillus paralicheniformis
MT905408.1 Bacillus licheniformis
LC592037.1 Bacillus sp.

MW255304.1 Bacillus licheniformis
MW531717.1 Uncultured Bacillus sp.
MZ052210.1 Bacillus paralicheniformis
MH724890.1 Bacillus sp.

MT184872.1 Bacillus licheniformis
MT641204.1 Bacillus haynesii
MT645485.1 Bacillus sp.

AB188216.1 Bacillus sp.

KF732996.1 Bacillus sp.

HES590856.1 Bacillus licheniformis
KP178603.2 Bacillus licheniformis
MK495718.1 Bacillus paralicheniformis
KP751924.1 Bacillus sp.

KP233125.1 Firmicutes bacterium
MN818669.1 Bacillus haynesii
KJ814540.1 Marine bacterium
KX470406.1 Bacillus aerius
KJ733969.1 Bacillus sp.

MT604981.1 Bacillus licheniformis
MT192715.1 Bacillus licheniformis
MT673820.1 Bacillus sp.

MT789068.1 Bacillus haynesii

MW148418.1 Bacillus licheniformis
MW148427.1 Bacillus licheniformis
MW148439.1 Bacillus licheniformis

L 522

15 1.0 05

FIGURE 1

producer using liquid media.

0.0

Phylogenetic tree of Bacillus licheniformis ALSZ2 based on 16S RNA sequence assessments. Detection of lactase production using colorimetric
methods: (A) shows the negative control and positive lactase producer using solid media and (B) shows the negative control and positive lactase

assemblies had the same concentration of the remaining components
as the Plackett-Burman pre-optimized medium. The Box-Behnken
experimental design’s results are summarized in Table 3 and the
output of the surface plots formula is in (Figure 3). The optimal
condition was determined by examining the connection between the
individual variables and the lactase activity response. Table 3 shows
the design matrix. The design indicated the optimum environmental
factors as predictable lactase activity of 13.01754 U/mL, even though
13U/mL of activity existed under ideal circumstances. As a
consequence, the accuracy grade of 99.8% was used to evaluate the
power of the perfect matrix under the following ideal circumstances.
The medium composition contained g/L: MgSO,, 10.5; Glucose,
75.4491; NaNOs, 30; CaCl,, 1; CuSO,, 0; MnSO,, 10; ZnSO,, 15; FeSO,,
20; KCl, 1; NaHPO,.12H,0, 10; KH,PO,,10; K,HPO,, 0; Yeast extract,
100; Beef extract, 1; Peptone, 25.249 at pH 7, and the bacteria were
grown in a rotatory shaker set to 37°C and 200 rpm, for 24 h.

3.5. Purification of lactase enzyme

The cell-free extract was subjected to purification using an
Amicon system to achieve the best possible result of enzyme activity
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with different protein molecular weight (MW) cut-offs (100, 50, 30,
and 10 kDa). Bacillus licheniformis ALSZ2 lactase was detected in a
30-50kDa cut-off filter.

3.6. Effect of temperature on lactase
activity (crude and purified)

Bacillus licheniformis ALSZ2 lactase (crude & purified) was
exposed to seven different temperatures to ascertain the enzyme’s
optimum temperature (30, 35, 40, 45, 50, 55, and 60°C Figure 4).
Results in Figure 4 revealed that the perfect temperature for maximum
enzyme activities (crude & purified) was found to be 35°C with 49 and
46.25U/mL (30-50 kDa) respectively. Lactase synthesis reached a
maximum of 90.051IU at a temperature of 35°C.

3.7. Effect of hydrogen ion concentration
on the enzyme activity (crude and purified)

To determine the ideal pH for enzyme activity, three different
buffers have been used, namely sodium phosphate, potassium
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TABLE 1 Plackett-Burman design matrix for fifteen variables with coded levels for Bacillus licheniformis ALSZ2 lactase optimization.

Variables Lactase
activity
(U/mL)
-1 -1 1 1 1 1 ~1 1 ~1 1 ~1 ~1 -1 -1 1 0
-1 1 1 1 1 ~1 1 -1 1 -1 -1 -1 -1 1 1 6.125
1 1 1 1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 4
1 1 1 -1 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 0
1 1 -1 1 -1 1 -1 -1 -1 —1 1 1 ~1 ~1 1 525
1 -1 1 -1 1 —1 —1 —1 ~1 1 1 -1 ~1 1 1 0
—1 1 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 -1 0
1 -1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 -1 -1 0
-1 1 -1 -1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 25
1 -1 -1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 275
-1 -1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 1 15
-1 -1 -1 1 1 -1 -1 1 1 -1 -1 1 1 1 1 1125
-1 -1 1 1 -1 -1 1 1 -1 -1 1 1 1 1 -1 1.75
-1 1 1 -1 -1 1 1 -1 -1 1 1 1 1 -1 1 0
1 1 -1 -1 1 1 -1 -1 1 1 1 1 -1 1 -1 0
1 -1 -1 1 1 -1 -1 1 1 1 1 -1 1 -1 1 2
-1 -1 1 1 -1 -1 1 1 1 1 -1 1 -1 1 -1 0.125
-1 1 1 -1 -1 1 1 1 1 -1 1 —11 1 -1 -1 3.625
1 1 -1 -1 1 1 1 1 -1 1 -1 1 -1 -1 -1 1.375

TABLE 2 Statistical analysis of Plackett—Burman design showing p-values, t stat, standard error, and coefficient values for each variable on B.
licheniformis ALSZ2.

Coefficients Standard error t Stat p-value
Intercept
1.69375 0.331699 5.106285 0.006952
0.775413 0.504984 1.535519 0.199455
x2 0.86785 0.414914 2.091639 0.104637
x3 —0.00385 0.410797 —0.00938 0.992968
x4 0.461644 0.407376 1.133214 0.320442
x5 —0.34818 0.412497 —0.84408 0.446148
X6 0.493331 0.406293 1.214225 0.291444
x7 0.67716 0.459307 1.474306 0.214413
x8 0.516835 0.428567 1.20596 0.294286
x9 0.519413 0.459307 1.130862 0.321323
x10 —0.93466 0.406293 —2.30046 0.082897
x11 —0.04708 0.412497 —0.11414 0.914629
x12 —0.48765 0.407376 —1.19706 0.297376
x13 —0.1281 0.410797 —0.31184 0.770739
x14 0.593642 0.414914 1.43076 0.22574

phosphate, and Tris-HCI, each with a distinct pH concentration.  Figures 5A-C indicated that the optimum enzyme (crude & purified)
Sodium phosphate and potassium phosphate have a pH range of  activities were 7 with all the detected buffers with enzyme activity
5.8-8, while Tris—HCI buffer has a pH range of 6-8.5. Results in  ranging from 30 & 27.75, 36 & 29, and 20 & 18.25 U/mL, respectively.
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3
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FIGURE 2
The main effect of different variables on B. licheniformis ALSZ2 lactase production based on Plackett-Burman design results.

TABLE 3 Box—Behnken design matrix and results for the three most significant variables that affected B. licheniformis ALSZ2 lactase production.

Trail MgSO, (x1) Glucose (x2) Peptone (x3) Lactas(leua)ctlwty Prel;i(li’;icei o
1 0 -1 -1 7 6
2 0 +1 -1 6 7
3 0 -1 +1 7.5 7.25
4 0 +1 +1 7.25 7.5
5 -1 -1 0 8 7.75
6 -1 +1 0 8.75 8
7 +1 -1 0 8 8
8 +1 +1 0 9 8
9 -1 0 -1 8 8.75
10 -1 0 +1 7.75 8.75
11 +1 0 -1 9.25 9
12 +1 0 +1 8.75 9.25
13 0 0 0 13 13

3.8. Economic comparison between
produced lactase and international
products

The need for lactase medical supplements is increasing every day
worldwide. The frequency of usage differed significantly between
countries. This study provides a promising lactase enzyme product as
the initial stage for lactase medical supplements. Comparing AISZ2
lactase with other products available in the international market, it
was found that AISZ2 lactase is considerably more cost-effective.
Many other products are expensive and often unavailable in the
Egyptian market. The lactase products’ cost (1,000U) range from
5.5-8 $, due to the high cost of shipping rather than the real price of
the lactase product, whereas 1,000 U of AISZ2 lactase costs 1.2 $.
Therefore, this study is of great importance to cheaply provide lactase,
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which leads to raising the economic value and aiding in the treatment
of a prevalent digestive problem.

4. Discussion

The frequency of Middle Easterners who are lactose intolerant was
70%, with 68 percent of Egyptians affected (Silanikove et al., 2015).
Therefore, this study seeks to isolate bacteria capable of producing
lactase that can be accessed cheaply.

The amount of carbon in the growth media is critical for bacteria
to produce extracellular lactase. Lactase biosynthesis is regulated by
carbon availability in various bacteria (Konsoula and Liakopoulou-
Kyriakides, 2007; Alazzeh et al., 2009; Maischberger et al., 2010;
Alkcan, 2018). Based on the experimental matrix, a Plackett-Burman
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FIGURE 3
Three-dimensional response surface representing B. licheniformis
ALSZ2 lactase enzyme as affected by culture conditions.

design (Karlapudi et al., 2018; Sorour et al., 2020) was carried out for
twenty trials with two concentration levels for fifteen distinct variables
(Supplementary Table S1). When using response surface approaches,
Plackett and Burman Design is a useful tool for assessing the effects
of process factors on yield. It can significantly lower the number of
trials that must be repeated in later optimization investigations
(Ekpenyong et al., 2017).

In previous research (Manera et al., 2008), lactose was found to
be an excellent substrate when used in quantities more than 28.2 g per
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FIGURE 4
Optimum temperature for crude and purified lactase (30-50 kDa)
from B. licheniformis AlSZ2.

liter, while Anumukonda and Prabhakar (2010) discovered a 1.5
percent improvement in lactase synthesis in the optimized medium.
Another study using solid-state fermentation with Aspergillus terreus
NECCI 1840 found that supplementing the cultured medium with
2.97, 2.88, and 2.67 g per liter of ammonium sulfate, lactose, and
magnesium sulfate, respectively, increased lactase production by 2.8
times when compared to the standard basal medium (Al-Jazairi
etal., 2015).

Ca’ and Mg”" increased enzyme activity in Pediococcus acidilacti,
Lactobacillus acidophilus, and Bacillus sp. (Ustok et al., 2010; Carevic
et al., 2015; Chanalia et al., 2018). Magnesium is required for the
catalytic activity and stability of p -galactosidase. MgSO, at a
concentration of 0.1 percent, Ahmed, et al. (Ahmed et al., 2016)
found that Lactobacillus sp. KLSA 22 produced the highest amount
of B -galactosidase. Nitrogen sources are the most essential secondary
energy molecules for bacterial growth and metabolism. The type of
these compounds and the amounts used can either promote or
prevent the growth of enzymes (Sharma and Singh, 2014). Sources of
nitrogen’s effect on L. caseiMB2’s ability to synthesize galactosidase is
important. Peptone supplementation raised the enzyme activity of
L. caseiMB2 enzyme production medium to 126.241U/mL (specific
activity of 315.601U/mg). Conversely, urea, sodium chloride, sodium
nitrate, ammonium nitrate, and beef extract all showed a reduction
in enzyme activity (Heena and Nivedita, 2020).

Numerous separation methods, such as membrane-based
separation, ion exchange membrane chromatography, gel permeation
chromatography, zinc chloride, protamine sulfate, and ammonium
sulfate precipitation, have been investigated for the purification of
beta-galactosidase from crude extract (Najer et al, 2022). f -
Galactosidases with a range of molecular weights have been discovered
in plant sources using the Amicon membrane system with a 100 to
30kDa cut-off (Aulitto et al., 2021). Five enzymes with molecular
weights of 87, 87, 87, 73, and 45kDa have been recognized (Ajay
etal., 2013).

The synthesis of enzymes grew continuously with increasing
temperatures up to 35°C and then dropped (Ahmed et al., 2016).
Natarajan et al. (2012) found that Bacillus thuringiensis produced the
most enzymes at a temperature of 35°C. 37°C was the optimal degree
of heating during fermentation, based on how temperature affects the
activity of enzymes for the highest p -galactosidase yield (Husain,
2010; Huang et al., 2021).

At pH 7, the greatest enzyme activity was observed (89.941U),
which was also a good pH for Lactobacillus sp. KLSA 228 growth.
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Optimum pH using Na-phosphate (A), K-phosphate (B), and Tris—HCL
(C) buffer for crude and purified (30-50 kDa) lactase from B.
licheniformis ALSZ2.

However, L. amylophilus GV6 was shown to produce the most lactase
when grown at pH 6.513. Lactase from L. delbrueckii spp. ATCC
11842 was found to have the highest activity when pH was 6.8 (Ahmed
et al,, 2016; Venkateswarulu et al., 2020). Natarajan et al. (2012), on
the other hand, found that lactase synthesis was best at a pH of 7.

5. Conclusion

Exploration of bacterial species with unique lactase capacities is
critical. As a result, the current study aimed to isolate the most
potent extracellular lactase-producing bacteria from various dairy
products in various Alexandria locations, as well as increase lactase
productivity by a local isolate Bacillus strain ASZ using low-cost
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Ganoderma lucidum (G. lucidum) is a medicinal mushroom that is known for its
ability to produce compounds with physiological effects on human health. This
research was undertaken to amplify the production of bioactive components
of G. lucidum under optimal cultivation conditions, obtained in a submerged
state and utilized in solid state fermentation, with the purpose of enhancing
antimicrobial and anticancer activities. The results indicated that titanium dioxide
(TiO, NPs), magnesium oxide nanoparticles (MgO, NPs), and B6, along with
glucose syrup and CLS syrups, were the most effective for producing GA, while
wheat starch and whey protein, along with MgO, NPs and B6 vitamin, stimulated
polysaccharide production using the One Factor at a Time (OFAT) method.
After screening, the response surface method (RSM) statistically indicated that
the media containing 42.11g/L wheat starch with 22g/L whey protein and
50 g/L glucose syrup with 30 g/L CSL were found to be the best conditions for
polysaccharide (21.47% of dry weight biomass) and GA (20.35mg/g dry weight
biomass) production, respectively. The moss of the fruit body of G. lucidum
produced under optimal GA conditions had the highest diversity in flavonoids
and phenolic acids and significant antimicrobial activity against Esherichia coli
(E. coli) and Bacillus subtilis (B. subtilis). In addition, the IC50 levels of shell and
stem of G. lucidum were 465.3 and 485.7 ug/mL, respectively, while the moss
did not reach 50% inhibition. In the end, the statistical approaches utilized in this
research to elevate the levels of bioactive components in the fruiting body of
G. lucidum produced a promising natural source of antimicrobial and anticancer
agents.

KEYWORDS

Ganoderma lucidum, optimization, nanoparticles, polysaccharide, ganoderic acid,
antimicrobial activity
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Tajik et al.

Introduction

Medical mushrooms as main producers of bioactive components
with impressive effects on health promotion are a major area of interest
within the field of biotechnology and pharmacology (Pan et al., 2022).
Among various mushroom, G. lucidum has received considerable
critical attention for its tendency to produce high-value bioactive
components such as polysaccharide, many oxygenated triterpenes
(especially ganoderic acid) and phenolic components with enormous
medicinal properties such as anticancerous, antimicrobial and
antitumor activates (Ahmad et al., 2022; Yang et al., 2022). In the past
2 decades, a number of researchers have sought to determine the GA,
polysaccharide, and phenolic components as secondary metabolites of
G. lucidum cultivated under the different formulated deciduous woods
(Heleno et al., 2012; Ma et al., 2019; Lin et al., 2022; Liu et al., 2022).
Physicochemical conditions of solid state fermentation found to
be influencing G. lucidum metabolites have been explored in several
studies as the formulated medium is so similar to natural habitat
(Murugesan et al., 2007). Despite its efficacy, such fermentation method
suffers from several major drawbacks: Dependence on the culture
medium employed for secondary metabolite production and relatively
long time of cultivation to harvest the fruit at the optimum stage of
maturity (Fang and Zhong, 2002b). Most importantly, the production
of secondary metabolites by G. lucidum in solid state fermentation is
heavily influenced by the key substrates used in formulated media. As a
primary substrate in solid state, starch plays a crucial role in promoting
the production of secondary metabolites by G. lucidum (Zhou et al.,
2012; Berovic and Zhong, 2023). Formulating a solid state media for
mushroom cultivation relies heavily on the expertise of cultivators, as
no statistical analysis has been conducted on solid state mediums to
determine the most effective substrate for promoting G. lucidum growth
and metabolites. The lack of precise measurements of biomass and
metabolites in the solid state fermentation before the fruiting process
has hindered the optimization process (Torres-Mancera et al., 2018).
Previous research comparing submerge and solid state fermentation has
found submerge fermentation is of series advantages over solid state
such as the easy control of the physical and chemical conditions of
media, the relatively lower spore contamination and cost-effective
fermentation method. There is a consensus among biotechnology
research scientists that the quality and quantity of macro elements such
as carbon, nitrogen, and mineral elements substrates considerably affect
the mushroom proliferation and secondary metabolites synthesis in
submerge fermentation (Samadlouie et al., 2018). In the same vein,
nanoparticles have several properties that are ideally suited to stimulate
the rate of microbiological reaction (Gonabadi et al., 2021; Dong et al.,
2022). Likewise, vitamins, especially the B group, as cofactor
compounds, which are required in very small amounts, play a vital role
in microbial growth and metabolite productions (LeBlanc et al., 2013;
Miret and Munné-Bosch, 2014). A large and growing body of literature
has investigated to identify the appropriate statistical method(s) for
optimization of the physico-chemical conditions of medium for
metabolite productions. Efficient productivity of polysaccharide and
GA can be accomplished via appropriate key substrate selections and
subsequently optimization methods (Ma et al., 2013). Among various
statistical methods, response surface methodology (RSM) has been
worldwide employed to improve the mathematics achievement of
optimum conditions for key substrates affecting the responses
(Malinowska et al., 2009; Ma et al., 2013). Before the optimization, key
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substrates with high positive impacts on responses should be detected
by screening method like one a factor at a time method (Singh et al.,
2011). Notably, studies on the effect of titanium dioxide (TiO, NPs),
magnesium oxide nanoparticles (MgO, NPs), and vitamin B6 on
secondary metabolites production in submerge conditions are scare,
hence, the study provides recent updates on using these substrates in the
formulated media. More importantly, the phenolic components of
various parts of G. lucidum fruitbody, moss, stem and shell, have not
been well-characterized yet. Therefore, the objective of this research was
the optimization of G. lucidum’ polysaccharide and GA production in
submerge fermentation, and finally, the optimal condition was applied
in solid state and then the GA, total phenol as well as phenolic
components profile of the mushroom fruit-body were characterized,
following that the antimicrobial and anticancer activates of the
extractions of different parts of G. lucidum fruit were examined.

Materials and methods
Materials and chemicals

Ganoderma lucidum (Sp. GIRAN17) was obtained from Faculty
of Biological Sciences, Shahid Beheshti University, Tehran, Iran.
Almost all materials were purchased from Merck Company.
Concentrations were obtained under low pressure in a rotary
evaporator (Heidolph Laborota 4000 efficient rotary evaporator,
Germany). The extracts were dried by vacuum freeze-drying (Christ
Alpha 1-2 freeze-dryer). TiO, NPs and MgO, NPs were attained from
United States Research Nanomaterials Inc. with a purity of +99% and
an average size of 15 and 20 nm, respectively.

Microorganisms, inoculums, and
cultivation conditions

The strain was grown on potato dextrose agar (PDA), and for
long-term preservation, it was maintained at a low temperature at
4°C. 250 mL Erlenmeyer flasks with 50 mL formulated medium was
used to provide sufficient oxygen supply for fungi growth and
metabolites production. 30 g/L glucose and 10g/L yeast extract with
macro mineral elements was served in 5day fermentation for
inoculum development to obtain maximum cell viability and
concentrations. 5 percent of fresh seed culture was added to the
fermentation media for growth efficiency and stimulation of
secondary metabolite production (Esfandiyari Mehni et al., 2022).

Fermentation media

Various substrates such as carbon (Corn and wheat starch, glucose
powder, glucose, and fructose syrup) and protein [Corn Steep Liquor
(CSL), Yeast extract, meat peptone, Fat-free soya flour, and Sweet whey
powder] as macro elements substrate for evaluation of their effects on the
production of polysaccharide and ganoderic acid were utilized. MgSo,.
7 H,0 (1g/L), CaCl, (0.2g/L), KH,Po, (1.5g/L), and CaCo; (1.5g/L), a
rotary shaker at 185 RPM and 30°C as constant factors were chosen (Xu
et al,, 2008). In a pioneering approach to improve the production of
secondary metabolites, the effect of TiO, NPs and MgO, NPs in three
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concentrations (0.1, 0.05, and 0.01 g/L) as well as vitamin pyridoxine (B6)
in four concentrations (pl) of 100, 200, 1,000, and 3,000 on the growth
and formation of secondary metabolites (GA and polysaccharide) of
G. lucidum in liquid culture medium were investigated.

Analytical methods

Measurement of GA

Dry biomass of G. lucidum was used for GA extraction with 70%
(v/v) ethanol and determined as previously described (Fang et al.,
2002). Briefly, 10mL of 70% (v/v) ethanol was served to extract GA
from 0.1 g mycelium powder. Centrifugal separation was performed
to separate the impurities, and then the supernatants were dried at
50°C under rotary evaporation. 5 mL chloroform was added to extract
GA from the suspension of residues dissolved in 5mL of water. After
that, chloroform was removed and 5% (w/v) NaHCO; with pH 3 was
mixed with water to extract the desired components. Chloroform was
added again to extract GA from the NaHCO; solution and a relatively
pure solution of GA in chloroform was dried using rotary evaporation
at 40°C. The obtained precipitate was dissolved in anhydrous ethanol
and the GA content was detected by spectrometric method at 245 nm
wavelength. Thymol (Merck, 108,167, crystal) and absolute ethanol
were used as a standard and blank solution. The concentrations of
calibration thymol solutions ranged from 0.1 to 1 mg/mL.

Isolation and purification of polysaccharide
Ganoderma lucidum biomass was centrifuged (12,000 g, 5min) to
sediment from the formulated medium, and then distilled water (two
times) was used for washing extracted biomass. Dry and crushed
biomass was utilized to extract polysaccharides. The biomass was
heated three times for 3h at the boiling temperature of 96% ethanol
solution to remove fats, coloring agent, free small molecules, and
oligosaccharides. Polysaccharide of dry biomass was extracted thrice
with distilled water at 70°C for 3 h. The supernatant was separated and
purified by centrifuging at 3,000 rpm. The solution was deproteinated
by sevag method (1-butanol: chloroform at a ratio of 1:4, v/v; Staub,
1965). The sevag reagent was removed and a vacuum rotary evaporator
(Heidolph Laborota, Germany) was employed to remove 2/3 water
phase (supernatant), and then dialyzed against deionized water for
48 h. The concentrated water-soluble polysaccharides were
precipitated by using 96% ethanol maintained at 4°C for 24 h. The
precipitated polysaccharides were collected by centrifugation, and a
vacuum Alpha 1-2 freeze-dryer (Christ, Germany) was used to attain
crude G. lucidum polysaccharides (CGLP; Samadlouie et al., 2020).

Preparation of Ganoderma lucidum solid state
medium for fruit production

The optimized medium obtained by statistical methods was
served to prepare the solid state medium for fruit production by
G. lucidum. Beech wood sawdust and chips in equal amount was
served as a basic substrate, detoxified by alkaline solution (NaOH) and
formulated with glucose and CLS syrup. As these substrates were of a
protective impact on spore contamination, naturally presented in
Beech wood, a concentration of 50 ppm of NaOCl was used which had
a detrimental effect on heat resistant spores (data not shown) and
soaked the mixed substrates for 6h and then sterilized at 121°C for
2.5h. Seeds were added to a sterilized medium and incubated at
appropriate conditions (Stamets, 2011) to harvest G. lucidum fruits.
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Extraction of Ganoderma lucidum dry matter,
total phenolic content, and analysis of phenolic
compounds

Dried and fine crushed moss, stem and shell of G. lucidum were
extracted with 90% ethanol (2,000 mL) at 25°C for 72 h. The extracts
were centrifuged and then concentrated by a vacuum rotary
evaporator (Heidolph Laborota, Germany; Nickavar and Esbati,
2012). The total phenolic contents (TPCs) were measured by Folin—
Ciocalteu reagent and gallic acid (GAE) standard. Briefly, GAE
standard dissolved in absolute ethanol was mixed with Folin Ciocalteu
reagent. After 10 min, sodium carbonate solution (75mg/mL) was
mixed with the standards solution and maintained for 30 min at
ambient temperature. UV-Vis spectrophotometer was employed to
measure the absorbance of mixed solution at 765 nm. Exactly the same
went for dry extracted ethanol solution of G. lucidum and the TPC was
reported as mg GAE per gram of the ganoderma dry tissue (Nickavar
and Esbati, 2012). Ganoderma lucidum dry biomass was used to
extract phenolic components and phenolic profiles were determined
as previously stated (Yahia et al., 2017).

The structure of the phenolic components was examined by an
agilent 6410 QqQ, equipped with an Electrospray Ionization interface
(ESI), with the following settings: Drying gas temperature (nitrogen):
350°C, drying gas flow rate: 9 L/min, nebulizer pressure: 40 psig,
Injection Volume: 25 pL, skimmer: 60V, fragmentor voltage: 220V,
capillary voltage: 3,500V, and scan range of m/z: 50-1,000.

Antimicrobial activity of Ganoderma lucidum

The antibacterial activity of the extractions of the various parts of
G. lucidum, shell, stem, and moss, against E. coli (ATCC25922) and
B. subtilis (PTCC1715), was determined by the broth microdilution
technique. Briefly, the bacteria were incubated overnight at 37°C in
MHB (Mueller Hinton broth). 100 pL of the extractions of the various
part of G. lucidum at the following concentrations: 62.5, 125, 250, 500,
and 1,000 pg/mL, with 100puL of bacteria were mixed in 96 well
microplates, to reach 5x 10° colony-forming units (CFU)/mL of the
examined bacteria. Erythromycin at a concentration of 32 pg/mL was
used as positive control and 5 x 10° CFU/mL of examined bacteria was
served as growth control. All media was incubated at 37°C for 24 h.
20 pL of 0.5% solution (g/L) 2,3,5-triphenyl-tetrazolium chloride was
added to each well after 22 h, following that 2 more hours of
incubation was applied to determine microbial growth and MIC. The
colorless samples were incubated in Brain Heart Infusion (BHI) agar
and the lowest concentration that totally eradicated microbial growth
was considered MBC (Valgas et al., 2007).

Cell culture and viability analysis

Breast cancer cell line MDA-MB-231 was purchased from National
Cell Bank of Institute Pasteur of Iran. Dulbeccos Modified Eagle Medium
(DMEM), supplemented with 1% penicillin/streptomycin and 10% heat-
inactivated fetal bovine serum was served to culture MDA-MB-231 cells
line at 37°C with 5% CO,. To achieve high cellular viability, cells were
subcultured with trypsin at the near confluency, following that 1 million
cells were reseeded into a fresh T-75. MTT assay was served to determine
cell viability of MDA-MB-231 and IC50 values (half maximal inhibitory
concentration) of stem, shell, and moss of G. lucidum against MDA-MB-
231. 10,000 cells per well were incubated and exposed to G. lucidum
extractions for 48 h at 37°C in a 96-well plate. Serial dilutions of
G. lucidum extractions 0, 62.5, 125, 250, 500, and 1,000 pg/mL were added
into each of 96-well plates containing 10,000 cells. Cytotoxic evaluations
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of the extractions against MDA-MB-231 cancer cell line were evaluated
using MTT assay according to the previous research (Hastings and
Kenealey, 2017).

Statistical method

One Factor at a Time method was served to identify the key
substrates among the various substrates which exerted high influences
on GA and CGLP production, and then the selected substrates were
optimized using response surface method. Central composite design
(CCD), a common form of response surface methodology (RSM) in
statistical package Design-Expert, version 7.0.0, Stat-Ease, Inc.
Minneapolis, MN, United States, was applied to design the experiments
and statistically optimize the quantity of substrates influencing the
responses. The ANOVA was used to verify the significance of the
models, substrates, and their interactions on the responses. The least
squares method was used to formulate second equation. All the
experiments were conducted in triplicates. The means and standard
deviations (SD) were obtained by Microsoft Excel (2023) software. The
SPSS 16.0 software was used to compare the differences among means
at the level of 0.05 by Duncan’s multiple range test.

Results and discussion

Effect of carbon sources on biomass
growth rate, CGLP, and GA productions

Carbohydrates have been identified as the main contributing factors
for the G. lucidum growth and polysaccharide production (Hsieh et al.,
2005). Simple (glucose powder, glucose syrup, and fructose syrup) and
complex (corn and wheat) carbohydrates were served to evaluate their
effects on biomass dry weight (BDW), CGLP, and GA productions. The
highest biomass dry weight (BDW) was accumulated with glucose syrup

10.3389/fmicb.2023.1280405

(0.86 percentage of medium), while the lowest was accumulated in
fructose substrate (0.44 percentage of medium). The results indicated that
there was no significant difference between corn and wheat starch. The
unit of single simple sugars such as glucose substrate found to
be influencing biomass production have been explored in several studies
(Xuetal, 2008; Huetal., 2018). In term of CGLP production, the medium
containing wheat starch and fructose syrup had the highest (15.1 percent
of DWB) and lowest (3.5 percent of DWB) CGLP, respectively. No
significant difference was observed between the three carbon sources of
corn starch, glucose powder, and glucose syrup. According to recent
studies, the suitability of wheat starch compared to other carbohydrate
sources may be a result of the potential for these substrates to be quickly
transformed into accumulated polysaccharide (Fan et al., 2007; Maalej
etal, 2014). As shown in Figure 1, the highest GA was obtained in the
medium containing glucose syrup. Following that, glucose powder
showed the highest (12mg/g DWB) GA. Other carbon sources supported
lower GA productions. These results were supported by Wei et al. (2016)
who reported that glucose is the preferred carbon source for biomass and
total GA production (Wei et al., 2016). wheat starch and glucose syrup
turned out at the top in impacting CGLP and GA productions,
respectively, which were utilized separately to further study its effect on
metabolite productions with using different substrates employed.

Effect of nitrogen source on DWB, CGLP,
and GA productions

As the main substrates involved in the structure of microbial biomass
and enzyme production, proteins have been successfully used as a vital
macronutrient in medium to stimulate microbial growth and metabolic
production (Esfandiyari Mehni et al., 2022). Two media with different
carbon sources, wheat starch, and glucose syrup, were used to investigate
the effects of various nitrogen sources on DWB, CGLP, and GA
productions. The analysis showed that the best candidate for achieving
the greatest DWB was obtained in the medium that comprised of whey
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powder substrate, succeeding that soybean powder. However, the lowest
DWB were accumulated in media containing CSL syrup nitrogen source.
No significant differences were observed between meat peptone and yeast
extract in biomass production. As whey protein is rich in essential amino
acids, lactose and micronutrients (Patel, 2015), it is considered as the best
macronutrient substrate for microbial growth. In terms of CGLP
production, whey protein was the most potent, with soybean powder
substrate coming in second, and CSL syrup substrate producing the least
(8.5 percent of DWB) CGLP content in wheat starch medium. Detailed
examination of whey protein by Song et al. (2007) and Lee et al. (2003)
showed that such a protein source could be a suitable substrate for mycelia
and polysaccharide productions (Lee et al., 2003; Song et al., 2007). As
shown in Figure 2, culture medium containing yeast extract, meat
peptone and CSL stimulated the most (17 mg/g DWB) GA formation. On
the other hand, the lowest average GA was found in medium containing
whey substrate and glucose syrup medium. Overall, a reasonable amount
of GA was produced with CSL syrup, as this protein source is the most

10.3389/fmicb.2023.1280405

cost effective, and was therefore selected for further studies. No previous
study has investigated the effect of CSL syrup on GA formation by
G. lucidum.

Effect of initial pH on biomass growth rate,
CGLP, and GA productions

At pH 5, the maximum DWB was obtained under the optimal
conditions resulting from the OFAT method. The data show an inverse
correlation between the higher initial pH and average DWB in the two
formulated media, indicating that G. lucidum biomass tends to
accumulate in slightly acidic conditions. The amount of CGLP at
initial pH between 5 and 6.5 was almost close to each other and thus
suitable for CGLP production. Any increase in pH toward a higher
level negatively affects the CGLP content (Figure 3). Similarly,
Supramani et al. (2019) showed that lowering the initial pH from 6 to
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4 stimulated biomass and CGLP production. In term of GA
production, medium with initial pH 6.5 and 8 had the highest
(17.06 mg/g DWB) and lowest (5.41 mg/g DWB) GA, respectively.
This view was supported by Fang and Zhong (2002a) who stated that
maximum GA production was achieved at an initial pH of 6.5.

Effect of TiO, NPs on DWB, CGLP, and GA
productions

Titanium dioxide nanoparticles negatively impacted biomass
production. There was a strong negative correlation between the
concentration of titanium dioxide nanoparticles and DWB. In the last
2 decades, a number of researchers have demonstrated the
antimicrobial activity of titanium dioxide nanoparticles (Mesgari
etal, 2021). As far as CGLP production was concerned, the control
sample showed the highest internal CGLP formation (16 percent of
DWRB). TiO, NPs had a negative effect on the formation of CGLP. As
shown in Figure 4, the culture supplemented with 0.05 g/L titanium
dioxide had the highest GA content (18.2mg/g DWB). It can
be concluded that the antimicrobial activity of TiO, NPs (de Dicastillo
etal, 2020) stimulated GA production. The stimulatory effect of TiO,
NPs on the GA production as a secondary metabolite could
be strongly attributed to the chemical defense of cells already exposed
to harmful components like nanoparticles. In the same vein, Gu et al.
(2018) in their review article reported that the biosynthesis of GA in
G. lucidum was triggered by stressors (Gu et al., 2018), so 0.05 g/L
titanium dioxide was used in the experiment to optimize the carbon
to nitrogen level for GA production.

The effect of MgO, NPs on DWB, CGLP,
and GA productions

As shown in Figure 5, MgO, NPs had positive impacts on DWB
in all concentrations compared to the control sample. Importantly,

10.3389/fmicb.2023.1280405

maximum CGLP was produced with 0.01 g/L nanoparticles of
magnesium oxide, followed by 0.05 g/L of MgO, NPs. The amount
of CGLP in the control sample was higher than that of the medium
containing 0.1 g/L MgO, NPs. In general, the highest concentration
of MgO, NPs adversely affected the formation of CGLP. Therefore,
in the experiment to optimize the ratio of carbon to nitrogen to
produce the maximum internal CGLP of biomass, a concentration
of 0.01g/L of MgO, NPs was considered for further studies. As
shown in Figure 5, 0.05g/L MgO, NPs was the best concentration
of nanoparticles to stimulate GA (18.6 mg/g DWB). No significant
difference was observed between the medium containing 0.1 g/L
magnesium oxide nanoparticles and the control sample. Various
factors have influenced the toxicity of nanoparticles on
microorganisms, including the characteristics of nanoparticles,
species of microorganisms, physicochemical conditions of the
media and its concentration (Pareek et al., 2018). Therefore, in the
experiment of optimizing the carbon to nitrogen ratio to produce
the maximum GA of biomass, a concentration of 0.05 g/L of MgO,
NPs was utilized.

Effect of vitamin pyridoxine on DWB, CGLP,
and GA productions

There is a growing trend toward the use of micronutrients such as
vitamins, which have significant effects on the effectiveness and
efficiency of fermentation success. Pyridoxine exerts a considerable
influence on carbon utilization and therefore promotes microbial
growth and metabolites (Du Preez et al., 1985). Several studies were
demonstrated that pyridoxin stimulated growth and secondary
metabolites (Yang et al., 2008; Tripathi et al., 2012), however what is
not yet clear is the impact of pyridoxine present and its concentration
in the media on the growth and metabolites of G. lucidum. Based on
this, pyridoxine at different concentrations was utilized to investigate
its effect on microbial growth and secondary metabolites. A substantial
increase in DWB (19.1g/L in glucose syrup medium and 17.5¢g/L in

0.05
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wheat starch medium) was observed at the maximum concentration
of pyridoxine (3,000 pL). Maximum CGLP (19%) was attained at
200 L pyridoxine. However, a further increase in pyridoxine
concentrations was detrimental to CGLP production. As shown in
Figure 6, 1,000pL vitamin pyridoxine provoked the highest GA
formation (19 mg/g DWB), while 3,000 L vitamin pyridoxine resulted
in the lowest GA content (16.5mg/g DWB). In general, there was a
positive correlation between vitamin pyridoxine concentration up to
1,000 pL and GA production, while a further increase in pyridoxine
concentration up to 3,000 pL caused the formation of GA to decrease
its lowest content. Therefore, vitamin pyridoxine with a concentration
of 1,000 pL was considered in optimizing the carbon-nitrogen ratio to
produce maximum GA content.
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Optimization of CGLP production using
RSM

The main aim of this investigation was to optimize the amount of
CGLP in DWB of G. lucidum in submerge fermentation. A wide range
of amounts of wheat starch and whey powder, identified as key
substrates by OFAT method, were optimized by CCD. OFAT indicated
that pH 6.5, 0.05 g/L magnesium oxide nanoparticles and 200 pL of
pyridoxine were suitable for CGLP production, selected as constant
factors. The results of ANOVA showed that the linear, interaction and
quadratic effects of whey powder (A) and wheat starch (B) on the
amount of CGLP in liquid culture medium were significant (p <0.05).
As shown in Table 1, the F value of wheat starch was higher than that
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TABLE 1 ANOVA for polysaccharide surface quadratic.

10.3389/fmicb.2023.1280405

Source Sum of squares Mean square F value p value
Prob > F
Model 40.26071 5 8.052143 17.2859 0.0082
A-whey 7.065748 1 7.065748 15.16836 0.0176
B-wheat 12.09222 1 12.09222 25.95891 0.0070
AB 0.7225 1 0.7225 1.551024 0.2810
AN2 17.49446 1 17.49446 37.55616 0.0036
BA2 11.07161 1 11.07161 23.76792 0.0082
Residual 1.863286 4 0.465821
Lack of Fit 1.618286 3 0.539429 2.201749 0.4514
Pure Error 0.245 1 0.245
Cor Total 42.124 9

TABLE 2 Results of CCD using two variables demonstrating observed polysaccharide.

Wheat starch g/L Whey g/L Actual polysaccharide Predicted polysaccharide
percentage of DWB
1 20 37.5 215 21.1
2 34.14214 37.5 183 185
3 5.857864 37.5 15.6 15.9
4 10 25 15 15
5 10 50 19 19.7
6 30 50 20 19.4
7 20 19.82233 16.5 16.3
8 20 375 20.8 21.1
9 20 55.17767 19 183
10 30 25 17.7 17.7

of whey powder. Wheat starch was found to be quantitatively superior
to whey powder in the formation of CGLP.

ANOVA was employed to determine a second order polynomial
equation. The fitted second order polynomial equation of CGLP
production at different concentrations of wheat starch and whey
powder has demonstrated as Y is CGLP production, A and B are
wheat starch and whey powder, respectively.

Y =-8.79917 +1.00398 x B+ 0.91336 x A — 3.40000E
—003x AxB—0.019563x B2 —9.96000E — 003 x A

The numerical value of the coefficient of determination (R?) for
the CGLP production formula with non-significant lack of fit values
(p>0.05) was 0.9558; which indicates the degree of compliance of
the data in the regression model (Table 1). From the numerical value
of the coefficient of determination, it can be concluded that the
regression models have been able to show and predict the
relationship between the culture conditions (wheat starch and whey
powder) and the formation of intracellular CGLP of the fungal
biomass in the liquid culture medium. Hereupon, as the amount of
wheat starch was increased from 25 g/L to 50, while keeping the

Frontiers in Microbiology

nitrogen source of whey powder at a low concentration of 10 g/L, the
quantity of CGLP climbed steeply from 15 to the highest value of 19
percentage of DWB (samples 4 and 5). On the other hand, when the
quantity of whey powder was kept constant at the highest value of
30g/L and the quantity of wheat starch was climbed up to the same
quantity, the amount of CGLP formation started increasing at a
lower rate from 17.7 up to 20 percent of DWB (sample 6 and 10).
Such results indicated the adverse impact of high quantity of protein
sources on increasing the rate of CGLP production (Table 2).
Previous research has indicated that the higher content of nitrogen
source has a negative impact on polysaccharide production (Hsieh
et al., 2005).

Moreover, the result showed that keeping whey powder constant
at an average concentration of 20 g/L, when wheat starch climbed from
19.82 g/L up to 37.5, the formation of CGLP raised with an increase
rate from 16.3 up to 21.1 percentage of DWB (sample 7 and 1)
(Table 2).

Similarly, Hsieh et al. (2006) found that low nitrogen level
stimulated polysaccharide production. The maximum rate of CGLP
was reached when the quantity of wheat starch was headed toward
37.5g/L, after which production started to irreversible decline at
higher concentrations. This result was supported by Hsich et al. (2006)
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FIGURE 7
Curve of RSM for polysaccharide (PS) production by Ganoderma lucidum using wheat starch (C) and whey powder (N) as variable factors. PS
(percentage of media), C and N (G/L).

TABLE 3 ANOVA for linear model.

Source Sum of squares lolj Mean square F value p value

Model 19.56 2 9.78 31.00 0.0003 Significant
A-G.S 11.09 1 11.09 3517 0.0006
B-CSL 8.47 1 8.47 26.84 0.0013

Residual 221 7 0.3154
Lack of fit 2.20 6 0.3671 73.42 0.0891 Not significant
Pure error 0.0050 1 0.0050

Cor. total 21.76 9

and Supramani et al. (2019) who stated that higher concentration of
carbon and nitrogen source were of a negative impacts on CGLP
production by G. lucidum.

CGLP production

Figure 7 demonstrated the effect of different levels of wheat
starch and whey powder on CGLP production. As the response
surface curve shows, the content of CGLP in DWB was stimulated
by increasing the concentration up to middle content of both
substrates in the liquid culture medium. The highest of CGLP
content was obtained (21.47 percent of DWB) in medium
containing (g/L) 42.11 wheat starch and 22 whey. The predicted
value was implemented and the actual CGLP content of 22.5
percentage of DWB was achieved, significantly close to the result
obtained by the RSM model. The lowest amount of CGLP, 15.04
(percentage of DWB), was observed in the medium containing
25 g/L of wheat starch and 10 g/L of whey protein.

Frontiers in Microbiology

Optimization of GA production using RSM

A range of two key substrates were applied: glucose syrup as a carbon
source and CSL syrup as a nitrogen source based on the results of
OFAT. Then, the amount of these two substrates was optimized by RSM
method. pH 6.5, 1,000 pL of vitamin pyridoxine, 0.05 g/L TiO, and MgO,
NPs were suitable for GA production so these factors were selected as
constant factors.

ANOVA was employed to indicate a second order polynomial
equation (Table 3). The fitted second-order polynomial equation of
GA accumulation over glucose syrup and CSL syrup was demonstrated
as where Y was GA production and A and B were glucose syrup and
CSL syrup, respectively.

Y =+125.56230+0.94196 x A +1.02872x B

The coefficients of the linear polynomial model were obtained
after analysis with the software and eliminating nonsense terms using
the Forward method in the software.
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The numerical value of the determination coefficient (R?) for the
formula of GA production is 0.89; which indicates the degree of
compliance of the data in the regression model. From the numerical
value of the coefficient of determination, it can be concluded that
regression models have been able to show and predict the relationship
between culture conditions (glucose syrup and CSL syrup) and
GA accumulation.

As shown in Table 4, GA content was stimulated by keeping
the nitrogen source of CSL syrup constant and increasing the
glucose syrup concentration (samples 1 and 2). The same result
was obtained when glucose syrup concentration was kept
constant and CSL syrup was slightly increased (samples 1 and 6).
Higher concentrations of glucose syrup and CSL syrup had the
greatest effect on GA formation. It was found that quality and
quantity of carbon, especially simple carbohydrate and nitrogen
sources, effectively stimulated GA production (Xu et al., 2008; Hu
et al., 2017).

TABLE 4 Results of CCD using two variables demonstrating observed GA.

10.3389/fmicb.2023.1280405

GA production

Figure 8 showed the effect of different levels of glucose syrup
(B) and CSL syrup (A) on GA production. As the response surface
curve showed, GA content in DWB was stimulated by increasing
the concentration of both sources in the liquid culture medium. The
highest GA content (20.35 mg/g DWB) was obtained in the medium
containing 50 g/L glucose syrups and 30 g/L CSL syrups (Fang and
Zhong, 2002b) supported the hypothesis that simple carbohydrate
such as glucose at 50 g/L induced GA production. While the lowest
content of GA, 16.08 mg/g DWB, was observed in the medium
containing 25.92 g/L glucose syrup and 10.51 g/L CSL syrup. The
predicted amount of selected substrates was run with the aim of
producing maximum GA content, and the actual GA content was
equal to 20 mg/g DWB, significantly close to the result obtained by
the RSM model. Response surface methodology has been
widespreadly used to optimize key substrates for the growth and

Sample Glucose syrup (g/L) CSL (g/L) GA (mg/g DWB)
1 50 10 18.9
2 25 10 16.2
3 37.5 20 17.9
4 37.5 20 18
5 37.5 34.14214 19.6
6 50 30 21
7 25 30 17.4
8 19.82233 20 17
9 37.5 5.857864 16.1
10 55.17767 20 19.2
Design-Expert® Software
Factor Coding: Actual
Ganoderic acid (mg/g DWB)
@ Design points above predicted value
O Design points below predicted value
16.16 I 21
X1=AGS =
X2 = B: CSL
2
g
3
&
2
7}
ki
5
O
FIGURE 8

Curve of RSM for GA production by Ganoderma lucidum using glucose syrup (A) and CSL syrup (N) as variable factors.GA (ug/g DWB), C and N (g/L).
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metabolites production of fungi, but no research on glucose syrup
and CLS syrup have been used to optimize GA production with
such a statistical method. The lower production of GA in submerge
fermentation compared to solid state fermentation (Tang and
Zhong, 2002) was the main reason for applying optimal condition
in solid state fermentation with basic media of Beech wood sawdust
and chips.

Solid state formulation toward Ganoderma
lucidum fruiting

Optimum GA production condition was used to prepare solid
state medium. Beech wood sawdust and chips in equal amount as
basic medium was enriched with glucose and CLS syrup. Nutrient
components added to wood chips had protective effects on heat-
resistant spores, so in initial test, the formulated media were invaded
by heat-resistant spores, despite the fact that the formulated medium
was sterilized at 120°c for 2.5 h. To solve the problem of contamination
and reduce the resistance of resistant spores before the sterilization
process, all substrates were soaked in 50 ppm NaOClI for 6 h. Optimal
condition for fruit production by G. lucidum was prepared based on
book of Stamets (2011), and after 2 months all fruits were harvested
(Figure 9). The optimal condition applied led to the production of
maximum GA, 32.64+0.5mg/g.

The results indicated that solid state fermentation led to a
significant increase in GA production compared to submerge
fermentation (more than 63%: from 20 to 32.64 mg/g DWB). Dry
matter, total phenolic component, and phenolic profiles of the
moss, shell, and stem of the G. lucidum fruiting body were
investigated. The results showed that solid state fermentation led
to a significant increase in GA production compared to
submerged fermentation (more than 63%: from 20 to 32.64 mg/g
DWB). Dry matter, total phenolic components, and phenolic
profiles of moss, shell, and stem of G. lucidum fruiting body
were investigated.

FIGURE 9
Fruiting body of Ganoderma lucidum cultivated under optimal
condition predicted by RSM.
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Total phenolic content and phenolic
profiles

The dry matters of G. lucidum tissue extracted with 90% ethanol
were between 6 and 11%, most of which was in shell (11%), followed
by stems (10%) and then moss (6%), respectively. To measure the
amount of phenolic components, the dried matters of G. lucidum
tissue were dissolved in ethanol and brought to a concentration of
400 pg/mL. At this concentrations, 8.84pg/mL total phenol was
obtained in moss, 29.98 in shell and 30.26 in mushroom stems.

So that 2.21% of meat, 7.49% of skin, and 7.56% of mushroom
stems were made up of phenolic compounds. These results indicated
that the highest amount of phenolic compounds was obtained in the
stem and the lowest amount was obtained in the fungal moss. Several
attempts have been made to measure the content of G. lucidum
phenolic compounds and its anioxidant activates. In these studies,
conducted to determine the phenolic compounds of G. lucidum, it was
discovered to be between 3.3 and 7.14/100g GAE (Yuen and Gohel,
2005; Ferreira et al., 2009; Veljovi¢ et al., 2017).

What is not yet clear is the impact of various part of G. lucidum
on phenolic content and their phenolic profiles. The ethanol extracts
of G. lucidum phenolic profiles were determined by an Agilent 6410
QqQ, equipped with an Electrospray Ionization interface (ESI) and
the results were showed in Table 5. The moss of G. lucidum fruit had
the highest diversity variation in phenolic components, namely 16
phenolic compounds from the list of phenolic compounds, followed
by 11 phenolic compounds in the skin and nine phenolic compounds
in the stem. Previous studies have reported that phenolic acids
(gallic acid and trans-cinnamic acid) and flavonoids (quercetin,
kaempferol, hesperetin, and naringenin) were the major phenolic
compounds identified in Ganoderma by Veljovi¢ et al. (2017). The
present results showed that the moss, skin, and stem of G. lucidum
fruit contained nine flavonoids and seven phenolic acids, seven
flavonoids and three phenolic acids and five flavonoids and four
phenolic acids, respectively. In the last 2 decades, a number of
researchers have sought to determine the profile of phenolic acids
and flavonoids of G. lucidum fruit (Karaman et al., 2010; Heleno
et al., 2012; Saltarelli et al.,, 2015; Dong et al., 2019), However
researchers have not addressed the phenolic acids profiles in various
parts of G. lucidum fruit in much detail. Naringin and Myricetin and
3,4-Dihydroxybenzaldehyde were observed only in the shell of
G. lucidum fruit. Protocatechuic acid, on the other hand, was the
only phenolic acid found in the stem. Gallic acid, Kaempferol,
Isoramnethin, Homogentisic acid, p-Coumaric acid, o-Coumaric
acid, Quercetin, and Coumaric acid were specifically found in the
fruit moss of G. lucidum (Table 5).

Antibacterial activates of ethanol
extraction of Ganoderma lucidum shell,
stem and moss against Esherichia coli
(ATCC 25922) and Bacillus subtilis (PTCC
1715)

Antimicrobial potentiality of G. lucidum fruit body has long
been of great interest in a wide range of biotechnology fields. In
this research, six initial concentrations (pg/mL), 10,000, 5,000,
2,500, 1,250, 625, and 312 of G. lucidum shell, stem and moss were
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TABLE 5 Phenolic acids and flavonoids extracted from moss, shell and stem of Ganoderma lucidum.

10.3389/fmicb.2023.1280405

Phenolic compounds Polyphenol classes Moss Shell Stem
1 Malic acid Phenolic acids + + +
2 Protocatechuic acid Phenolic acids - - +
3 Gallic acid Phenolic acids + - -
4 Kaempferol Flavonoids + - -
5 Isorhamnetin Flavonoids + - -
6 Sinapic acid Phenolic acids - - -
7 Pyrogallol Other polyphenols - - -
8 Homogentisic acid Phenolic acids + - -
9 5-Sulfosalicylic acid Phenolic acids - - -
10 Gentisic acid Phenolic acids - - -
11 p-Hydroxybenzoic acid Phenolic acids - - -
12 Catechin Flavonoids + + +
13 Chlorogenic acid Phenolic acids + + +
14 Vanillic acid Phenolic acids - - -
15 Caffeic acid Phenolic acids - - -
16 Syringic acid Phenolic acids - - -
17 Vanillin Other polyphenols - - -
18 Cinnamic acid Phenolic acids - - -
19 p-Coumaric acid Phenolic acids + - -
20 Ferulic acid Phenolic acids - + +
21 Veratric acid Phenolic acids - - -
22 Rutin Flavonoids + + +
23 Salicylic acid (2-Hydroxybenzoic acid) Phenolic acids - - -
24 Benzoic acid Phenolic acids - - -
25 Naringin Flavonoids - + -
26 0-Coumaric acid Phenolic acids + - -
27 Myricetin Flavonoids - + -
28 Resveratrol Stilbenes - - -
29 Quercetin Flavonoids + - -
30 Naringenin Flavonoids + - +
31 Hesperetin Flavonoids + — -
32 Formononetin Flavonoids - + +
33 Biochanin A Flavonoids + + -
34 Epicatechin Flavonoids + + +
35 Syringaldehyde Other polyphenols - - -
36 2,3,4-Trihydroxybenzoic acid Phenolic acids - - -
37 3,4-Dihydroxybenzoic aldehyde (Protocatechuic

adehyde) Other polyphenols - + -
38 m-Coumaric acid Phenolic acids + - -
39 Quercetin 3-D-galactoside Flavonoids - - -
40 Abscisic acid hormone + + +

utilized to evaluate their antibacterial activity against E. coli and 312 pg/mL, respectively, which eradicated the entire population of
B. subtilis by McFarland standards. According to the results of  E. coli after 48 h. At the concentration of 375 ug/mL shell, 500 pg/
Table 6, the MBC of shell, stem, and moss was 625, 625, and  mL stem, and 250 pg/mL moss, only two colonies were observed,
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TABLE 6 The effect of various concentrations of stem, shell and moss of Ganoderma lucidum against Esherichia coli (ATCC25922), and Bacillus subtilis

(PTCC1715).

Erythromycin

concentration

Concentration pg/mL shell 10,000 5,000 2,500 1,250 625 312 32 pug/mL

E. coli - - - - - + _

B. subtilis - - + + + + —
Concentration pg/mL stem 10,000 5,000 2,500 1,250 625 312 32 pg/mL

E. coli - - - — — + _

B. subtilis - - + + + + _
Concentration pg/ 'mL moss 10,000 5,000 2,500 1,250 625 312 32ug/mL

E. coli - - - - - — _

B. subtilis - - + + + + _
Concentration pg/mL shell 8,000 4,000 2,000 1,000 500 250 32pg/mL

E. coli - - - - + + _

B. subtilis - - + + + + —
Concentration pg/mL stem 8,000 4,000 2,000 1,000 500 250 32pg/mL

E. coli - - - - + + —

B. subtilis _ - + + + + —
Concentration pg/mL moss 8,000 4,000 2,000 1,000 500 250 32pg/mL

E. coli - - - - - + _

B. subtilis - - + + + + -
Concentration pg/mL shell 6,000 3,000 1,500 750 375 182 32mlL/ pg

E. coli - - - - + + —

B. subtilis - + + + + + _
Concentration pg/mL stem 6,000 3,000 1,500 750 375 182 32pg/mL

E. coli - - - - + + —

B. subtilis _ + + + + + —
Concentration pg/mL moss 6,000 3,000 1,500 750 375 182 32pg/mL

E. coli - - - - - + _

B. subtilis _ - + + + + —

and these concentrations were considered as MIC, respectively. As
far as B. subtilis was concerned, the phenolic extract at a
concentration of 4,000 pg/mL shell, 4,000pg/mL stem, and
3,000 pg/mL moss was able to kill the entire population of
B. subtilis, even after 48h no colony was observed. Only two
colonies were observed at concentration of 3,000 pg/mL shell,
3,000 pg/mL stem, and 2,500 pg/mL moss, which were considered
as MBC and MIC, respectively, (Table 5). The highest antibacterial
activity with the lowest MIC and MBC of G. lucidum moss against
E. coli and B. subtilis was most likely attributed to the greatest
variation in the phenolic components of the moss compared to
those of shell and stem. Esherichia coli as a germ negative Bacteria
showed more susceptibility than B. subtilis at the lowest
concentration of 312 pg/mL of G. lucidum moss. Data from several
studies suggested that the fruiting body of G.Iucidum exhibited
inhibitory activity against E. coli, most importantly, the MIC were
reported (mg/mL) 1.25 (Shah et al., 2014), 8 (Quereshi et al,,
2010), and 15 (Mehta and Jandaik, 2012).

Frontiers in Microbiology

The same was reported for B. subtilis and MIC between 8 and
20mg/mL were declared (Keypour et al.,, 2008; Quereshi et al., 2010;
Mehta and Jandaik, 2012). Surprisingly, the culture conditions attained
through the statistical method stimulated bioactive compounds with
valuable antimicrobial activity in the fruiting body. Therefore, the
highest antimicrobial activity compared to the previous research was
obtained in this research. Consequently, antimicrobial compounds
from G. lucidum moss could be proposed as good therapeutic potential.

Cytotoxicity of Ganoderma lucidum
against human breast cancer cell line
MDA-MB-231

The impact of different concentrations (0-1,000 pg/mL) of different
part of G. lucidum on the growth of highly invasive, estrogen-
independent (MDA-MB-231) breast cancer cells was evaluated in a dose
dependent manner for 48 h. Although extensive research has been
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carried out on antitumor potential of G. lucidum extract (Jiang et al.,
2004, 2006; de Camargo et al., 2022), What is still unclear is the impact
of extracting different parts of the fruiting body of G. lucidum in against
breast cancer cell line MDA-MB-231. MTT assay was performed to
evaluate the cytotoxicity capacity of G. lucidum shell, stem, and, moss
against MDA-MB-231 cells. This study delved into the potential
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FIGURE 10
Cytotoxic impact of Ganoderma lucidum shell on MDA-MB-231
cells. Each bar indicated the mean + SD of three experiments.
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FIGURE 11
Cytotoxic impact of Ganoderma lucidum moss on MDA-MB-231
cells. Each bar indicated the mean + SD of three experiments.
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FIGURE 12
Cytotoxic impact of Ganoderma lucidum stem on MDA-MB-231
cells. Each bar represented the mean + SD of three experiments.
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anti-cancer benefits of different parts of the Ganoderma mushroom fruit
for the first time. The result indicated that the stem and shell of
G. lucidum significantly aggravated cell death at a dose of 500 pg/mL. The
IC50 levels of shell and stem of G. lucidum were found to be around 465.3
and 485.7 pg/mL, for 48h incubation while moss did not reach IC50
levels at inhibitor concentrations (Figures 10, 11, 12).

To date, more than 300 bioactive compounds have been isolated from
various parts of G. lucidum, including peptides, fatty acids,
polysaccharides, and especially triterpenoids (Sharma et al., 2019). Studies
indicate that different extracts or isolated compounds from G. lucidum act
as a carcinostatic on different cancer cell lines, such as, lung (Li et al.,
2013), colon (Li et al., 2020), pancreas (Chen et al., 2023), liver (Li et al.,
2005), breast (Barbieri et al., 2017), skin (Shahid et al., 2022), and prostate
(Wang et al., 2020). Among these compounds, triterpenoids are the most
important bioactive compounds of G. lucidum, whose inhibitory effects
on many cancers have been widely studied (Zhao et al., 2023). In this
research, glucose as a carbon substrate and CSL syrup as a protein
substrate was rated as the best substrates for stimulating an important
biological compound, namely ganoderic acids. These optimal conditions
led to an increased in the amount of the biologically active compound in
the G. lucidum fruit. So that stem and shell of G. lucidum showed a
significant control effect on MDA-MB-231 cells.

Conclusion

The objectives of this research are to find out the effect of the key
substrates and their concentrations on CGLP and GA productions using
OFAT as screening method prior to RSM. The highest content of GA in
TiO, NPs with the highest content of glucose syrups and CSL syrups
indicated that biosynthesis of GA in G. lucidum was triggered by
chemical stressors. The moss of G. lucidum fruit-body with a wide variety
of flavonoids and phenolic acids had the highest antimicrobial activity
against E. coli and B. subtilis. The shell of G. lucidum induced the most
prominent cytotoxicity against the MDA-MB-231 cell line with the
lowest IC50. In conclusion, the optimized methods employed enhanced
the quality and quantity of the bioactive components of the shell and
moss of G. lucidum fruit body with the highest prominent cytotoxicity
against cancer cells and significant antimicrobial activity, respectively,
and probably performs the same way for the other medical mushroom.
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The principal pathogen responsible for chronic urinary tract infections,
immunocompromised hosts, and cystic fibrosis patients is Pseudomonas
aeruginosa, which is difficult to eradicate. Due to the extensive use of antibiotics,
multidrug-resistant P. aeruginosa has evolved, complicating clinical therapy.
Therefore, a rapid and efficient approach for detecting P. aeruginosa strains and
their resistance genes is necessary for early clinical diagnosis and appropriate
treatment. This study combines recombinase polymerase amplification (RPA)
and clustered regularly interspaced short palindromic repeats-association
protein 13a (CRISPR-Casl3a) to establish a one-tube and two-step reaction
systems for detecting the mexX gene in P. aeruginosa. The test times for one-
tube and two-step RPA-Cas13a methods were 5 and 40 min (including a 30 min
RPA amplification reaction), respectively. Both methods outperform Quantitative
Real-time Polymerase Chain Reactions (QRT-PCR) and traditional PCR. The limit
of detection (LoD) of P. aeruginosa genome in one-tube and two-step RPA-
Casl3ais 10 aM and 1 aM, respectively. Meanwhile, the designed primers have
a high specificity for P aeruginosa mexX gene. These two methods were also
verified with actual samples isolated from industrial settings and demonstrated
great accuracy. Furthermore, the results of the two-step RPA-Casl3a assay
could also be visualized using a commercial lateral flow dipstick with a LoD
of 10 fM, which is a useful adjunt to the gold-standard gRT-PCR assay in field
detection. Taken together, the procedure developed in this study using RPA and
CRISPR-Cas13a provides a simple and fast way for detecting resistance genes.

KEYWORDS

Pseudomonas aeruginosa, MexX, Crispr-casl3a, recombinase polymerase
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1 Introduction

Pseudomonas aeruginosa is an opportunistic pathogen that is
commonly found in hospitals. It can cause a variety of chronic
infections, including urinary tract infections, bronchial dilation, and
cystic fibrosis, all of which have a high recurrence rate and are difficult
to treat (Gellatly and Hancock, 2013; Diggle and Whiteley, 2020; Shi
etal,, 2023). In addition, P. aeruginosa can cling to various surfaces of
food processing equipment to form biofilms, endangering food safety
and quality and potentially causing food-borne diseases (Teng et al.,
2022; Ingrid et al., 2023; Silvia et al., 2023; Wu et al., 2023). Under the
pressure of drug selection, P. aeruginosa continuously evolves and
varies in its tolerance to a variety of commonly used antibiotics.
Meanwhile, the drug-resistant mechanisms of P. aeruginosa are quite
complex. However, excessive expression of efflux pumps’ bacterial
active external discharge system is regarded to be one of the primary
drug resistance mechanisms of P aeruginosa (Eichenberger and
Thaden, 2019). These efflux systems can pump out a wide range of
molecules, including antibiotics with diverse structures and foreign
biological substances, in order to reduce the concentration of
intracellular antibacterial chemicals and prevent the development of
multi-drug resistance in bacteria (Cunrath et al., 2019). There are at
least 12 varieties of resistance nodulation division (RND) external
pumps in Paeruginosa, including MexAB-OprM, MexCD-Opr],
MexEF-OprN, MexXY-OprM, MexJK-OprM, MexGHI-OprM,
MexMN-OprM, with MexAB-OprM, and MexXY-OprM being the
most prevalent (Pesingi et al., 2019; Tsutsumi et al., 2019). In
particular, MexXY over-expression is frequently found in the clinical
isolates of drug-resistant P. aeruginosa, and it is becoming widely
accepted that MexXY plays a substantial role in P aeruginosa
aminoglycoside resistance (Henriquez et al., 2020; Kei et al., 2021). A
missing MexXY
aminoglycosides, erythromycin, and tetracycline but not to {3-lactams,

mutant showed increased resistance to
chloramphenicol, or quinolones (Morita et al., 2001). Because of their
significance in the drug tolerance mechanism, efflux pumps have
emerged as a crucial therapeutic target. Antibiotic resistance can
be combated by preventing these efflux pumps from working (Avakh
et al., 2023). However, the modern quick and effective detection
methods for efflux pump genes are scarce, limiting the prompt
detection and treatment of resistant P. aeruginosa.

In prokaryotes, clustered regularly interspaced short palindromic
repeats (CRISPR) and association protein (Cas) are immunological
defensive mechanisms that resist the invasion of foreign genetic material
(Manghwar et al., 2019). The nucleic acid enzyme domain in Cas13a has
RNA endonuclease activity and the ability to cut RNA non-specifically.
Casl13a can precisely identify and cut the target RNA in the case of the
processed RNA molecule (crRNA). Casl3a randomly cuts adjacent
RNA after its collateral-cutting capabilities is activated. This motivates
Casl3a to create novel RNA-targeting tools and expand the application
of CRISPR systems for gene detection (Abudayyeh et al., 2016; Zhao
etal, 2022). By labeling RNA probes with fluorophores at both ends,
CRISPR/Casl3a can detect RNA templates and amplify signals to
achieve specific detection of target molecules (Abudayyeh et al., 2016;
Kellner etal., 2019). More specifically, CRISPR-Cas13a-based detection
techniques provide the following benefits and advantages: Cas13a has
no protospacer adjacent motif (PAM) site limit, allowing it to target any
sequences (Escalona-Noguero et al., 2021). Therefore, CRISPR-Cas13a
has a promising application prospect in pathogenic testing.
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Antibiotics overuse and misuse have been linked to the rapid
emergence of drug-resistant bacteria (Tacconelli et al., 2018; Ranjbar
etal., 2024). Bacterial resistance has grown to be an urgent issue that
must be tackled. The Antimicrobial Susceptibility Test (AST) is a
classic method for determining microbial drug resistance
(Antimicrobial Resistance, AMR; Paul et al., 2022). Then physical,
chemical, and molecular biology detection technologies emerged,
including flow cytometry (Williams et al., 2017), Raman spectroscopy
(Duan et al., 2016), and mass spectrometers (Lee et al., 2016), as well
as immune hybridization (Shahid et al., 2021). For nucleic acid
amplification, molecular biological detection technologies, such as
Polymerase Chain Reaction (PCR; Niu et al., 2020), Quantitative Real-
time PCR (qRT-PCR; Abramova et al., 2023), and whole-genome/
metagenome sequencing (Boolchandani et al.,, 2019), are commonly
used. Although most of the tactics outlined above are commonly
utilized in practical settings, they are either ineffectual or necessitate
complex apparatus. A developed isothermal nucleic acid amplification
technique of Recombinase polymerase amplification (RPA) has
significant advantages in terms of reaction time and equipment (Tan
et al.,, 2022). Numerous researchers have imaginatively created novel
nucleic acid detection technologies based on CRISPR-Casl3a and
RPA (Gao et al., 2021; He et al., 2022; MacGregor et al., 2023; Miao
et al, 2023). However, greater improvement of the sensitivity,
precision, and experimental protocols of the RPA coupled Casl3a
detection approach is required for visual molecular diagnostics.

Therefore, this study uses CRISPR/Cas13a with RPA technology
to develop specific primers and probes for the identification of mexX
in P, aeruginosa. The easy operation method with great sensitivity to
the presence of mexX provides technical support for preventing and
controlling P. aeruginosa resistance.

2 Materials and methods
2.1 Chemical reagents and materials

LwCasl3a protein and its corresponding buffer were purchased
from Magigen Biotech Co. Ltd. (Guangzhou, China). DNase I, T7
RNA polymerase, and recombinant RNase inhibitor were obtained
from TaKaRa (Dalian, China). ChamQ Universal SYBR qPCR Master
Mix was purchased from Vazyme (Guangzhou, China). Sangon
Biotech (Shanghai, China) provided the NTP mixture (10 mM each),
dNTP mixture (25mM each), and Spin Column RNA Cleanup &
Concentration Kit. DNA Constant Temperature Rapid Amplification
Kit (Liquid Basic Type) and CRISPR Cas12/13 Hybridetect Test Note
were purchased from Warbio Biotech (Nanjing, China).

2.2 Bacterial strains and nucleic acid
preparation

In our laboratory, P. aeruginosa was isolated from spoiled wood
paint lotion. Other pathogenic bacteria obtained from American Type
(ATCC)
Microorganisms and Cell Cultures included Staphylococcus aureus
ATCC 6538P, Escherichia coli ATCC 8739, Vibrio parahaemolyticus
ATCC 17802, Salmonella enterica ATCC 9115, Klebsiella pneumoniae
ATCC 4352, ATCC 334, Bacillus

Culture Collection and German Collection of

Lactobacillus ~ paracasei
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paralicheniformis ATCC 9945, and Bacillus subtilis DSM 23778. The
nucleic acids of the above strains were extracted using the HiPure
Bacterial DNA Kit (Magen Biotech Co., Ltd.; Guangzhou, China)
according to the manufacturer’s instructions. The concentration of
DNA was quantified using the Nanodrop One instrument (Thermo
Fisher Scientific, Shanghai, China). Until they were used, all DNA
samples were stored at-20°C.

2.3 Primer design for crRNA and RPA

The mexX gene sequences of P. aeruginosa were downloaded from
the GenBank database of the National Center for Biotechnology
Information (NCBI).! After aligning gene sequences to identify
conserved regions, 10 crRNAs were designed using the online Cas13
design tool.?> According to the selected target sequence design and
relevant works of literatures (Liu et al., 2017; Gootenberg et al., 2018;
Yang et al.,, 2023), a T7 promoter binding sequence was attached to the
5’-end of the designed crRNAs. Simultaneously, the PRIMER 5
program was used to design equivalent RPA primers between the
upstream and downstream clips of the candidate target DNA. The
RNA probe 1 is tagged with 6-FAM at the 5" -end and uses BHQI at
the 3" -end (Zhou et al., 2020), whereas RNA probe 2 is designated
with 6-FAM at the 5" end and uses BIO at the 3" end (Wang et al,,
2023). The designed primers, probes, and oligonucleotides were
synthesized by TsingkeBiotech (Beijing, China). All of the nucleic acid
sequences used in this study are listed in Table 1.

2.4 crRNA preparation

The templates for an oligonucleotide incorporating T7 promoters,
repetitive sequences, and interval sequences have been developed to
create the double strand DNA (dsDNA). Forward and reverse
oligonucleotide DNA (5pmol/L) were added to produce dsDNA
templates for transcription. And each single-chain template was then
mixed, annealed for 5min at 95°C and naturally cooled to room
temperature naturally. The crRNA was synthesized by incubating the
above mixtures for 2h at 42°C with T7 RNA polymerase (TaKaRa). To
carry out the process, the synthesized crRNA was digested with DNase
I (TaKaRa) at 37°C for 1h to remove DNA templates, and then
purified using the RNA Rapid Concentration and Purification kit
(Sangon Biotech, Shanghai, China) in accordance with the
manufacturer’s instructions. The crRNA concentration was then
determined using the NanoDrop spectrophotometer (Thermo Fisher
Scientific, Shanghai, China) and was subsequently kept at-80°C
until use.

2.5 One-tube RPA-Casl3a

For the one-tube RPA-Casl3a assay, RPA amplification and
CRISPR-Casl3a were coupled in a one-tube reaction system

1 http://www.ncbi.nlm.nih.gov/
2 https://casl3design.nygenoMe.org/
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(Figure 1). Briefly, the 50 pL one-tube reaction system consisted of
18 pL C buffer (Warbio Biotech Co. Ltd.; Guangzhou, China), 5pLL
buffer (Warbio), 12 pL P-core (Warbio), 1 pL each of 10 pM forward
and reverse primers, 1.5 uL 10mM dNTPs, 1 pL target DNA template,
2puL 25mM NTP mix, 1 pL recombinant RNase inhibitor, 1 pL 10 uM
RNA-probe, 1pLT7 RNA polymerase, 0.4pL 2pM Casl3a, 1pL
12nM crRNA, and added RNase-free ddH,O to 50 uL. After gently
spinning the reaction mixtures, 2.5 uL of 280 mM magnesium acetate
(MgOACc) was added. Finally, the reactions were then run at 39°C for
20 min, and the fluorescence signal was collected every 1 min on a
QuantStudio™ Real-Time PCR Software (Applied Biosystems,
Waltham, MA, United States) with three replicates set for each sample.

2.6 Two-step RPA-Casl3a

In the two-step RPA-Cas13a assay, the crucial RPA reactions were
first conducted according to the instructions of the DNA constant
temperature rapid amplification kit (Warbio, China; Figure 1). Each
50 pL RPA reaction volume contained the following elements: 20 pL. C
buffer, 5pLL buffer, 12 pL P-core, 2 pL each of 10 pM forward and
reversed primers, 1.5puL 10mM dNTPs, 1 pL target DNA template,
and 4pL RNase-free ddH,O. The reaction mixtures were gently
vortexed and spun. Then, 2.5 pL of 280 mM MgOAc was added and
thoroughly mixed to start the reaction, which would last for 30 min at
39°C. Subsequently, a 50 pL. CRISPR-Casl3a reaction system was
performed with 5pL 10 X reaction buffer, 2 pL 25 mM NTP mix, 0.8 pL
recombinant RNase inhibitor, 1 pL PA-crRNA, 1 pL 10 pM RNA-probe,
0.6 pLT7 RNA polymerase, 0.4 pL 2uM Casl3a, 4 uL RPA products
and added RNase-free ddH,O to 50 pL. Three replicates were set up
for each sample, and the reactions were carried out at 39°C for 20 min
after mixing. The fluorescence signal was collected every minute using
the QuantStudio™ Real-Time PCR program.

2.7 LwCasl3a feasibility analysis for nucleic
detection

The crRNA 1 with the highest predicted score in online website
design was selected for the detection system to confirm the activity of
the LwCasl3a protein and examine if a detection system could
be successfully established. In the first, second, and third groups,
equivalent amounts of RNase-free H,O were introduced to the
reaction system in place of crRNA 1, DNA, and LwCasl3a, which
served as negative controls. Instead of DNA, crRNA 1, and LwCas13a
protein, the blank control group received an equal amount of RNase-
free H,O. After mixing, the reactions were run for 20 min at 39°C, and
the fluorescence signal was collected every 1 min on a QuantStudio™
Real-Time PCR Software with three replicates.

2.8 Target crRNA screening

To ensure the excellent activity of the Cas13a protein, 10 crRNAs
were obtained via the online Cas13 design tool. And three pairs of
RPA isothermal amplification primers were designed based on the
conserved sequence to match the crRNA. Using the same batch of
extracted DNA products, the CRISPR-Cas13a system, which contains
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TABLE 1 Sequence of primers, oligonucleotides and RNA probes in this study.

Name Sequence (5-3’)

mexX-crRNA 1

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACATCGATCCGATCTACGTGAACTT

10.3389/fmicb.2024.1341179

mexX-crRNA 2

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACGAAGTTCACGTAGATCGGATCGA

mexX-crRNA 3

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACGCGACACCCTTCACCTGGCCTTC

mexX-crRNA 4

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACTCCACGTCTTCCACCACGCCCTG

mexX-crRNA 5

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACCCACGTCTTCCACCACGCCCTGT

mexX-crRNA 6

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACGATGATCCAGTCACGGCCCTGCA

mexX-crRNA 7

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACCCAGCAGGAATAGGGCGACCAGG

mexX-crRNA 8

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACCTGATGATCCAGTCACGGCCCTG

mexX-crRNA 9

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACTGATGATCCAGTCACGGCCCTGC

mexX-crRNA 10F

TAATACGACTCACTATAGGGGATTTAGACTACCCCAAAAACGAAGGGGACTAAAACATGATCCAGTCACGGCCCTGCAG

mexX-crRNA 1R

AAGTTCACGTAGATCGGATCGATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 2 R

TCGATCCGATCTACGTGAACTTCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 3 R

GAAGGCCAGGTGAAGGGTGTCGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 4 R

CAGGGCGTGGTGGAAGACGTGGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-ctrRNA 5 R

ACAGGGCGTGGTGGAAGACGTGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 6 R

TGCAGGGCCGTGACTGGATCATCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 7R

CCTGGTCGCCCTATTCCTGCTGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 8 R

CAGGGCCGTGACTGGATCATCAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 9 R

GCAGGGCCGTGACTGGATCATCAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-crRNA 10 R

CTGCAGGGCCGTGACTGGATCATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATC

mexX-RPA-F1 TAATACGACTCACTATAGGGAGCGAACGCGAGTACACCGAAGCGCAGAC
mexX-RPA-R1 ATGTCCTTGTCGGCGACACCCTTCACCTGG

mexX-RPA-F2 TAATACGACTCACTATAGGGCATCCAATGGACCGGCTCGCTGCGCGGGCT
mexX-RPA-R2 CTTCCAGGCGTCCGGGCAGCTCGCTGGTGATG

mexX-RPA-F3 TAATACGACTCACTATAGGGCTGATCCGTACCGCCCAGTCCGCCGTGGTC
mexX-RPA-R3 CGGCATGCTGGGCGGCGTTCTCGACGATC

mexX-qRT-PCR F CCGTGCTGTTCCAGATC

mexX-qRT-PCR R TCCTTGATCAGGTCGGCG

mexX-PCRF GCGGAAGGTCAGGGTCAG

mexX-PCRR GGTTTTCTGGGATTCCTCTTTG

RNA probe 1 6-FAM-UUGGCGUAAUCAUGGUCAUA-BHQ1

RNA probe 2 6-FAM-UUUUUUUUUUUUUUUUUUUU-BIO

E forward primer; R, reverse primer. The T7 promoter is underlined; GGG is required for T7 transcription.

10 distinct crRNAs, was next tested for detection efficiency. The
endpoint fluorescence value was recorded for comparison.

2.9 Reaction condition optimization

The Casl3a-crRNA-fluorescent measurement signal was used to
optimize the detection system, and the fluorescence value was
simultaneously selected for comparison. The samples for the
optimization procedure are P. aeruginosa DNA samples with the same
initial concentration. A single variable should be controlled to
optimize the following parameters: reaction temperatures (37, 38, 39,
40, and 41°C), primer concentrations (0.6-1pM), LwCasl3a
concentrations (0-40 nM), and crRNA concentrations (0-48 nM).

Frontiers in Microbiology

2.10 Sensitivity and specificity of one-tube
and two-step RPA-Casl3a

To compare the minimal LoD of these two approaches, the
extracted P. aeruginosa nucleic acids are employed as a template to
dilute a series of gradients 10 times, resulting in distinct
concentration standards. The gradient diluted dsDNA standards
were detected using the one-tube and two-step RPA-Casl3a
methods. We used qRT-PCR as the reference test, which was
conducted according to the guidelines provided in the following
section. The specificity of the one-tube and two-step RPA-Cas13a
methods was tested by using the genomes extracted from
P aeruginosa, S. aureus ATCC 6538P, E. coli ATCC 8739,
V. parahaemolyticus ATCC 17802, S. enterica ATCC 9115,
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bacterial strains were introduced to the RPA reaction to amplify the targeted s
Casl13a exhibits the auxiliary cleavage activity to cleave the RNA fluorescence

(fluorescence quantitative PCR instrument or enzyme-linked immunosorbent
one tube, we referred to this as one-tube RPA-Casl3a detection method.

Schematic diagram of the workflow of one-tube and two-step RPA-Casl3a detection methods. In the two-step process, the extracted genomes from

ssRNA using T7 RNA polymerase. Casl3a activity was initiated when the target sequences in ssRNA were identified by crRNA. Meanwhile, the active

equences (ssDNA). And then, the acquired ssDNAs were translated into

probe, which could be detected by fluorescence detection equipment
assay instrument) or LFD. If the first and second steps were performed in

K. pneumoniae ATCC 4352, L. paracasei ATCC 334,
B. paracaeniformis ATCC 9945, and B. subtilis DSM 23778.

2.11 Verification of RPA-Casl3a using
industrial products

In our laboratory, 38 P. aeruginosa were previously isolated from
industrial products (spoiled daily chemical products and coatings;
Supplementary Table 1). To validate the usefulness and practicality
of the RPA-Cas13a assay, nucleic acids from these real specimens
were extracted and detected using the one-tube and two-step
RPA-Casl3a assay methods mentioned above. Meanwhile, QRT-PCR
and PCR were also employed to detect these samples, and the results
were finally compared with those obtained using RPA-Cas13a.

2.12 qRT-PCR

After a 10-fold gradient dilution, the DNA template was
detected using a fluorescence quantitative PCR kit (TaKaRa). The
reaction mixture contains 10 uL 2 x ChamQ Universal SYBR qPCR
Master Mix, 0.4 uL of each primer pair at 10 uM, 1 puL template
DNA, and ddH,O to 20.0 pL. qRT-PCR was performed on the
QuantStudio™ Real-Time PCR software instrument, and the
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reaction was run as follows: 95°C for 30, followed by 40 cycles of
95°C for 10, and then 60°C for 30s.

2.13 PCR detection

For comparison with RPA-Cas13a, the traditional PCR was also
used to amplify the targeted mexX gene from the strains used in this
study. The following steps were taken to prepare the PCR reaction
system: 5pL 2 x Rapid Taq Master Mix (Vazyme, Nanjing, China),
0.2 uL of each primer (10 pmol/L), 4.4 pL ddH,0, and 0.2 uL template
DNA. The mixtures were subsequently subjected to 30 cycles of PCR
using a PCR instrument (T100 Thermal Cycler; Bio-Rad Laboratories)
with the following reaction parameters: 95°C for 5min, 95°C for 15s,
annealing at 57°C for 15s, and 30s extending at 72°C. One more
extension cycle at 72°C for 5 min was needed to complete the reaction.

2.14 Establishment of Casl3a lateral flow
dipstick

The practical workflow for this test consists of three steps. First,
the gene was amplified using RPA and translated to ssRNA. Then, this
nuclease recognized crRNA and cut off the reporter molecule using
its collateral cutting capability. Lastly, lateral flow dipstick assays were
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performed using the identical reaction components as the fluorescent
detection assays, but using 400 nM FAM-20 U-Biotin instead of the
fluorescent reporter. And the reaction was incubated for 30 min at
39°C. A lateral flow dipstick (Warbio, Nanjing, China) was then
inserted into the tube and incubated at room temperature for 5min,
during which the result was recorded. It was noteworthy that, whereas
negative samples should only have a C line, positive samples should
display two lines (T and C lines).

2.15 Statistical analysis

The Casl3a-crRNA-fluorescence test signals were recorded and
expressed as the mean of at least three independent reactions plus
standard deviation (SD). GraphPad Prism 9.0 was used to do the
analysis of variance and create the figures.

3 Results

3.1 Feasibility analysis of LwCasl3a for
nucleic detection

To verify whether the LwCas13a protein exhibited the expected
ribonuclease activity, a comprehensive Casl3a reaction system is
developed using positive genes as the detection template.
Additionally, in order to quantify fluorescence kinetics, negative and
blank control groups were set up. The results demonstrated that when
any of the following elements were not present in the detection
system: LwCas13a, crRNA 1, or DNA/RPA product, the fluorescence
signal remained essentially unchanged (Figure 2). When LwCas13a,
crRNA 1, and DNA/RPA products were all present at the same time,
the fluorescence signal increased noticeably, indicating that the
Casl3a protein was performing its collateral cleavage activity in this
circumstance (Figure 2). The fluorescence signal developed quickly
over time and it only took 5 min for a single tube to react (Figure 2A),
whereas the two-step method took roughly 10min (Figure 2B).
Following that, whether utilizing a single tube or a two-step
procedure, the fluorescence kinetic curves approached a plateaued
stage (Figure 2). These results demonstrated that the LwCasl3a
protein can precisely recognize target RNA and exhibits the
anticipated auxiliary cleavage activity to cleave the RNA fluorescence
probe in the system, resulting in a signal with high fluorescence
intensity. The one-tube and two-step Casl3a fluorescence detection
systems based on RPA and Cas13a have been effectively constructed.

3.2 Different crRNAs exhibit varying mexX
detection efficiencies

According to the earlier researches, crRNA is the primary factor
affecting Cas13a cleavage activity (Liu et al., 2017; Yang et al., 2023).
To improve the cleavage activity of LwCas13a, 10 crRNAs targeting
the mexX gene were designed based on the Casl3a protospacer
flanking site (PFS) motif. To identify the optimal crRNA for further
research, the one-tube and two-step RPA-Casl3a fluorescence assays
were performed. The fluorescence signals were recorded at 1 min
intervals using a QuantStudio™ Real-Time PCR. The results
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demonstrated that the activity of the 10 different crRNA candidates is
much higher than the no-target control (Figure 3). Within 10 min, all
crRNAs produced fluorescence signals. However, crRNA 7 generated
the maximum fluorescence intensity in both one-tube (Figure 3A) and
two-step (Figure 3B) RPA-Casl3a detection systems, implying that
crRNA 7 had enhanced activity for target DNA detection. Therefore,
crRNA 7 was chosen as the optimal crRNA for the subsequent
one-tube and two-step RPA-Cas13a detection optimizations.

3.3 RPA-Casl3a detection system can
be affected by different parameters

In the one-tube RPA-Casl3a detection system, we first evaluated
the effect of temperatures (37, 38, 39, 40, and 41°C) on fluorescence
excitation of probes and discovered that 39°C exhibited the greatest
fluorescence signals (Figure 4A). Then, the best fluorescence signal
was obtained at an RPA primer concentration of 0.4uM at 39°C
conditions (Figure 4B). At 39°C and 0.4 pM primers, the optimum
LwCasl3a concentration was then determined. The results
demonstrated that raising the LwCas13a concentration increased the
fluorescence signal from 0 to 16nM. There was only a minor
fluorescence enhancement at LwCas13a concentrations greater than
16nM (Figure 4C). Finally, we investigated the ideal crRNA
concentration at 39°C, 0.4 pM primer, and 16 nM LwCasl3a. Despite
using less crRNA, the fluorescence generated is equivalent to
48 nM. Thus, the optimal crRNA concentration was determined to
be 36 nM (Figure 4D). As a result, for one-tube, the ideal RPA-Cas13a
conditions were 39°C, 0.40 pM primer, 16 nM LwCas13, and 36 nM
crRNA concentration.

We first investigated the ideal reaction temperature for the
two-step RPA-Casl3a reaction using a 0.40 pM primer concentration.
The fluorescent signal reaches its maximum at 39°C, which was
considered as the optimal temperature (Figure 5A). At 39°C, the ideal
primer concentration was 0.2pM (Figure 5B). Meanwhile, the
fluorescence signal was enhanced at LwCas13a concentration between
0 and 16nM, and this value hardly changed when the Casl3a
concentration was over 16 nM (Figure 5C). Finally, at 39°C, 0.2pM
primer concentration, and 16nM LwCasl3a concentration,
we explored the optimal crRNA concentration. It generated
fluorescence comparable to the concentration range of 24-48 nM
(Figure 5D). Thus, we determined that 24 nM was the optimal crRNA
concentration (Figure 5D). Consequently, the optimal parameters for
the two-step RPA-Cas13a were 39°C, 0.2 pM primer concentration,
16nM LwCas13a, and 24nM crRNA.

3.4 Sensitivity of one-tube and two-step
RPA-Casl3a detection systems

The DNA at a starting concentration of 100 pM was diluted 10
times with RNase-free H,O to generate the detection concentration
gradient. The sensitivity of one-tube and two-step RPA-Casl13a for
P aeruginosa was assessed using this gradient. The results
demonstrated that the LoD for one-tube RPA-Casl3a was 10
aM (Figure 6A), slightly less than the LoD for two-step RPA-Cas13a
(1 aM; Figure 6B). However, QRT-PCR exhibited a higher LoD of 100
aM (Figure 6C).
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The collateral-cutting activity of CRISPR-Cas13a. (A) one-tube RPA-Casl13a detection; (B) two-step RPA-Casl3a detection.

3.5 Specificity of one-tube and two-step
RPA-Casl3a detection systems

In nucleic acid testing, specificity is a fundamental issue: a
suitable level of specificity improves detection accuracy by
lowering false positive results and inaccurate conclusions
(Antropov and Stepanov, 2023). Under optimal conditions, a
particular experimental investigation was carried out to assay the
degree of specificity of the RPA-Cas13a nucleic acid detection
method. Only P. aeruginosa displayed detection signals among
the nine common bacteria for specificity assessment without
cross-reactions whether using one-tube (Figure 7A) or two-step
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RPA-Casl3a (Figure 7B). A comparable degree of specificity was
also shown by qRT-PCR (Figure 7C). Thus, the target gene of
mexX can be precisely identified using one-tube or two-step
CRISPR/Casl3a-based detection method, which exhibits the
same specificity as qRT-PCR.

3.6 Actual sample detection performance
using RPA-Casl13a

The one-tube and two-step RPA-Cas13a methods were used
to select and detect a total of 38 actual samples from various
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Screen of crRNAs for one-tube (A) and two-step (B) RPA-Casl3a detection systems. When Casl3a reacted with different crRNAs, all of the
fluorescence signals were obtained at 10 min. All assays were performed in triplicate. Mean values and standard deviations are shown. Values with
different letters are statistically different from each other for a given gene according to Fisher's LSD test (p < 0.05). NC, negative control.

industrial products in order to assess the applicability of these two
detection methods for P. aeruginosa in real samples. The results
demonstrated that 38 samples, using both one-tube (Figure 8A)
and two-step RPA-Casl3a (Figure 8B), tested positive for the
target gene of mexX. Additionally, QRT-PCR (Figure 8C) and
traditional PCR (Figure 8D) also demonstrated the same
efficiency. We conclude that the one-tube and two-step procedures
exhibit high agreement with qRT-PCR and traditional PCR,
suggesting that these two RPA-Cas13a detection methods could
be used to real samples.

Frontiers in Microbiology

3.7 Establishment of RPA-Casl3a-LFD

To assess if the RPA-Cas13a detection method established in this
study can directly apply the commercialized LFD to detect its results,
a more practical and visually appealing detection strip method called
RPA-Cas13a-LFD was developed. The results indicated that the initial
template concentration affected the appearance of two lines and the
LoD of the two-step RPA-Casl3a was 10 fM (Figure 9). The
investigation demonstrated that commercial flow strips can be used
to identify diagnostic results.
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4 Discussion

Rapid, low-cost, and sensitive nucleic acid detection could
help with pathogen identification, genotyping analysis, and
disease monitoring at the point of care. Since the CRISPR-
Casl3a-based molecular detection platform termed SHERLOCK
was established with RPA in 2017 (Gootenberg et al., 2017), many
research groups have attempted to optimize, improve, and extend
this system. Up to now, this platform has been used to detect a
number of viruses, such as syndrome coronavirus 2 (SARS-
CoV-2; Cao et al., 2022; Lopez-Valls et al., 2022; Su et al., 2022)
and coronavirus disease (COVID-19). Meanwhile, CRISPR-
Casl3a was also used to identify a number of bacterial strains,
including Aspergillus fumigatus (Li et al., 2022), Staphylococcus
aureus (Zhou et al., 2020), Salmonella spp. (An et al., 2021),
Neisseria gonorrhoeae (Allan-Blitz et al., 2023) and Group B
Streptococci (GBS; Li Z. et al., 2023). Moreover, the CRISPR-
Casl3a technology was also utilized to identify multiple genes,
such as toxin genes in Clostridioides difficile (Jiang et al., 2023),
the mecA and cIfA genes in methicillin-resistant S. aureus (MRSA;
Liu et al., 2023), the blaKPC gene in Enterobacterales (Liang et al.,
2023), the IcrV gene in Yersinia pestis (Schultzhaus et al., 2021).
Similarly, in this study, we established a one-tube and
two-step RPA-Casl3a platform (Figure 1) to detect the mexX
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gene from P aeruginosa, with respectable sensitivity and
reasonable specificity.

Several factors can influence the efficacy of one-tube and
two-step RPA-Cas13a detection methods, including the reagent
buffer used and the sequence of the RNA reporter (Gootenberg
et al., 2018), as well as the concentration of Casl3a and used
crRNA, temperature, and RNA report probe
concentration (Hu et al., 2022; Huang et al., 2022). The results of
this study show that while the ideal crRNA, reaction temperature,

reaction

and Casl3a concentrations of one-tube and two-step RPA-Cas13a
techniques remain consistent, the optimal primer and crRNA
concentrations varied somewhat between these two methods
(Figures 3-5). Similar results were also discovered in prior
references, which indicated that the optimal temperature and
primer concentration for the one-tube and two-step methods are
the same (An et al., 2021). The fundamental cause of the
differences in optimum reaction conditions between this study
and previous findings is the concentration of individual reagents
in the systems, such as RNase inhibitors and total buffer. More
diluted primer concentrations were found to improve both raw
signal and quantitative accuracy in two methods, indicating that
the reaction does not saturate at lower primer concentrations
(Gootenberg et al., 2018). When it is insufficient, many Cas
enzymes are unable to bind to crRNA to form complexes, leaving
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only a small number of active Cas enzymes, reducing the
reaction’s efficiency (Hu et al., 2022). The Casl3a nuclease was
fully activated throughout the system since the Casl3a
concentration selected following the optimization of the two
methods was the same (16 nM; Figures 4, 5), indicating that this
concentration is sufficient to cut the RNA probe.

In this study, the LoD of the RPA-Casl13a platform can reach the
fM or even aM level (Figure 6), which is comparable to or greater than
previous studies. For example, the LoDs for hemagglutinin (HA) and
neuraminidase (NA) genes of the H7N9 virus are 1 fM (Liu et al,,
2019). Max J. Kellner detected synthetic DNA with a LoD of 20
aM (Kellner et al,, 2019). In this study, one-tube and two-step
RPA-Casl3a detection methods can detect DNA targets at
concentrations as low as 10 aM (Figure 6A) and 1 aM (Figure 6B),
respectively. Obviously, the sensitivity of the two-step RPA-Cas13a
method is higher than that of the one-tube method in these two
methods, which is consistent with the discoveries of An et al. (2021)
and Arizti-Sanz et al. (2020).

The one-step method reduces nucleic acid detection
sensitivity, owing to certain components of the CRISPR reagent
buffer that limit nucleic acid amplification (Arizti-Sanz et al.,
2020). For instance, magnesium ions in the CRISPR-Cas buffer
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may have an effect on the RPA reaction, reducing or stopping the
RPA reaction’s ability to replicate. Furthermore, the Casl3a
enzyme can identify and specifically cleave sample nucleic acid
during the RPA amplification in conjunction with Casl3a
detection, reducing the efficiency of the nucleic acid amplification
and thus the sensitivity and detection efficiency (Wang et al.,
2019). Moreover, the T7 RNA polymerase in the CRISPR-Cas13a
reagent can impair the efficiency of the RPA-amplified dsDNA to
ssRNA, hence hindering the nucleic acid amplification step. They
fundamentally reduce the sensitivity and detection efficacy of the
one-tube RPA-Casl3a technique. In the conventional two-step
SHERLOCK test, transcription is separated from the RPA
amplification reaction, allowing complete independence
and unrestricted access to the use of their dsDNA templates
(Hu et al, 2022). Additionally, the efficiency of RPA
amplification and Casl3a’s cutting capability are the primary
determinants influencing RPA-Cas13a’s sensitivity (Gootenberg
et al., 2017).

In addition, the one-tube and two-step RPA-Cas13a detection
methods reported in this study demonstrated strong specificity
(Figure 7), and these two methods can reliably detect real samples

(Figure 8). Using recombinase-aided amplification SHERLOCK
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(RAA-SHERLOCK) with a lateral-flow report, the African swine
fever virus (ASFV) was successfully identified and this assay
demonstrated excellent ASFV specificity, no reactivity with other
swine viruses, and 100% concordance with the PCR data (Wei
et al, 2022). To detect smoke mold, this two-step
RPA-SHERLOCK method is also used. Compared to other molds,
only the genes of tobacco mold and the plasmid DNA containing
target sequences can be detected with higher specificity (Li et al.,
2022). There was no discernible difference between the PCR and
CRISPR methods (Li et al., 2022). In this study, we also found
that the typical PCR method showed identical results with
RPA-Casl3a methods in the detection of actual samples
(Figure 8). Finally, since fluorescence detection is frequently
more sensitive than LFD detection (Wang et al., 2020), the
fluorescent technique developed in this work has a LoD of 1-10
aM (6x 1072—6x 107" copies/pL; Figure 9), which is greater than
LFD detection. The Ebola and Lassa virus of LASV-II was
identified using the same crRNA, which had a sensitivity of 10
copies/pL with fluorescence and 100 copies/puL with LFD (Barnes
et al., 2020). In fluorescence assay of another Ebola and Lassa
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virus of LASV-IV in the same research, the LoD was 100 copies/
pL, whereas the LFD had a LoD of 1,000 copies/pL (Barnes et al.,
2020). Similar phenomena were also found in the detection of
dengue virus (Gootenberg et al., 2018), Porcine Circovirus Type
4 (Wang et al., 2023), SARS-CoV-2 (Su et al., 2022), epidemic
diarrhea virus (PEDV; Yin et al., 2022), and hepatitis B virus
(Tian et al., 2023). Even while LFD’s sensitivity is slightly lower,
it can evaluate detection findings directly with the human eye
and eliminates the need for fluorescence detection instruments,
simplifying the equipment required. Furthermore, LFD can suit
the needs of rapid pathogen detection and drug resistance gene
identification because its detection period takes less than an hour.

However, in this study, the RPA-Casl3a-LFD detection
method of P. aeruginosa DNA is only appropriate for the two-step
RPA-Casl3a (Figure 9). The one-tube SHERLOCK formulation
is an extremely complex and packed molecular system with
numerous enzymes in its reaction components (Li H. et al., 2023).
For the RPA reaction, a polymer known as polyethylene glycol
(PEQG) is required for the RPA reaction, which creates a crowded
and extremely sticky environment for the RPA protease,
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Fisher's LSD test (p <0.05). NC, negative control.

The specificity of one-tube (A) and two-step (B) RPA-Casl3a detection systems as well as real-time PCR (C). All assays were performed in triplicate.
Mean values and standard deviations are shown. Values with different letters are statistically different from each other for a given gene according to

interfering with the flow of other components in the experiments
and being detrimental for other enzyme activities. Although the
higher viscosity of the reaction solution has no effect on the
fluorescent signal rising speed, PEG has impeded the flow of
different components within the test strip, significantly impacting
the one-step lateral flow dipstick method (Arizti-Sanz et al,,
2022). To reduce viscosity, some groups employed one lyophilized
pellet from the DNA constant temperature rapid amplification
kit, which yielded approximately five individual reactions (Miao
, 2023). In addition, a novel one-tube method SHERCOK
was also exploited to deal with the viscosity (Xiong et al., 2022;
Liu et al., 2023). Although this method reduces the risk of sample
contamination and maintains detection sensitivity (Xiong et al.,
2022;
SHERCOK in a strict sense. In subsequent work, we will

et al.

Liu et al.,, 2023), it is essentially a two-step method of
investigate strategies to overcome the problems given by enzyme
incompatibility and the crowding effect of one-tube molecular
the one-step RPA-Casl3a

detection, thereby making
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determination method a simple, dependable, and stable
diagnostic tool.

5 Conclusion

In this study, mexX gene of P. aeruginosa was successfully
detected using a one-tube and two-step RPA-Cas13a technique
with reasonable specificity and sensitivity as well as lower
LoD. Meanwhile, temperature, reaction time, RPA primer
concentration, crRNA type and concentration all have effects on
these two detection methods. In addition, a lateral flow strip
measurement was also established to make this RPA-Casl3a
nucleic acid detection platform rapid, affordable, and visually
appealing. These platforms also demonstrate that they can detect
target genes swiftly at a constant temperature of 39°C, indicating
their potential for instantaneous detection. Overall, these
platforms eliminate the requirement for specialized detection

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1341179
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2024.1341179

Zhu et al.

- IN

ARk - 8€
M - £ €
ity 9€
ARy - s €

Y- 1€

MM i ay- €€

[ \I\\\\N\\\N\\\\\ a3
- e

M Sy - 0
AN - 6T

I iay- 8¢
- £

Rty 92
AnSSY- 67

o \ NN\ 7
- £
AW\ v

N-1T

T hRaSSy- 02

6l

e aiy- 81

R Sy £ 1
ARRihhhhhaSy- 9 [
M i aaay- 1

T ity 1
A T e i i i -
AR Sy - z
N1
N-01
M TSy 6
My - 8
M T - £
9

AR I m iy ¢
M i NttSy- 17
AN

N-ON
N-8¢€
ENN\NN\\NN\\\W\\\\EYES
Y- 9€
Ry 35
.- 7€
N €€
ARt €
IR aaaay- 1 €
AMMmiRRRSSS- 0 €
Y-6C
MM Ry - 87
- £
Y- 97
[ NN\ g
SN\ v
: —€C
Rty 7T
- 17
NN 0T
RS- 6 1
M R iy 81
NN\
N-91
AR Hh Ty - 6
NN\ A |
NN\ |
—R “-C1l
MRSy - 1
R \NN\\N\\\\\\ (|
M  ahitty- 6
: -8
ARy £
T M NRSy- 9
MRy ¢
NN\ 4
- €

100000

ENNNNNNNNN\\\\g NN\
S A \A\\\\\\\ N\l | N\\\\ -1
1 ! | 5 I T I ¥ | |V TR I L L 3
=) =) =) = o o o 9 v L 9 o ©
S S S S S & & & & & S
S S S S S & & 8 & & S
S S S S S & & & & & S
% S <+ aQ ¥ @ & ® & F &
QduddsalIon|g Qduddsalon|g
[11] (S}

AMknnny
AR Rirey
EAANNNANNNNANNNNNNNNRRRRNNNNNNNY
AN
AANNNNNNN
N\
AR
AR
NANNNNNNANNNNNNNNNNNNNN
N
ENANNNNNN\NNNNNNNNNW
ENNNNNNN\\
AAANANNNNNNNNNNRRNANNNNNNN
N\
N\\\\\
AN
AN~
ARy
RNy
NN\N\NNN\\N
SANNNNNNNNN\
NANNNNNNNNNNNNNNNNNNWy
NANNANNNNNNNNNNNANNNNY
N
N
AN\NNNN\NNNN
At
Y
NN
SANNNNNN\N\\\y
A R h Rty
AT IR

N

AN\\\\\\\\

S
<

| |
o S
e en

2.0
L5
1.0+

I
8
(]

QduddsaIon|q

ON

8¢
LE
9¢
33
143

- €€
o

[43
1€
0€
6C
8¢
LT
9¢
4
¥C
€C
[44

1T.

0¢
6l
81
L1
91
Sl
4!
€l
Cl
Il
0l
6
8
L
9
S
14

{3
o

Strain

1234567 8 910MI1112131415 1617 1819 20 21 22 23 2425 26 27 28 2930 M 31 3233 34 3536 3738NC

g T — -

—

FIGURE 8

The sample consistency of four different detection methods: one-tube RPA-Casl3a (A), two-step RPA-Casl13a (B), gRT-PCR (C) at the 40 cycles, and
traditional PCR (D). M: DNA marker llI, Tiangen Biotech Co. Ltd., China (from bottom to top: 200 bp, 500 bp, 800 bp, 1,200 bp, 2,000 bp, 3,000 bp, and

4,500 bp). NC, negative control.

which necessitates the use of centrifuges and other equipment,

instruments while also making the process of detecting bacterial

complicating the detection procedure. Therefore, the primary

resistance genes easier, indicating a promising prospect for

focus of future research on this method should be on sample

monitoring bacterial resistance on site and preventing the spread

front processing technology to allow rapid environmental

of drug-resistant microorganisms on time. However, the nucleic

sample detection.

acid in bacterial sample must be extracted prior to detection,
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FIGURE 9

RPA-Casl13a-LFD detection of the P. aeruginosa DNA at various
concentrations. 10-fold serial dilution of target DNA was used as the
detection template. A RPA-Cas13a-LFD assay for on-site detection was
developed using RPA, LwCas13a, and LFD. A biotin-tagged FAM-RNA
reporter was used to create the LFD. For the negative control, an anti-
FAM antibody-gold nanoparticle was conjugated to the FAM-RNA-
biotin reporter, and the conjugation was intercepted by a biotin ligand
at the control line. For the positive control, the FAM-RNA-biotin
reporter was cleaved, and the anti-FAM antibody-gold nanoparticle
conjugate accumulated at the test line. The two-step RPA-Casl3a-LFD
detection reactions were performed using the following LoDs: 100 pM,
10 pM, 1 pM, 100 fM, 10 fM, 1 fM; NC, negative control;

T, test line; C, control line.
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Antagonistic properties of
Lactiplantibacillus plantarum
MYSVB1 against Alternaria
alternata: a putative probiotic
strain isolated from the banyan
tree fruit
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Alternaria alternata, a notorious phytopathogenic fungus, has been documented
to infect several plant species, leading to the loss of agricultural commodities
and resulting in significant economic losses. Lactic acid bacteria (LAB) hold
immense promise as biocontrol candidates. However, the potential of LABs
derived from fruits remains largely unexplored. In this study, several LABs were
isolated from tropical fruit and assessed for their probiotic and antifungal
properties. A total of fifty-five LABs were successfully isolated from seven distinct
fruits. Among these, seven isolates showed inhibition to growth of A. alternata.
Two strains, isolated from fruits: Ficus benghalensis, and Tinospora cordifolia
exhibited promising antifungal properties against A. alternata. Molecular
identification confirmed their identities as Lactiplantibacillus plantarum MYSVB1
and MYSVA7, respectively. Both strains showed adaptability to a wide
temperature range (10-45°C), and salt concentrations (up to 7%), with optimal
growth around 37 °C and high survival rates under simulated gastrointestinal
conditions. Among these two strains, Lpb. plantarum MYSVB1 demonstrated
significant inhibition (p < 0.01) of the growth of A. alternata. The inhibitory
effects of cell-free supernatant (CFS) were strong, with 5% crude CFS sufficient
to reduce fungal growth by >70% and complete inhibition by 10% CFS.
Moreover, the CFS was inhibitory for both mycelial growth and conidial
germination. CFS retained its activity even after long cold storage. The
chromatographic analysis identified organic acids in CFS, with succinic acid
as the predominant constituent, with lactic acid, and malic acid in descending
order. LAB strains isolated from tropical fruits showed promising probiotic and
antifungal properties, making them potential candidates for various applications
in food and agriculture.

KEYWORDS

tropical fruits, phytopathogen, Alternaria conidia, antifungal activity, cell-free
supernatant, organic acids, succinic acid
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1 Introduction

Alternaria, a widespread fungus encompassing both
pathogenic and saprophytic species, poses a substantial threat
to agriculture and the economy. It causes an extensive loss
and spoilage of postharvest fruits, vegetables, and cereals
(Gabriel et al, 2017). There are more than 60 known species
of Alternaria, of which A. alternata comprises seven distinct
pathotypes, each producing host-specific toxins, that result
in severe diseases in different host plants (Gai et al., 2023).
A. alternata frequently contaminates agricultural produce such
as tomatoes, potatoes, melons, cucumbers, citrus, and apples
(Stewart et al., 2013; Tanahashi et al., 2016; Armitage et al,
2020). Notably, A. alternata colonization primarily exploits the
pre-existing surface lesions, caused by bruising, or ripe-fruit
cracking and eventually causes diseases like Alternaria black
rot, leaf spot, and brown spot (Masunaka et al.,, 2005; Armitage
et al, 2020). Currently, chemical agents are recommended
to manage or prevent Alternaria infection (Steglinska et al,
2022). However, most of the chemicals carry risks of toxicity
to both humans and the environment. It can deplete the local
microbial community and develop resistance in pathogens
(Steglinska et al, 2022). To mitigate these impacts, there is
a growing need for environmentally friendly alternatives to
chemical treatments.

Lactic acid bacteria (LAB) represent a promising option
for biocontrol applications. They are commonly encountered
in a wide array of sources such as dairy products, meat,
vegetables, fruits, and wine (Somashekaraiah et al, 2019, 2021;
Kumari et al, 2022). The widespread distribution of LAB
suggests a greater adaptability to diverse environments and
versatile metabolic pathways (Garcia et al, 2016). Notably,
LAB holds the status of both Generally Recognized as Safe
(GRAS) and Qualified Presumption of Safety (QPS), which
accentuates their significance in the probiotics and biological
control agents (Adithi et al., 2022). LABs exhibit a remarkable
ability to produce multiple antimicrobial compounds, offering
an environmentally friendly and effective means of countering
specific microbial threats, thereby playing a pivotal role in
developing biocontrol capabilities. Certain LAB strains, known
for their antifungal properties, have also demonstrated as
natural preservatives in food applications. For instance, LAB
isolated from kimchi showed greater inhibition to growth
of Cladosporium sp. YS1, Penicillium crustosum YS2, and
Neurospora sp. YS3 than calcium propionate. While Pediococcus
pentosaceus and Lactobacillus plantarum isolated from Tunisian
grapes showed greater detoxification capability to ochratoxin A
produced by Aspergillus niger aggrégats and Aspergillus carbonarius
(Taroub et al., 2019).

Fruits, among all sources of probiotics, are naturally safe and
necessitate minimal processing (Garcia et al., 2016; Rodriguez et al.,
2021). The distinctive chemical composition of fruits provides a
unique microbial niche, fostering the isolation of a wide variety
of LABs with diverse metabolic functions, including antifungal
properties. Raw fruits and their byproducts exhibit inherent
similarities with the human gastrointestinal tract, particularly,
acidity, and the presence of antinutritional factors such as tannins
and phenols (Vitali et al, 2012). It is important to note that
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tropical fruits have the potential to be a natural source of bioactive
compounds with antimicrobial properties (Maria, do Socorro et al.,
2010). Furthermore, these fruits are naturally adapted to their
intrinsic characteristics, which could potentially enhance their
survival during processing and storage (Garcia et al., 2016). Despite
this, most of the studies involving LAB are derived from dairy
or fermented food products. There is still lack of investigations
on antifungal properties of LAB, sourced from fruits (Garcia
et al,, 2016). Given that A. alternata is a cosmopolitan, endophytic
fungus primarily found in soil, we sought to explore tropical fruits
as a source for selecting LAB for antifungal properties against
A. alternata. By exploring these fruits, it is possible to reduce
dependency on synthetic antimicrobials and promote natural
alternatives. Moreover, the probiotic property of LAB strains offers
an added advantage for its safe consumption by humans.

Accordingly, the objectives of this study were designed to (i)
isolate LAB from previously unexplored tropical fruits, (ii) evaluate
the isolated LAB for in vitro probiotic properties, (iii) screen and
evaluate antifungal activity against A. alternata, and (iv) discern
and identify the specific antifungal component produced by LAB.
The isolation process targeted seven distinct tropical fruits as
potential sources of LAB. The selected LAB was studied for growth
kinetics, tolerance to bile, salt, and phenol, aggregation ability, and a
comprehensive safety evaluation including antibiotic resistance and
hemolytic activity. Following a rigorous screening and meticulous
selection process, the most potent LAB strain was studied in vitro
to evaluate its antifungal activity against A. alternata.

2 Materials and methods

2.1 Isolation and characterization of LAB

2.1.1 Isolation of LAB from tropical fruits

The LAB was isolated from locally grown fruits in Karnataka,
India specifically in the Mysuru and Mandya districts. Most of the
fruits were picked during the Spring of 2020 for isolation. The
fruits were selected primarily based on local availability, and rarity,
emphasizing the exploration of previously unexplored varieties.
The selected fruits included: Musa sp. cv. Nanjangud rasa bale
(Nanjangud rasabale), Annona muricata (soursop), Ficus glomerata
(cluster fig), Couroupita guianensis (cannonball tree), Solanum
nigrum (black nightshade), Ficus benghalensis (Banyan tree),
Tinospora cordifolia (Amrutha balli) (Supplementary Figure 1).
Prior to isolation, the selected fruits were first washed using
70% (v/v) ethanol, and sterile demineralized water for 2-
3 min. About 1 g of the fruit pulp was suspended in 0.1 M
phosphate-buffered saline (PBS) and homogenized to obtain a
slurry. 1 mL of this slurry was enriched in 9 mL de Mann,
Rogosa Sharpe (MRS) broth at 37 °C under anaerobic conditions
for 48 h in multiple replicates. Following enrichment, 1 mL
of this mixture was serially diluted (up to 107!%) in 0.1 M
PBS and plated onto MRS agar plates. After incubation at
37 °C under anaerobic conditions for 48 h, morphologically
distinct and pinpoint colonies were randomly selected and
were repeatedly streaked onto MRS agar plates until pure
colonies were obtained.
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2.1.2 Preliminary screening of LAB for antifungal
activity

To evaluate the inhibitory activity of the isolated LAB against
A. alternata, a dual confrontation assay was conducted with slight
modifications (Gkarmiri et al., 2015). For this, overnight-grown
isolates were first streak-plated in the center of the agar plate
forming an 8.5 cm line. Subsequently, a 5 mm diameter fungal
plug from the edge of an actively growing colony of A. alternata
was placed on either side of the bacterial streak line. Control plates
containing only A. alternata were also prepared. After 5 days of
incubation at room temperature, the plates were examined for
the growth of A. alternata and zone of inhibition (Zol) around
the isolates. The Zol was defined by the distance, in millimeters,
between the LAB and A. alternata (Figure 1B inset). The changes
in the morphology of A. alternata in the presence of LAB were
quantified by increase/decrease in the length and width of the
colony with reference to control (Figure 1C inset).

2.2 Molecular identification of selected
LABs having antifungal activity

Genomic DNA from overnight-grown LAB strains was
extracted using GeNei™ kit following the manufacturer’s
instructions. The 16S region of rDNA was amplified using
universal primer sets: 8F-5AGAGTTTGATCCTGGCTCAG 3’
and 1391 R-5 GACGGGCGGTGWGTRCA 3’ (Somashekaraiah
et al., 2021). The obtained amplicon was sequenced at Eurofins
PVT. Ltd. Following identification, the sequences were submitted
to the GenBank database to obtain accession IDs. A phylogenetic
tree was constructed to further understand the evolutionary
relationship between the identified LAB strains and the related
species from the NCBI database. The tree was constructed
by neighbor-joining method with a bootstrap value of 1,000
repetitions using MEGA 11 software.

2.3 Bacterial growth parameters

The LAB isolates were grown in MRS broth for 24-48 h at
37°C. After incubation, the cells were serially diluted and plated
on MRS agar plates. The bacterial viability was calculated using the
plate count method and expressed as logCFU.mL™! (Reuben et al,,
2019). Alternatively, the optical density at 600 nm at every hour was
also measured to evaluate the growth of LAB.

Average division rate (R), the number of generations related
to the growth time of the population was determined by
R = (1/1og2)x(logN;-logNo/t-tg). To determine the generation
time (t) or doubling time, the data points corresponding to
the exponential phase of the growth curves were utilized in the
following formula: N = [log(N;)-log(Ny)/log2]. Where log(No)
and log(N;) represent the logarithm of the number of cells
at early and later time points during the exponential phase,
respectively. The variable N signifies the number of generations
within the specified time frame. Subsequently, the generation
T/N where, T
denotes the time interval between Ny and N;, while N stands

time (t) was calculated using the formula: t

for the number of generations determined by the previous
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formula. The specific growth rate (n), growth rate per unit of
CFU was calculated using the formula: p = 2.3[logN;-logNo/t-t,]
(Kushkevych et al., 2019). The acidifying capacity was calculated
as a function of the decrease in pH values during the growth
(Rodriguez et al,, 2021). The pH was determined at intervals of
1 h. Maximum acidification was determined as the lowest pH
observed during the bacterial growth period. while acidification
rate is characterized as the rate of change in pH within a
specified time interval. For instance: ApH/ At = (pH;-pHo/t;-to)
(Rodriguez et al., 2021).

2.4 Probiotic attributes of selected LAB

The LAB isolates were initially characterized for phenotypic
and biochemical traits, including Gram staining, catalase activity,
bile salt hydrolase activity, osmotic tolerance (ranging from 3
to 7% NaCl), and carbohydrate fermentation (glucose, lactose,
sucrose, xylose, maltose, D-arabinose, sorbitol, and D-raffinose)
according to Cappuccino and Sherman (1999), Hedberg et al.
(2008), and Shehata et al. (2016). The viability of the LAB strains
was determined by calculating the logarithm of colony-forming
units (CFU) per milliliter (mL) on MRS agar.

The LAB strains were grown in MRS broth under the
anaerobic condition at 37°C for 16-20 h (~7 log CFU/mL).
The cell suspension was centrifuged at 8,000 rpm for 10 min,
washed, and resuspended in 0.1M PBS, pH 7.4. The cell-pellet or
resuspended pellet in PBS was used in the following assays unless
specified otherwise.

2.4.1 Cell surface hydrophobicity and
auto-aggregation

To a 5 mL bacterial suspension in PBS, an equal volume of
xylene was added, and mixed thoroughly. The mixture was allowed
to stand undisturbed for 30 min, after which the absorbance of
the aqueous phase measured at 600 nm. Percent hydrophobicity
was calculated as [(Ag-A;)/Ag]x100, where A; and Ay represent
absorbance at 600 nm at a given time interval and at time 0,
respectively.

To determine auto-aggregation, the cellular suspension in 0.1
M PBS was transferred to a glass cuvette. The change in optical
density at 600 nm was measured every 1h intervals in a UV-Vis
spectrophotometer. Percent aggregation at each time was calculated
as [1-(As/Ag) x 100].

2.4.2 Tolerance to temperatures and osmotic
stress

About 50 pL of overnight grown active cell culture (~7 log
CFU/mL) was inoculated to a 5 mL previously salt-amended sterile
MRS [3-7% (w/v)] and incubated at 37°C for 24 h. For assessing
the growth at different temperatures, 50 UL of active cell culture was
used to inoculate sterile MRS broth. The cultures were subsequently
incubated for 24 h at 4, 10, 30, 37, and 60°C (Reuben et al., 2019).
After incubation, 0.1 mL of the culture suspension was serially
diluted and plated on MRS agar plates. The plates were incubated
at 37°C for 24 to 48 h. The growth or viability was calculated as
colony-forming units: (log.CFU.T;/ log.CFU.T() x100. Where T} is
the viable count after incubation and Ty is the initial viable count.
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In vitro, dual confrontation assays showing the inhibition of the growth of Alternaria alternata by isolated LAB strains from various fruits (A). The
distinct area devoid of fungal growth between the LAB and A. alternata, were identified as the zone of inhibition (Zol) (B). Inset (B) provides a
depiction of Zol measurement highlighted in black arrows. Changes in the morphology of A. alternata were assessed by quantifying alterations in
colony length and width in the presence of LAB (C). Inset (C) features blue and orange lines representing width and length measurements. The
x-axis in panels (B,C) represents the strain identity. Statistical significance at *p < 0.05, **p < 0.01, ***p < 0.001.

2.4.3 Tolerance to low pH, bile salt, and phenol

To assess growth and tolerance at varying low pH levels, the
washed cell pellet was resuspended in 5 mL of previously pH-
adjusted sterile MRS broth. pH values of 2, 3, and 4 were achieved
by adding 1 N HCI to the initial pH 6. For bile salt tolerance, the
cell pellet was resuspended in sterile MRS broth (Hi media, India)
supplemented with 0.3% (w/v) bile salt (ox gall) (Loba Chemie,
India). Alternatively, for the phenol tolerance test, the isolates
were grown in MRS broth supplemented with 0.3-0.6% phenol
(Adithi et al., 2022).

The LAB cultures under various experimental conditions were
incubated for 1-4 or 24 h under anaerobic conditions at 37°C.
At each 1 h time interval, the cultures were serially diluted and
plated on MRS agar plates to determine the bacterial viability as
described above.

2.5 Safety evaluation of the selected LAB

2.5.1 Hemolytic activity

Blood agar plates were prepared using nutrient agar (Hi Media,
India) supplemented with 5% (v/v) blood. The active LAB isolates
were streak-plated forming a 3 cm line at the center of the plate.
After 48 h of incubation at 37°C, the plates were examined to
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detect the presence of a distinct hemolysis pattern around the LAB
colonies. The plates were classified as clean (3-hemolysis), greenish
(a-hemolysis), and no hemolysis (y-hemolysis). Staphylococcus
aureus (ATCC 6538) served as a reference strain for hemolysis
(Vanitha et al., 2023).

2.5.2 Antibiotic susceptibility

The susceptibility of LAB strains to antibiotics was determined
following Charteris et al. (1998) with minor modifications. The
selected LAB isolates (100 L) were spread-plated on MRS agar
plates and air-dried aseptically. Antibiotic discs containing 2 jLg/
disc of clindamycin, 10 pg/disc each of ampicillin, gentamycin,
streptomycin, 15 pg/disc erythromycin, and 30 pg/disc each of
vancomycin, kanamycin, chloramphenicol, and tetracycline were
placed on inoculated plates. After 48 h of incubation at 37°C, the
plates were examined for the zone of inhibition. The interpretive
criteria for breakpoints were based on potential Lactobacillus sp. as
outlined in Charteris et al. (1998) (Table 1).

2.6 Antibacterial activity

The antibacterial properties of LAB isolates and their CFS
against specific indicator bacteria: Escherichia coli (ATCC 25922),
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TABLE 1 Antibiotic sensitivity of selected LAB isolates from tropical fruits.

Concentration

Antibiotics (uwg/disc)

Lpb. plantarum

10.3389/fmicb.2024.1322758

Breakpoint criteria (mm)*

(ng/disc)
MYSVA7 MYSVB1
Ampicillin Amp 10 S S <12 13-15 >16
Clindamycin Cli 2 S S <8 9-11 >12
Chloramphenicol Chl 30 S S <13 14-17 >18
Erythromycin Ery 15 S N <13 14-17 >18
Kanamycin Kan 30 MS MS <13 14-17 >18
Streptomycin Ste 10 MS MS <11 12-14 >15
Tetracycline Tet 30 S S <14 15-18 >19
Vancomycin Van 30 R R - - 15

*Antibiotic susceptibly expressed as R (Resistant), MS (Moderately Susceptible) and S (Susceptible). The interpretive criteria for breakpoints of disc diffusion for potential Lactobacillus species

as outlined in Charteris et al. (1998).

Pseudomonas aeruginosa (ATCC 15422), Salmonella paratyphi
(ATCC 27820) and Staphylococcus aureus (ATCC 27870) was
evaluated. For this, LAB cells and their CFS (both treated and
untreated) were incubated with the indicator organisms. A part of
the extracted CFS was neutralized to pH 7 (n-CFES) or proteinase
K (1 mg.mL_l) treated (pCFS), or heat treated (100°C, 15 min)
(hCFS) before use in the experiments (Rao et al., 2019).

2.7 Antifungal activity of LAB cells by
co-inoculation assay

Experiments were conducted in a 100 mL Erlenmeyer flask
containing 50 mL of modified MRS broth. Modified MRS broth
was prepared by dissolving the following in demineralized water:
5 g/L Bacteriological peptone, 5 g/L mycological peptone, 5 g/L
beef extract, 10 g/L yeast extract, 5 g/L dextrose, 0.1 g/L MgSOy,
0.05 g/L MnSO4, 2 g/L K;HPOy4, The modified MRS was devoid
of antifungal substances such as polysorbate 80, ammonium citrate
and sodium acetate (Deepthi et al., 2016). Each flask was inoculated
with 100 wL of LAB isolates and 100 wL of A. alternata (10°
spores/mL) and incubated at 37°C for 3, 7, 10, and 14 days. At
the end of each pre-determined time interval, the mycelial biomass
was harvested by filtration using Whatman no. 1 filter paper and
dried at 60°C for 24 h. Simultaneously, the bacterial population in
terms of log CFU/mL was determined by plate count technique.
The flasks with bacterial cells and the spores of A. alternata alone
served as control.

2.8 Antifungal activity of CFS of LAB
isolates

2.8.1 Biomass inhibition

Experiments were conducted in a 100 mL Erlenmeyer flask,
each containing 50 mL of different ratios of CFS (5 to 20%, v/v). The
desired CFS ratio was achieved by directly mixing CFS and sterile
potato dextrose broth. Subsequently, A. alternata fungal discs with
a diameter of approximately 7.5 mm were introduced into these
flasks, followed by incubation at room temperature. Flasks without
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CEFS served as control. After 10 days, the fungal mat was harvested
as described above by filtration. The dry weight of each treatment
was then compared to that of the control.

2.8.2 Conidial germination inhibition

The experiments were conducted in a 24-well microtiter plate,
using either LAB isolates or their CFS. In each well, 100 pL
of LAB culture (~10° CFU/mL) and 100 pL of A. alternata
spores (10° spores/mL) in a 1:1 ratio were combined to reach
a final volume of 1 mL, using 0.1 M PBS at pH 7.4. For the
CFS, a mixture of 200 WL of CFS and A. alternata spores (10°
spores/mL) was prepared. The microtiter plate was then placed in
an incubator at 30°C for 24 to 48 h. At each 2 h time interval,
the germination of conidia was observed using a phase contrast
microscope (Carl Zeiss AXIO, Germany). Briefly, 10 wL of conidial
suspension (in triplicates) was transferred to a hemocytometer and
directly observed under the microscope without any staining with
brightfield illumination. The percentage of conidia germinated was
determined by counting in a hemocytometer and calculated using
the formula: Percentage = (Number of germinated conidia / Total
conidia counted) x 100.

2.9 Stability and activity of CFS of LAB
isolates

The stability of the CFS to inhibit A. alternata following
proteinase K, pH neutralization, and high-temperature treatments
was evaluated. For proteinase K, the CFS was treated with
proteinase K (1 mg mL~!) at 37°C for 2 h, followed by enzyme
inactivation at 80°C for 10 min. As for evaluating thermal stability,
the CFS was heated to 100°C for 15 min and then cooled to
room temperature. For the effect of pH, the CFS was neutralized
to pH of 7 with 1 M NaOH. The pre-treated CFS was relabeled
as heat-deactivated CFS (hCFS), proteinase K treatment (pCES),
and pH-neutralization (nCFS). The residual antifungal activity was
measured in triplicate after each treatment in a 24-well microtiter
plate, as detailed below. CFS shelf-life test was also conducted to
evaluate the stability and antifungal activity after long storage and
freeze-thaw conditions. The extracted crude CFS was stored at —20
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or 4°C for >8 months. After which, conidial germination assay was
conducted using the stored CFS as detailed above.

2.10 Identification of antifungal
compounds

The CFS was recovered from LAB isolates after 72 h in
modified MRS broth by centrifugation at 8,000 rpm for 15 min.
The obtained supernatant was filter sterilized using a 0.22 pm
syringe filter. Following this, the CFS was extracted using methanol
and resuspended in the mobile phase before injection to Liquid
chromatography with tandem mass spectrometry (LC-MS). For
LC-MS analysis, the UPLC BEH-amide column was used at 25°C
using organic and aqueous phases as mobile phases at 0.1 mL/min
flow rate. The mobile phase consisted of 10 mM ammonium citrate
and acetonitrile (1:1), pH 8.5. The initial flow conditions included
100% aqueous phase for 30 s, after which the gradient was changed
to the ratio of 95:5 aqueous and organic phases for 6 min. After
separation, the eluant from the column was directly pumped to a
tandem quadrupole mass detector (TQD-MS/MS) without split for
quantification of organic acids (Oliveira et al., 2008).

2.11 Microdilution method to evaluate
the antifungal activity of succinic and
lactic acids

The experiments were conducted in a 24-well microtiter
plate, using different concentrations of organic acids in PDA
broth. To each well, succinic acid (0-3 mg/mL), lactic acid
(0-9 mg/mL), or a combination of succinic (0-1 mg/mL)
and lactic acid (0-5 mg/mL) were added to the final volume
of 2 mL. A. alternata plugs, measuring 3 mm in diameter,
were introduced into each well. Wells with PDA alone, CFS,
A. alternata plugs were considered as control. The plate was
incubated at 30°C for 5 days. After incubation % inhibition was
calculated as (biomass in control-biomass in treated/ biomass
in control x 100). The Inhibitory Concentration (IC50) is
determined as the concentration at which fungal growth is
reduced by 50% compared to the control in the absence
of an antifungal agent, in this case, organic acids or CEFS
(Pierce et al., 2008).

2.12 Statistical analysis

Experiments were conducted in a minimum of three replicates.
The average and standard deviation from the replicates were used
to plot the graphs in origin. The effect of LAB or its CFS extracts
on A. alternata was determined using a student’s t-test. ANOVA
was used to determine the variations in growth at different low
pH and in antibacterial assays. Statistical analysis was performed
using Microsoft Excel 2019. Statistical significance was determined
atp < 0.05.
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3 Results

3.1 Isolation and screening of LAB from
tropical fruits for antifungal activity

Lactic acid bacteria was successfully isolated from seven
types of fruits. An average of 10° CFU per g of fruit was
obtained on MRS agar plates. Colonies that were pinpoint/small,
circular, opaque, and displayed either white or colored
morphological characteristics were selected for further screening
and identification. After preliminary screening for negative
catalase and positive gram tests, a total of fifty-five isolates
were obtained with the highest counts (14) for Solanum nigrum
and the lowest counts (4 each) for Musa and Couroupita
guianensis.

Of the fifty-five LAB isolates obtained, only seven isolates
exhibited inhibition against A. alternata (Figure 1). The inhibition
was evident as irregular but compact growth near the area of LAB
confrontation. The inhibitory zones produced by the LAB strains
varied between 2- and 6-mm. Strains MYSVSB3 and MYSVA7
exhibited the highest inhibitory zones at >5.5 mm, while the
strain MYSVCF5 exhibited the lowest at 2.3 mm among the seven
isolates (Figures 1A, B). To ascertain the influence of LAB on the
changes in the growth of A. alternata, the length, and width of the
fungal colony were also measured (Figure 1C). All seven strains
showed a significant reduction in the width of the fungal colony
(p < 0.01), with the highest reduction with strains MYSVSB3,
MYSVBI, and MYSVA7. Although the height or the length differed
it was not statistically significant except for strain MYSVSA2
(p < 0.05). Strain MYSVSB3 did not show consistent results.
Hence, it was screened out from further studies. Strains MYSVB1
and MYSVA7 showed promising and consistent inhibition against
A. alternata. Moreover, a constriction in the morphology of the
fungal colony was observed with these two strains (Figure 1A).
Therefore, further studies were conducted with strains MYSVB1
and MYSVA7.

3.2 Molecular identification and growth
kinetics of LAB from fruits

The 16S rRNA sequence of seven LAB isolates positive for
antifungal activity was successfully obtained and analyzed. The
genomic sequences confirmed the identity of six strains belonging
to Lactiplantibacillus and one strain belonging to the Pediococcus
genus. Each of the 16S rDNA sequences from these strains was
assigned accession IDs. The identities, encompassing genus species
and strain are Pediococcus pentosaceus MYSVCF10 (GenBank ID:
OP563857), Lpb. plantarum MYSVCEF3 (GenBank ID: OL347999),
Lpb. plantarum MYSVSB3 (GenBank ID: OL691142), Lpb.
plantarum MYSVSA2 (GenBank ID: OL691141), Lpb. plantarum
MYSVCEF5 (GenBank ID: OP563855), Lpb. plantarum MYSVBI
(GenBank ID: OL347991), and Lpb. plantarum MYSVA7 (GenBank
ID: OL347927). With the selected Lpb. plantarum strains MYSVA7
and MYSVBI, a phylogenetic tree was constructed to visualize
the relationship within the Lactiplantibacillus genus and other
LABs reported in the literature (Figure 2). Based on sequence
similarity and phylogenetic analysis, the next closest match was
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accession IDs for reference.

OL691141 Lactiplantibacillus plantarum MYSVSA2

KT008121 Lactobacillus plantarum ULAG11

MZ959825 Levilactobacillus brevis NKN55
LC429607 Bacillus coagulans lilac-01

MT515797 L ibacillus rhc 53L Raw milk | Dairy
MW 164848 Lactiplantibacillus plantarum 3A9 Tropical fruit | Fruit
MH635158 Lactobacillus plantarum WiKim0090  Kimchi
OK513090 Leuconostoc mesenteroides C7 Carrots Vegetable

Phylogenetic analysis depicting the relative position of LAB isolates (MYSVA7 and MYSVBL1) in comparison to other previously reported strains. The
tree was built using 16S rDNA sequences (available in NCBI database) in Mega 11 software using maximum parsimony analysis. Strains isolated in this
study are highlighted in red, with the source of isolation specified next to the strain identity. The alphanumerical (OL347927) represent the NCBI
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Yak cottage cheese

Petals of Syringa vulgaris | Plant

found to be L. brevis for isolates MYSVB1 and MYSVA7 (Figure 2).
The strains MYSVA7 and MYSVB1 could be morphologically
described as rods, non-spore-forming bacteria. Both the strains
were able to ferment all the sugars without the formation of
gas (Table 2). The growth kinetics of LAB strains MYSVA7 and
MYSVBI are shown in Figure 3. With the lag time of 2 h, the
average division rate was observed to be 0.83 and 1 generation per h,
respectively. Further, the LAB isolates’ acidification coincided with
the growth due to the ability to ferment sugars and production of
organic acids (data not shown). A strong association was observed
between the growth rate and acidifying capacity. As the growth
rate increased, the pH level of the medium decreased, ultimately
reaching pH < 4 (Supplementary Table 1). Previous studies have
established time required for fermentation of fruits and vegetables
by autochthonous bacteria between 8 and 24 h (Di Cagno et al,
2013; Rodriguez et al., 2021). The maximum acidification in this
study was obtained at time 10 h, and the maximum specific growth
rate of 0.57 and 0.73 for strains MYSVB1 and MYSVA?7 respectively
(Supplementary Table 1). LAB strains were also evaluated for
growth and cell viability at different temperatures. Variability of
the growth kinetics was evident among the LAB strains. Both the
strains exhibited the highest growth at >30°C. Although slight
differences in the growth between 30 and 37 °C were observed,
it was statistically insignificant (p > 0.05) for both temperatures.
Therefore, the optimal temperature for LAB was >30°C. Growth
at suboptimal temperatures at 10 and 4°C displayed a reduced
growth (p < 0.001). An average reduction of >1 log CFU/ mL was
observed for both temperatures (Figures 3A, B). Similar results
were observed at high-temperature tolerance at 45 °C. In this
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TABLE 2 Carbohydrate fermentation ability of selected LAB
isolates from fruits.

Carbohydrate LAB isolates
fermentation
MYSVA7 MYSVB1

Glucose + +
Lactose + +
Sucrose + +
Xylose + +
Maltose + +
D-Arabinose + +
Sorbitol + +
D-Raffinose + +

case, a reduction by > 2 log CFU/mL (p < 0.001) was observed
(Figures 3C, D).

3.3 Probiotic attributes of selected LABs

3.3.1 Cell surface properties
To the property, the
hydrophobicity was measured. Notably, the hydrophobicity

evaluate adhesive cell surface
of the isolates exhibited consistency across the strains, at 25%
(£3) for MYSVA7 and 28% (42) for MYSVB1. Moreover, there
was a discernible increase in percent aggregation over time.

(Supplementary Figure 2). Particularly, both strains exhibited
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growth kinetics was studied at 37°C (A,B). Statistical significance at ***p < 0.001.

25% aggregation after 5 h. Following a 24 h incubation, a further
increase in aggregation index was observed, with percentages of 53
and 68%, respectively.

3.3.2 Survival ability to osmotic stress and
simulated gastrointestinal conditions

Figures 4A, B shows the tolerance of LAB isolates to different
concentrations of salt. Both the isolates were tolerant to salt
concentrations up to 7%. The cell viability was not affected by up
to 5% salt concentration. An increase in salt to 7%, decreased the
viability by 1 log CFU/mL (p < 0.05). On the other hand, with
up to 0.6% phenol (Figures 4C, D) or 0.3% bile (Figures 4E, F),
the viability of both strains was not compromised. The cellular
viability of both strains was maintained above 9 log CFU/mL
demonstrating >95% viability. Further, the LAB strains under
simulated gastrointestinal conditions exhibited high tolerance, with
minimal loss in viability (Figures 4G, H). Both strains MYSVA7
and MYSVBI showed tolerance to pH 2. The cell counts of strain
MYSVA7 at pH 3 and pH 2 after 4 h showed only 4 to 6 log CFU/mL
as compared to pH 4 and above at 8 log CFU/mL. However, after
24 h, the cell counts reached 5 to 6 log CFU/mL at pH < 3
(Figure 4G). This was attributed to the combination of acidic pH
and extended lag phase. No significant reduction (p > 0.05) was
observed for strain MYSVA7 at pH < 3. Similar cell counts were
observed for strain MYSVBI. At pH < 3, after 4 h, the viability
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decreased to 4 log CFU/mL from 7 log CFU/mL. However, after
24 h, the cell count increased to 7 log CFU/mL suggesting high
tolerance and growth even at pH as low as 2 (Figure 4H). Overall,
the isolated LAB showed high tolerance to osmotic stress and
simulated gastrointestinal conditions.

3.3.3 Antibacterial activity

The antibacterial of the strain MYSVBI
and its CFS was also evaluated against various pathogens
including ESKAPE pathogens. The zone of inhibition for E. coli,
P. aeruginosa, S. paratyphi, and S. aureus are shown in Figure 5.
Notably, the cells of MYSVBI1 and its crude CFS exhibited the

highest inhibition against all the tested pathogens. The zone

effectiveness

of inhibition ranged from 3 to 3.6 mm. However, antibacterial
activity significantly declined after heat treatment (p < 0.001)
(Figure 5). While treatment of proteinase K reduced the inhibition
significantly (p < 0.05) for E. coli, P. aeruginosa, S. paratyphi, and
S. aureus did not show any inhibition for growth (Figure 5). No
inhibition was observed for CFS at pH 7 to any tested pathogens.

3.3.4 The safety aspect of LABs

Both strains MYSVA7 and MYSVBI1 showed no clear zone
formation on blood agar. Staphylococcus aureus showed complete
lysis of red blood cells evident by yellow coloration around
its colony suggesting P-hemolysis (Supplementary Figure 3).
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Probiotic properties of Lactiplantibacillus plantarum strains isolated from tropical fruits. The growth of LAB was assessed under various conditions,
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(B,D,F,H). Statistical significance at *p < 0.05.
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Antibacterial activity of Lactiplantibacillus plantarum MYSVB1. The
target pathogen was inoculated with both viable cells of Lpb.
plantarum MYSVBLI or its crude CFS. The CFS was pre-treated:
heat-deactivated CFS (hCFS), proteinase K treated CFS (pCFS), and
pH-neutralized CFS (nCFS) before use in the experiment. Statistical
significance at ***p < 0.001.

Differences in susceptibility and resistance to common antibiotics
were observed. Both strains showed similar sensitivity (Table 1).

The strains were susceptible to ampicillin, clindamycin,
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chloramphenicol, erythromycin, and tetracycline. ~While
kanamycin and streptomycin showed moderate sensitivity and
complete resistance was observed with vancomycin. Nevertheless,
the isolated strains were non-hemolytic and were susceptible to

most of the common antibiotics tested.

3.4 Antifungal activity

Figure 6 illustrates the growth of A. alternata over a 14-
day period. By day 3, visible thick mat growth was observed
which continued to increase until day 14. By day 10 the fungal
mat reached its maximum growth and the density of the mat
remained unchanged thereafter. The weight of biomass exhibited
progressive growth from day 1 until day 10, before reaching
1.8 g (dry weight). However, the introduction of viable cells of
MYSVA7 (Figure 6B) and MYSVB1 (Figure 6C) significantly
inhibited (p < 0.001) the growth of A. alternata by 87 and
75%, respectively, by day 3 (Figures 6D, E). As a result, no
observable expansion or growth of fungal biomass was observed.
Notably, the viability of the strain MYSVA7 and MYSVBI1 during
the 14-day period in the presence of A. alfernata was not
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affected but displayed an exponential growth, lasting 3 days
followed by a gradual decline over time (data not shown).
These findings clearly demonstrate the effectiveness of strains
in suppressing the growth of A. alternata, while maintaining
its viability.

Alternatively, when different ratios of crude CFS were used,
differential inhibition was observed between the two strains
(Figure 7). With just 5% of crude CFS, a significant inhibition
(p < 0.01) in the growth of A. alternata was observed, with
MYSVBI1 displaying greater inhibition (p = 0.003). When the
concentration of CFS from MYSVA7 was increased to 15%, the
biomass yield of A. alternata decreased substantially by 94%
(Figure 7B). Similarly, using only < 10% CFS from strain MYSVB1
resulted in a comparable reduction in the yield. In fact, >70%
decrease in biomass yield was recorded when only 5% of CFS
of MYSVBI was used (Figure 7D). Therefore, the CFS of strain
MYSVBI1 was considered the most potent inhibitor of A. alternata.

The presence of viable cells of MYSVBI1 had a pronounced
inhibitory effect on both conidial germination and mycelial
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development. Microscopic examination revealed that even after
48 h, the germination of conidia impeded with viable cells or
its CFS, with no observable germ tube formation (Figure 8). In
striking contrast, the control groups exhibited rapid formation
of germ tube within 4 h, followed by luxurious growth of
mycelium (Figure 8A). By 16 h, 90% (of 10° spores/mL)
produced germ tubes, accompanied by the formation of mycelia
(Figure 8B). It is worth noting that under nutrient-rich
conditions, PDB medium, the germination of conidia and
mycelial development occurred at an even faster rate (data not
shown).

3.5 Tentative determination of antifungal
substances

To identify the active components of CFS, following different
treatments, antifungal assays were performed (Supplementary
Figure 4). Heat treatment preserved the inhibitory properties,
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while pH neutralization and proteinase K treatment rendered them
ineffective (Supplementary Figure 4). Both treatments showed
no difference in inhibition compared to control without CFS,
allowing fungal growth and sporulation. A pivotal role of the
LAB’s acidic environment in its antifungal properties against
A. alternata. Thus, the antifungal metabolites present in the
culture filtrate (CFS) likely consist of acidic compounds, which
may include organic acids and proteinaceous substances that are
resistant to heat, possibly even a combination of components.
With LC-MS, several organic acids were successfully identified in
the CES (Table 3). Specifically, lactic acid, pyruvic acid, succinic
acid, malonic acid, fumaric acid, citric acid, hydroxy-citric acid,
and shikimic acid were identified. Notably, Succinic acid was a
predominant fraction, making up 63% (3.7 mg.mL~!) of the total
organic acids identified, following lactic acid, and malic acid each at
9% (Table 3).
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3.6 In vitro antifungal activity of organic
acid

Succinic acid, identified as the predominant organic acid in
CFS through LC-MS, was further investigated for its in vitro
antifungal activity against A. alternata. As the concentration
of succinic acid increased, a corresponding increase in percent
inhibition was observed. At a concentration of 0.8 mg/mL succinic
acid, mirroring the observed concentration in 20% CFS, the
percent inhibition ranged from 38 to 40%. A further increase in
concentration to > 2.5 mg/mL resulted in inhibition exceeding
90% (Supplementary Figure 4A). The ICsq for succinic acid was
determined to be between 1.8 and 1.9 mg/mL, which was more than
four times the concentration found in 20% CFS. Consequently,
additional experiments were conducted to explore lactic acid, the
second most prevalent organic acid in CFS.
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With the addition of 0.1 mg/mL lactic acid, corresponding
to the concentration in 20% CFS, no discernible differences were
noted. Even with an increase in concentration to 0.6 mg/mL
lactic acid in conjunction with 1 mg/mL succinic acid, no
variations were observed (Supplementary Figure 4C). However,
upon further increasing the concentration of lactic acid to
9 mg/mL, complete inhibition of A. alternata was achieved
(Supplementary Figure 4B). The ICsyp for lactic acid was
determined to be >5 mg/mL. Consequently, the observed
concentration of succinic acid in CFS alone could not replicate
the inhibition observed in CES, even when combined with lactic
acid. Thus, succinic acid appears to contribute partially to the
growth inhibition, possibly through a synergistic interaction with
other organic acids.

4 Discussion

Enhancing crop yield through effective protection against
plant pathogens has long been a pivotal objective in agriculture.
Alternaria sp. is responsible for causing severe foliar disease, known
as blight in several plants. Combatting the infection of Alternaria
sp. is crucial for ensuring agricultural productivity (Stewart et al.,
2013; Tanahashi et al., 2016). In this context, the role of beneficial
microorganisms, such as LABs are important players. LAB, with
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TABLE 3 Major organic acids composition of cell-free supernatant
(CFS) of strain Lpb. plantarum MYSVB1.

Organic Molecular CFS %
acids weight (mg.mL~1) | distribution
(g.mol~1)

Succinic 118.09 3.7 4002 63.8
acid

Lactic acid 90.08 0.5 0.004 93
Malic acid 116.1 0.54 4 0.02 9.2
Malonic 104.06 0.39 % 0.02 6.6
acid

Citric acid 192.12 038403 6.4
Pyruvic acid 88.06 012 4 0.01 20

its well-documented antimicrobial properties, can play a vital
role in strengthening plant health and combating phytopathogens
like Alternaria. Moreover, LABs have gained prominence as
probiotics for fostering balance in the intestinal microbiota of
humans and animals and for their ability to inhibit or fight
against pathogenic or infectious diseases (Argyri et al., 2013). With
growing interest in green alternatives for improved health, fruits
and vegetables are an important source of probiotics (Di Cagno
et al., 2010; Garcia et al,, 2016; Zhang et al., 2022). As fruits are
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traditionally safe for consumption without requiring processing,
LAB from fruits are natural choices for probiotics. In this study,
a total of fifty-five isolates were obtained from seven different
tropical and previously unexplored fruits. Of these LAB strains,
seven strains showed antagonistic activity against phytopathogen
A. alternata. Two strains, namely MYSVA7 and MYSVBI1 showed
sustained inhibition against A. alternata. The analysis revealed that
these strains exhibited several characteristics morphological and
biochemical traits such as the genus Lactiplantibacillus including
Gram-positive, rod, catalase-negative, and non-spore-forming, and
the tendency to aggregate and demonstrated facultative hetero-type
fermentation. 16S rDNA sequencing confirmed this observation
with L. plantarum having the highest (>99%) homology. To the
best of our knowledge, this is the first report, to isolate and evaluate
probiotic characteristics for tropical fruits having antifungal activity
against a phytopathogen A. alternata.

The ability to maintain viability and adhere to is a determinant
factor in many recommendations regarding probiotics (Zhang
et al.,, 2022). The intestinal bile salts and the acidic environments
of the stomach have been identified as the primary challenges to the
survival of LAB within the GI tract (Hsu et al., 2018). The growth
of MYSVA7 and MYSVBI was not affected under conditions of
salt up to 7% and temperature ranging from 4 to 45°C. Despite a
minor growth delay at higher mesophilic temperatures (T = 45°C),
the notable tolerance and adaptability exhibited by these two
strains strongly support their capability for both high- and low-
temperature fermentation. Moreover, under the condition of pH 2
to 6, and in the presence of bile (up to 0.6%) the growth was not
affected. At pH 4-6, the pH of the fermentation broth decreased in
pH value rapidly. It is widely documented that LAB can decrease
the pH by the production of organic acids (Hsu et al., 2018). It is
important to note that these strains displayed resilience within a
broad pH range, from pH 2 to 6, and even in the presence of bile
concentrations up to 0.6% bile. The differing levels of survivability
in acidic conditions can likely be attributed to species- or strain-
specific mechanisms of acid tolerance potentially involving specific
bacterial proteins that confer resistance (Nami et al., 2019).

One of the hallmark characteristics of LABs is the ability
for auto aggregation that allows the microorganisms of the same
species to form cohesive groups, often binding to the intestinal
mucosa (Lukic et al,, 2014) or co-aggregation with other strains
enabling interactions, potentially with pathogens serving as a
host defense against infections (Goh and Klaenhammer, 2010).
The strains in this study displayed varying degrees of auto-
aggregation. However, with high tolerance to GI conditions and
aggregation ability, the isolates could significantly contribute to
intestinal health. Several studies have highlighted certain probiotic
strains can potentially combat intestinal pathogens effectively
(Kumar et al., 2010; Campana et al., 2017; Mirzaei et al., 2018).
Considering growing concerns surrounding antibiotic resistance,
the antimicrobial capabilities against pathogenic bacteria have
gained significant attention (Lee et al., 2013). Within the isolates,
the strains exhibited robust antibacterial activity. Notably, the CFS
exerted the same efficacy of viable cells in inhibiting the pathogenic
bacteria suggesting the production and release of antimicrobial
substances. Moreover, the CFS could inhibit both Gram-positive
and Gram-negative pathogens. LABs are known for their health-
promoting attributes, beyond their antibacterial activity, which
encompasses antiviral and potential anticancer properties (Drider
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etal, 2016; Kaur et al,, 2017). While this study did not explore these
specific aspects, it is an intriguing avenue for future research, where
LAB’s broader therapeutic potential in the context of viral infections
and cancer could be studied.

Despite the long history of safe usage of LAB as food-grade
microorganisms, it remains essential to consider and assess the
potential virulence-associated factors (Li et al., 2020). In this study,
none of the isolated strains exhibited erythrocyte lysis confirming
the safety aspect but does not confirm the absence of virulence
factors. The strains were also susceptible to common antibiotics.
Notably, both strains were resistant to vancomycin antibiotics.
Vancomycin resistance within the genus Lactiplantibacillus is
typically classified as intrinsic, primarily due to the peptidoglycan
structure of the bacterial cell wall. Similar reports of probiotics from
dietary supplements and dairy products also exhibited resistance to
vancomycin, kanamycin, and gentamycin (Li et al., 2020). Overall,
the isolates were deemed safe as potential probiotics. Following
the antibacterial activity, the strains Lpb. plantarum MYSVA7 and
MYSVBI consistently demonstrated the most significant antifungal
activity in both solid and liquid substrate-based models. It is worth
noting that many species within the genus have been previously
documented to exhibit antifungal properties in dairy products,
silage fermentation, etc. (Li et al, 2020). Strains belonging to
L. plantarum have shown inhibition against Fusarium, Penicillium,
and Aspergillus, among others (Wang et al., 2012; Deepthi et al,,
2016; Adithi et al., 2022). In this study, it's worth noting that despite
both strains belonging to Lpb. plantarum species, the antifungal
activity displayed strain-specific variations. Specifically, MYSVB1
showed robust inhibition against A. alternata. This variance in
antifungal efficacy observed in previous research was attributed
to the strains’ potential to produce antifungal molecules, which
might be limited by their ability to attain higher population levels
(Leyva Salas et al,, 2017). However, both strains displayed an
optimal growing temperature between 30-37°C with comparable
generation time (0.8-1 generation per h). These differences were
consistent when crude CFS was used instead of viable cells. For
instance, 5% CFS derived from strain MYSVBI1 was sufficient
to inhibit the fungal growth by 70% while it required ~8-10%
CFS from MYSVA7 to inhibit fungal growth by 70%. viz., strain
MYSVBI was more potent by at least a factor of two than MYSVA7
in inhibiting the growth of A. alternata. Further, the inhibitory
effects on spore germination were also confirmed. Previous
research has consistently shown that the antimicrobial compounds
present in CFS produced by LAB tend to specifically target the cell
membranes of pathogenic microorganisms. This interaction results
in a range of effects, including changes in cellular morphology, and
disruption of surface structures on conidia, ultimately damaging
the cell membranes (Xu et al,, 2019). The modulation of cell
membrane permeability stands out as a fundamental antimicrobial
mechanism employed by LAB. Zhao et al. (2022) suggested that
intracellular substance leakage resulting from peroxidation damage
to hyphae is a major mechanism of action. Although this is well-
documented in different Lactiplantibacillus strains (He et al., 2020),
the changes in the conidial morphology due to cells or its CFS
were not observed in this study, but rather complete inhibition
was observed.

The CFS of MYSVB1 demonstrated excellent thermostability,
and stability in an acidic environment but poor enzymatic
stability (Supplementary Figure 4). The antimicrobial properties
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exhibited by the CFS tend to remain across a wide range of
temperatures. This is primarily attributed to the low molecular
weight antimicrobial compounds (Girma and Aemiro, 2021). In
addition to this, the loss of antifungal activity after protease
treatment suggests the presence of proteinaceous substances
in CFS. The present investigation confirmed succinic acid as
the predominant antifungal molecule synthesized by MYSVBI.
Notably, its accumulation was found to reach higher concentrations
than MIC for bacteria at 320 pg/mL (Kumar et al, 2018) to
inhibit the A. alternata spore growth effectively. Under anaerobic
conditions, succinic acid and lactic acid serve as the primary
fermentation products. Among the three possible routes for
succinic acid production, the conversion of malic acid into succinic
acid, facilitated by succinate dehydrogenase, is the most favorable
reaction (Wang et al., 2021). Besides, lactic acid and malic acid
are the second most abundant organic acids produced by the
MYSVBI strain. The generation of lactic acid may arise from the
decarboxylation of malic acid through malolactic enzyme activity
or the reduction of pyruvate by lactate dehydrogenase (Wang et al.,
2021). Markedly, the absence of acetic acid and the presence of
pyruvic acid suggest succinic acid production via the malic acid
pathway. This insight adds depth to our understanding of the
metabolic processes involved. However, further experiments are
needed to confirm the actual pathway. When succinic acid was
evaluated independently, the inhibitory concentration for succinic
acid was determined to be approximately 1.9 mg/mL, which is twice
the concentration identified in CFS. Nevertheless, when combined
with a higher concentration of lactic acid, the inhibitory effect
was observed to increase. Consequently, it can be concluded that
succinic acid, at the observed concentration alone, only contributes
partially to the antifungal activity. Succinic acid has already been
described for its ability to cause loss of viability and cell destruction
as a weak acid (Orij et al, 2012). The enhanced inhibition
observed in combination with lactic acids suggests that a synergistic
interaction among organic acid compounds providing a more
comprehensive explanation for the observed activity. Moreover, the
observed poor efficacy at both alkaline and neutral pH may be due
to the dissociation of organic acids. Therefore, when contemplating
the application in CFS, it is important to account for acid-base
conditions of the food matrix. Nevertheless, CFS demonstrated
robust stability and can be safely stored for extended durations,
ranging up to 10 months, within a temperature range spanning
from 4 to 35°C.

It is important to acknowledge that the observed antifungal
activity is attributed to organic acids, specifically succinic acid. It is
also suggested that the compound may also contain proteinaceous
molecules. However, at this point, the proteinaceous content in the
CFS could not be confirmed. For a comprehensive understanding
of the applicability of Lpb. plantarum strain MYSVBLI or its CFS,
it is essential to conduct further studies aimed at elucidating the
antimicrobial components, factors influencing their stability, and
in vivo assays in field conditions.

5 Practical implications

Alternaria disease has been a global problem since its first
report of leaf blotch in apple trees in 1926. The disease is typically
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prevalent in regions with dry, warm weather conditions. But
more recently it has emerged in temperate zones. Alternaria
disease appears during warm weather and heat periods, with
initial symptoms showing up in early summer. As the summer
progresses and temperatures drop, the symptoms worsen, leading
to severe defoliation and the appearance of fruit spots. This results
in 85% defoliation and 80% infested fruits per orchard. Besides,
Alternaria sp. can also cause other diseases like moldy core during
postharvest storage. Therefore, the incidence of Alternaria disease
can occur both during cultivation and post-harvest, leading to
significant economic losses. Hence, effective strategies are necessary
to manage Alternaria-related diseases for sustainable agriculture.
Alternaria disease is traditionally managed by applying chemical
fungicides through spray treatments. Few studies reported success
in controlling the disease in various crops, including Solanum
tuberosum, Capsicum annuum, sunflower, and Jerusalem artichoke
(Viriyasuthee et al., 2019). However, due to evolving agricultural
policies, aiming to reduce pesticide use by up to 50% by 2030
and the adverse effects of such fungicides, there is a need for
innovative strategies. The use of resistant genotypes and biocontrol
methods involving Trichoderma sp., however, have proven effective
in peanuts, sunflower, chili, and aloe vera (Viriyasuthee et al., 2019)
but not widely studied.

Using LABs as antifungal agents for crop protection is a
promising prospect. LABs are naturally occurring microorganisms
that have been found to offer a range of health benefits to
humans, such as improving digestive health and boosting the
immune system. As a probiotic, LABs can support the growth
of beneficial bacteria in the gut, leading to improved overall
health and wellbeing. By leveraging the natural properties of
LABs, it is possible to protect the crops against harmful fungi
while simultaneously promoting sustainable agricultural practices.
The diverse population of LAB found in fruits can be a
valuable resource for producing various probiotic products. The
two novel LAB strains, isolated from Tinospora cordifolia and
Ficus benghalensis: Lpb. plantarum MYSVA7 and Lpb. plantarum
MYSVBI, respectively, offers an alternative solution against
A. alternata. Lpb. plantarum MYSVB1 and its CFS showed
imbibition of both mycelial growth and conidial germination.
Moreover, it demonstrated in-vitro probiotic attributes, suggesting
its potential as a probiotic strain. To ensure their suitability
for industrial processing and storage, LAB strains, including
the novel Lpb. plantarum MYSVBI must undergo essential
technological assessments. Further research should be focused on
understanding their mechanisms of action and assessing their
antifungal properties against other Alternaria sp. including the
human pathogenic strains. In addition, it is important to study the
in vivo efficacy of LAB as a probiotic and in-planta experiment of
CES as a biocontrol agent. This exploration has the potential to
promote sustainable agricultural practices while capitalizing on the
probiotic advantages offered by LABs.

6 Conclusion

A total of fifty-five LAB strains were isolated from seven
different tropical fruits. Among these, seven isolates showed
inhibition to A. alternata. Two strains, Lactiplantibacillus
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plantarum MYSVA7, and Lpb. plantarum MYSVBI, showed
promise as probiotics isolated from Tinospora cordifolia and Ficus
benghalensis fruits, respectively. These strains demonstrated robust
probiotic characteristics, including resistance to acidic pH (pH 4-
6), 0.3% bile salt, 0.6% phenol and osmolarity (3-7% salt), as well
as antibacterial activities against selected pathogens. Notably, these
strains exhibited antifungal activity against Alternaria alternata,
with strain MYSVBI1 showing stable inhibition. The crude cell-free
supernatant (CFS) from MYSVBI1 exhibited superior inhibition,
achieving a 70% growth reduction of A. alternata at 5%, and > 95%
at 10% CFS. Additionally, the CFS also suppressed the germination
of conidia. The specificity of MYSVBI in inhibiting A. alternata
suggested the involvement of a combination of several organic acids
and proteinaceous substances. Succinic acid was the predominant
organic acid present in CFS at 63%. yet it partly contributed to
the inhibition. Further studies are needed to identify the antifungal
molecule in CFS and test its efficacy in-planta experiments. This
study contributes to the knowledge of LAB diversity in tropical
fruits and their potential applications in probiotics and biocontrol
against fungal phytopathogens.
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Amino acid depletion therapy is a promising approach for cancer treatment.
It exploits the differences in the metabolic processes between healthy and
cancerous cells. Certain microbial enzymes induce cancer cell apoptosis by
removing essential amino acids. L-asparaginase is an enzyme approved by the
FDA for the treatment of acute lymphoblastic leukemia. The enzymes currently
employed in clinics come from two different sources: Escherichia coli and
Erwinia chrysanthemi. Nevertheless, the search for improved enzymes and
other sources continues because of several factors, including immunogenicity,
in vivo instability, and protease degradation. Before determining whether
L-asparaginase is clinically useful, research should consider the Michaelis
constant, turnover number, and maximal velocity. The identification of
L-asparaginase from microbial sources has been the subject of various studies.
The primary goals of this review are to explore the most current approaches used
in the search for therapeutically useful L-asparaginases and to establish whether
these investigations identified the crucial characteristics of L-asparaginases
before declaring their therapeutic potential.

KEYWORDS

acute lympho blastic leukemia, cancer, kinetic properties, L-asparaginase, Michaelis
constant

Introduction

Amino acid deprivation is an approach that shows promise for the development of novel
cancer therapies. This natural remedy relies on the difference in metabolic processes between
healthy and cancerous cells (Dhankhar et al., 2020). Because of their rapid growth, cancer cells
produce fewer enzymes overall, which leads to auxotrophy for a subset of amino acids and
makes them a target for enzymes that deplete amino acids. Therapeutic enzymes can only
suppress tumor cells by cutting off amino acids, since normal cells can make their own. Amino
acid deprivation therapy requires the use of certain enzymes, such as L-asparaginase, arginine
deiminase, methionine, lysine oxidase, glutaminase, and phenylalanine ammonia-lyase
(Dhankhar et al., 2020). L-asparaginases were first discovered as anticancer enzymes in 1922
(El-fakharany et al., 2020). The 22nd World Health Organization List of Essential Medicines
now includes L-asparaginase as a cytotoxic therapy for acute lymphoblastic leukemia
(WHO, 2021).

Leukemia is usually a cancer that causes an overabundance of aberrant white blood cells
(blasts) in the bone marrow. Lymphoblastic leukemia affects lymphocytes that make up the
lymph tissues 4. Acute lymphoblastic leukemia (ALL) is characterized by unchecked
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lymphocyte immature growth. L-asparaginase is one of the most
widely used medications for treating ALL (Diaz-Barriga et al., 2021).

Antineoplastic drug successfully treated acute lymphoblastic
leukemia (Radadiya et al., 2020; Sobat et al., 2020). L-asparaginase
converts L-asparagine into aspartic acid and ammonia. When
administered systemically, L-asparaginase (L-ASNase) reduces the
availability of L-asparagine and prevents cancer cells from multiplying
quickly and with a prime need for exogenous asparagine (van
Trimpont et al., 2022). Lymphoblasts do not express asparagine
synthetase (ASNS); hence, these cells must take extracellular
asparagine to survive.

The L-asparaginases from Escherichia coli and Erwinia
chrysanthemi have been used extensively in medicine, but growing
complications like hypersensitivity, antigenicity, short half-life,
temporary blood clearance, and unfavorable L-glutaminase-
dependent neurotoxicity require ongoing research to find more
suitable alternatives (Nguyen et al., 2018; Radadiya et al., 2020; Sobat
et al,, 2020). Problems with commercial L-ASNases have prompted
research into better sources of the enzyme. This article summarizes
the bacterial that are
medically significant.

and fungal based L-asparaginases

L-asparaginases in the modern clinics

Today’s clinics use five distinct L-ASNase preparations (van
Trimpont et al, 2022). The two ansB gene products from
E. chrysanthemi are in the market under the trade names Erwinase
and Rylaze. The ansB gene from E. coli was the source of the remaining
three. Two of the three type II E. coli ASNases are stabilized
formulations produced by the covalent conjugation of monomethoxy
polyethylene glycol (PEG) to lysine on the enzyme via a succinimidyl
succinate linker (Oncaspar) or succinimidyl carbonate linker
(Asparlas). One of the three type II E. coli ASNases is a native
formulation (Elspar and Kidrol). The addition of a PEG tag to
L-ASNases prolongs their half-life and delays their removal from the
body (van Trimpont et al., 2022).

The primary treatment for most ALL patients is PEG-native E. coli
L-ASNase (EcA); experience
hypersensitivity reactions. This hypersensitivity may result from either

unfortunately, many patients
a negative immunological response to the enzyme or the formation of
neutralizing antibodies (often known as silent inactivation; Modi and
Gervais, 2022). Native E. chrysanthemi L-ASNase (ErA) differs
immunologically from PEG-native EcA and does not react with
PEG-nEcA-derived antibodies. Therefore, patients who acquired an
allergy to PEG-native EcA were administered native ErA (or, starting
in July 2021, recombinant ErA) as second-line treatment (Modi and
Gervais, 2022).

L-asparaginases important in clinics

Type-I L-asparaginase, which has a low affinity for asparagine, is
encoded by ansA in E. coli, whereas type-II L-asparaginase, which has
a higher affinity for asparagine, is encoded by ansB. Acute
lymphoblastic leukemia treatment employs type-II enzymes (Vimal
and Kumar, 2017). The activity of an enzyme is often determined by
adding a substrate to L-asparaginase and quantifying the amount of
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the output produced. While this measurement is a useful indicator for
comparing activity between multiple enzymes within the same study,
it is not always possible to compare this type of measurement to those
from other studies. It is challenging to compare results from different
research organizations because experiment-to-experiment variations
in temperature, pH, and substrate quantity exist. In order to truly
understand the therapeutic potential of a novel L-asparaginase, the
kinetic parameters offer better insights (Beckett and Gervais, 2019).

The kinetic parameters provide insight into substrate affinity
and turnover, which are wunconditional values that can
be consistently compared between study groups, and are essential
for fully appreciating the therapeutic potential of a novel
L-asparaginase. Before making claims regarding the therapeutic
potential of a novel enzyme, Beckett and Gervais (2019) state that,
at the very least, Michaelis constant (K,,), turnover number (K,),
and maximum velocity (V,,,,) should be established. However, many
of the articles published in recent years lack this information
(Abdelrazek et al., 2019; Kumar et al., 2019; Moguel et al., 2020;
Prakash et al., 2020; Chakraborty and Shivakumar, 2021). In this
review, few L-asparaginases from bacterial and fungal origin are
reviewed, along with their corresponding kinetic properties and
other characteristics.

Michaelis constant (K,, value)

One
L-asparaginases is the K, value. Michaelis constant (K,,) is the amount

requirement for the therapeutic effectiveness of
of a substrate at which the reaction rate is half of the maximum
reaction rate. A lower K, value shows that the enzyme is more active
toward that substrate and can perform at half its maximum rate at
lower substrate concentrations (Baral et al., 2020). For L-asparagine
to completely disappear from circulation, a micromolar K, is needed.

The K,, value is a quantifiable measure of the enzyme’s affinity for
a substrate; the lower the K,, value, the greater the affinity of the
enzyme for that substrate, and, in a therapeutic setting, the more
effective the enzyme (Beckett and Gervais, 2019; Baral et al., 2020).
Because intravenous L-asparaginase must be able to remove
circulating pools of L-asparagine, which are not high (approximately
50M), alow K, (at least micromolar) of L-asparaginase is necessary
(Loch and Jaskolski, 2021).

Turnover number (K )

Turnover number, often known as K, is another helpful indicator
for assessing enzyme activity. It provides the number of substrates that
a single enzyme molecule converts into a product per unit of time
(Baral et al., 2020). The substrate fully occupied the catalytic sites of
the enzyme at the maximum reaction speed (Vy,). Vinay is the amount
of substrate that an enzyme can convert into a product in a second.
The turnover number (K, is therefore the V,,,,, divided by the enzyme
concentration. The rate of transforming substrates into products
increases as K, increases. A good therapeutic L-asparaginase must
have a low K,, value and a high K, value to lower endogenous
asparagine levels from 40 to 80M to 0.02M (Beckett and Gervais,
2019). Oncaspar and Erwinase, the two L-asparaginases that are
currently on the market, have asparagine K,, and K, values of roughly
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0.05mM and 200-560s7", respectively (Beckett and Gervais, 2019;
Baral et al., 2020).

Glutaminase coactivity

The literature contains conflicting information regarding the
secondary glutaminase activity of L-ASNases. From the FDA (United
States)-approved E. chrysanthemi L-asparaginase, Nguyen et al. (2018)
created a novel low glutaminase enzyme that was highly effective
against T and B cell ALL (Nguyen et al., 2018). However, Chan et al.
(2019) examined both the wild-type ASNase and its glutaminase-
deficient mutant. They discovered that L- ASNase glutaminase activity,
rather than ASNase activity alone, contributed to substantial
anticancer efficacy against xenografts of the ASNS-negative leukemia
cell line in NSG mice (Chan et al., 2019). This finding implies that,
even against ASNS-negative cancer types, long-lasting, single-agent
anticancer efficacy in vivo requires ASNase glutaminase activity.
Horvath et al. (2019) investigated the pharmacodynamics of ASNase
in a mouse model of cancer. They showed that asparagine was detected
after L- ASNase treatment, in contrast to previously published methods
that produced post-ASNase asparagine levels below the detection
threshold (Horvath et al., 2019). They ascribed these differences to the
use of whole blood, which collects the target analyte in both the red
blood cell and plasma, as opposed to only serum or plasma.

A different study by Nguyen et al. (2017) suggested that a single-
point mutation controls the substrate selection of L-asparaginases. They
claimed that whereas the L-glutaminase activities of Wolinella
succinogenes L-asparaginase (WoA) with proline at position 121 (WoA-
P121) and WoA with serine at position 121 (WoA-S121) were noticeably
different, their kinetic characteristics were identical. L-glutaminase
activity is present in the WoA variant with a proline at position 121 but
not in WoA-S121 (Nguyen et al., 2017). Nguyen et al. (2017) concluded
that the residue at position 121 controls Asn vs. Gln selectivity via a
mechanism other than substrate binding, which calls for further research.

Toxicity

L-asparaginase’s toxicity is caused by either a secondary
L-glutaminase activity or a hypersensitivity to the foreign protein
(Baral et al.,, 2020; Fonseca et al., 2021; van Trimpont et al., 2022).
When the body perceives an enzyme as foreign, it triggers an
immunological reaction that results in a minor allergic reaction to
anaphylactic shock (Baral et al., 2020). Glutaminase coactivity results
in the hydroxylation of glutamine to glutamate and ammonia.
Excessive ammonia generation may cause neurotoxicity and liver
malfunction (van Trimpont et al., 2022). Ashok et al. (2019) eliminated
toxicity caused by E. coli and E. chrysanthemi L- ASNases by purifying
the urease (Ashok et al., 2019). Urease catalyzes the hydrolysis of urea,
which results in the production of ammonia and carbon dioxide. As a
result, ammonia is excreted from the bloodstream as urea is converted
back to ammonia, resulting in hyperammonemia, a condition that
damages the brain (Ashok et al., 2019). Chakraborty and Shivakumar
(2021) also described a glutaminase and urease-free L-asparaginase
from Agaricomycete sp. Ganoderma australe GPC191 (Chakraborty
and Shivakumar, 2021). The urease activity of L-ASNases was not,
however, reported in many of the studies.
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The need for exogenous sources of
L-asparaginases

Humans possess a type III L-asparaginase that needs a threonine
residue at the N-terminus to catalyze reactions. Unfortunately, because
of its millimolar K,, value for L-asparagine, natural human
L-asparaginase is not suitable for therapeutic uses. L-asparaginases
must have a micromolar K,,, for asparagine in order to remove it from
the blood (Rigouin et al, 2017). To get rid of the circulating
L-asparagine in ALL patients, type II L-asparaginases from E. coli or
E. chrysanthemi are utilized (Radadiya et al., 2020; Andrade et al,,
2021). Wild type II L-asparaginases exhibit high selectivity for
L-asparagine and low glutaminase side activity (2%-10%).

Kinetic parameters of microbial
L-asparaginases in recent studies

L-asparaginase is a therapeutic enzyme used to treat cancer. The
major obstacles to the therapeutic potential of this enzyme are
immunogenicity, short plasma half-life, and glutaminase activity
(Vidya et al., 2017). Several research and development projects are
underway to address these problems. To identify a novel therapeutic
L-asparaginase, studies must consider V., K., and K values
comparable to or superior to those of current therapeutic therapies
(Beckett and Gervais, 2019). Plants, animals, and microbes naturally
produce L-asparaginases. Compared to plant and animal sources,
microbes are more cost-effective and easier to modify, optimize,
extract, and purify for enzyme synthesis (Fazeli et al, 2021). In
addition, genetically altering microbes to boost yields is simple
(Costa-Silva et al., 2019). Because bacterial and fungal L-asparaginases
are thought to be important in both medicine and industry, this
review focuses on their kinetic properties.

Kinetic parameters of bacterial
L-asparaginases

Although other bacterial species can produce L-asparaginases,
only type-II L-asparaginases from E. coli and E. chrysanthemi have
been produced on an industrial scale (Vimal and Kumar, 2017). There
are two forms of bacterial L-asparaginases: intracellularly produced
type I, or cytosolic, and extracellularly created type I, or periplasmic
(El-fakharany et al., 2020). Most bacteria produce type I, or cytosolic,
L-asparaginases within their cells, but a few secrets type II, or
periplasmic, L-asparaginases outside. Since gram-positive bacteria do
not have a periplasmic gap, they secrete much more enzymes into the
environment than gram-negative bacteria (Vimal and Kumar, 2017).

The production of extracellularly secreted enzymes is more
beneficial for industrial processes because these can be made in large
quantities in a culture of ideal conditions, and it takes less money and
effort to purify them (Vimal and Kumar, 2017; El-fakharany et al.,
2020). As a result, it would be more profitable to test for extracellular
enzymes in gram-positive bacteria. The type II bacterial
L-asparaginases are the focus of this review since they are crucial for
clinical outcomes. Table 1 shows bacterial strains that produce
L-ASNase, along with their characteristics. The review includes studies
from 2017 to present and reported the kinetic property of L-ASNases.
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According to the data in Table 1, Bacillus velezensis, Streptomyces
brollosae NEAE-115, and Bacillus halotolerans OHEM18 have low K,
values as compared to commercial L-ASNases, signifying that they
might be potential candidates. L-ASNase from Bacillus halotolerans
OHEM.18 also showed an antioxidant activity against 2, 2"-azino-bis
[3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and 2, 2’-diphenyl-1-
picrylhydrazyl (DPPH) radicals (Table 1)].

Kinetic parameters of fungi-derived
L-asparaginases

Bacterial sources of L-asparaginase have been linked to a variety
of immunological reactions, including hypersensitivity, irregular
clotting, and allergic reactions. To reduce these immunological issues,
a different supply is required. Fungi have evolved more closely with
humans than bacteria, so it is likely that the enzymes they produce will
have lower immunogenicity than bacteria (Ashok et al., 2019; Costa-
Silva et al., 2019).

It has been claimed that a different source of L-asparaginases with
fewer negative effects comes from fungi. Fungal species can
be employed more successfully than other microbes to cure cancer
because of their eukaryotic origin and their ability to reproduce the
actions of human cells (Ashok et al, 2019). There may be fewer
negative effects because yeast ASNase is more similar to human
congeners (Karla et al., 2020). A variety of yeast genera, including
Candida, Pichia, Rhodosporidium, Saccharomyces, and Yarrowia, have
been reported to generate ASNase (Karla et al., 2020). Owing to
appropriate post-translational protein modification and glycosylation,
yeasts are good eukaryotic candidates for the production of
asparaginase (Darvishi et al., 2018). The kinetic characteristics of

10.3389/fmicb.2024.1269282

L-asparaginases from fungi, as reported in recent literature, are shown
in Table 2. According to Table 2, Aspergillus terreus, a marine sediment
isolate, had a significantly high K,, compared to E. coli and
E. chrysanthemi. Due to its kinetic characteristics, K,=9.37M,
Vinax =127 M/ML/min, and specific activity of 468.03 U/mg, the plant
parasitic fungus Lasiodiplodia theobromae appears to be a suitable
candidate for L-ASNase synthesis (Table 3).

The search for L-asparaginase is still
ongoing

The E. chrysanthemi (ErAll) enzyme is only utilized when there
are immunological reactions to E. coli-derived ASNases, and E. coli
(EcAII) type II ASNase, whether in its native or PEGylated form, is
currently the medication of choice. However, these L-ASNases have a
high degree of in vivo instability, a short half-life, and require many
administrations to be therapeutically effective (Maggi et al., 2017).
Additionally, the immunological response, proteolytic degradation,
and toxic side effects of type II bacterial L-ASNases limit their clinical
usage (Radadiya et al., 2020). Numerous trials have been conducted
worldwide in an attempt to reduce these problems.

Different strategies have been used to produce L-asparaginases
with the best qualities for medicinal use. Recombinant ASNase
synthesis, enzyme encapsulation, structural alteration of the enzyme,
and the hunt for new ASNase-producing microbes are some of these
methods (Sobat et al., 2020; Belén et al., 2021; Diaz-Barriga et al.,
2021). L-asparaginase is found throughout all spheres of life; thus, a
variety of sources, including bacteria, fungi, plants, and mammals,
have been screened to identify enzymes with superior characteristics
(Sobat et al., 2020).

TABLE 1 Kinetic parameters and other features of bacterial type-1l L-asparaginase.

Spec.

Half-life

Bacterial e Other
: Vimax fOr Asn activity U or .
species =1 o properties
mg stability

Bacillus 9.09 x 102 M 0.09 Ms™! 800 Opt. 37°C Glutaminase free Soil Leukemia Prakash et al.
altitudinis (2019)
Bacillus 3.6x10° M 41.49 pmol mL™" min~! 31.77 Opt. 37°C Glutaminase free Marine Breast cancer | Mostafa et al.
velezensis sediments (2019)
Bacillus 0.049995M 45.45 pmol mL™" min~" 36.08 Stable at 70°C | Glutaminase free Water Red Breast, colon | Alrumman
licheniformis for 1h Stabile at 70°C for sea HepG2 live etal. (2019)

1h
Streptomyces 2.139x107° M 152.6 UmL™ min™! 76.671 65.02minat | Glutaminase free Soil Ehrlich El-naggar
brollosae 50°C extracellular Ascites etal. (2018)
NEAE-115 Reduced Carcinoma

immunogenicity
Bacillus 0.0047M 92.74Uml™" min™! 215.33 70% activity | Extracellular Soil Leukemia, El-fakharany
halotolerans for 1h at antioxidant against breast, et al. (2020)
OHEM18 50°C DPPH* and hepatoma

ABTS** radicals cells
Streptomyces 0.065mM 20.801U mI™* 390IUmg™" Stable till Thermostable at Soil Not reported | Desai and
sp. 50°C 50°C Hungund

(2018)

*DPPH, 2, 2 diphenyl-1-picrylhydrazyl. **ABTS, 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid).
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TABLE 2 The table lists recent studies that include recombinant microbial L-asparaginases and their accompanying characteristics.

Original

. r
microbe Source

Half-life or
stability

Other
properties

Bacillus sp. Salt lake ansAl E. coli BL21 10.30pM Not reported K, Stable at —20°C —Glutaminase Safary et al.
SL-1 23.96s7! for 1year pH range 4.5-10 (2019)
Cobetia Mangrove CobAsnase AMI6 E. coli 2.05mM 11,641 pM min™" mg™' 68.26% activity No detectable Farahat et al.
amphilecti (shore line gene after 60 min at glutamine (2020)
AMI6 plant) 50°C activity
sediments
Melioribacter Oil L-ASNase-MrAIIl E. coli 1.4mM 5,573 pM min™" 70% activity after | +Glutaminase Dumina
roseus exploration Plant type BL21(DE3) 1hat 40°C (19%) etal. (2021a)
well—Russia

Thermococcus | Thermophilic | TK2246 gene* E. coli 3.1mM 833pmol mg™' min™' Thermostable Chohan et al.
kodakarensis archaea BL21(DE3) —80°C, (2020)

Negligible

glutaminase
Pyrococcus NCBI L-ASNase gene E. coli 1.623mM 105 pmol min™" mg™' 98.3% activity Glutaminase free | Saced etal.
furiosus CP003685.1 Uniprot Q8U4E6 BL21(DE3) after 1h at 37°C Urease free (2020)

Shelf-

life—56 days at

4°C
Bacillus Culture from Asn-R5 gene E. coli. 24mM 265pmol min™' mg, 180 min at 35°C low glutaminase | Chohan and
subtilis strain Osaka activities, Rashid
R5 thermal stability (2018)
Pseudomonas Culture ANS gene E. coli BL21 0.050 M 4.032mol min™! 40h Minimal Sindhu and
fluorescens collection (DE3) Glutaminase Manonmani
MTCC 8127 activity (2017)
Lactobacillus Culture ansB gene E. coli 0.01235mM | 1.576 mM/min serum -44h Active from 10to | Aishwarya
casei subsp. collection trypsin—15min 80°C etal. (2019)
casei ATCC
393
Bacillus Gene bank ansA E. coli BL21 0.04mM 10.21 pmolmL™" min™' | Trypsin-120min  Cervical cancer Shakambari
tequilensis KR261609 (DE3) stable for 25days | et al. (2018)
PVOW at 25°C, least

immunogenicity
Halomonas Culture L-ASNase gene E. coli BL21 5.6mM 2.2 pmol min~!, K, Serum-90 min L-glutaminase Ghasemi
elongata collection Iran (DE3) 1.96x10%s7! activity-1% etal. (2017)
Lactobacillus Culture ORF LREU_ E. coli 0.3332mM | 14.06mMmin™! human leukemic cell Aishwarya
reuteri DSM collection RS09880 BL21(DE3) serum-44h lines etal. (2017)
20016 trypsin—15min
Bacillus Soil L-ASNase gene E. coli 2.004mM 3,723 pmol min™" Retain 92% No urease Aly et al.
sonorensis BL21(DE3) activity at 37°C activity (2020)
Pyrobaculum NCBI Pcal_0970 gene E. coli BL21- 4.5mmol/L 355pmol min™' mg™! 150 min at 100°C Undetectable Chohan et al.
calidifontis- CP000561.1 CodonPlus Glutaminase (2018)
Archaea (DE3)-RIL activity
Thermococcus | Oil reservoir tsA_wt Gene bank | E. coli BL21 2.8mM 1,200 pM min™" 86% activity after | Low glutaminase = Dumina
sibiricus Serbia WP_015849943.1 (DE3) 20min at 90°C activity etal. (2021b)

Finding new L-asparaginases from
new sources

Extreme conditions, such as salinity or high temperature, which
cause the inactivation of enzymes isolated from terrestrial
microorganisms, are widely used to produce enzymatic operations on
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an industrial scale. The marine environment attracts special interest
in the search for new sources for economically significant products
due to its extraordinary diversity and harsh circumstances (Alrumman
etal., 2019; Mostafa et al., 2019; Sharma et al., 2019; Sobat et al., 2020;
Bhargavi and Madhuri, 2021). Bacteria that are halotolerant or
halophilic often express and synthesize enzymes that can withstand
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TABLE 3 Features of fungal L-asparaginases in current research articles

10.3389/fmicb.2024.1269282

Fungal/yeast Spec. Half-life or Other
species activity stability properties
Lasiodiplodia 9.37 uM 127.00 pM 468.03 U/mg Stable at 37 °C for Extracellular Culture Moubasher et al.
theobromae mL'min’ 4h collection-Egypt (2022)
A.oryzae CCT 3940 2.10 mM 358 UmL™! Note reported Stable after 60 min | Glutaminase free Culture Dias et al. (2019)

at 50°C collections
A.oryzae LBA 01 5.07 mM 57.14 U mL™ Note reported Only 60% after Glutaminase free (Brazil)

60 min at 50 °C
A. niger LBA 02 1.41 mM 39.22UmL™! Note reported stable after 60 min | Low Glutaminase

at 50°C activity
Aspergillus terreus 31.5mM 500U mL™" 268.5U Mg™ 2826.90 min at Glutaminase activity Marine Hassan et al.

50°C absent environment (2018)
Sarocladium 9.74 mM 8.19 pmol min~! Note reported Note reported Glutaminase free Soil Golbabaie et al.
strictum (yeast) Mostly extracellular (2020)
Fusarium equiseti Not reported Not reported 488.1 Umg™ 100% activity for I | Antioxidant—DPPH* Soil El-Gendy et al.
AHMF4 h from 20°C to anti-proliferative— (2021)

40°C cervical, hepatocellular,

colorectal, breast
A. oryzae IOC 3999 3.28 mMol L™! 45.04 U mL™* 742.22 Umg™' K, | Stableat 50°C for 1 | Not reported Culture Da Cunbha et al.
0.93s7! h collection- (2021)
FioCruz

Sarocladium 0.025 mM 0.30 pmol 919 Stable in human Not reported Marine water Bhargavi and
kiliense ml'min! serum for48 h Madhuri (2021)

*DPPH, 2, 2 diphenyl-1-picrylhydrazyl.

extreme conditions, such as high temperatures, high salt
concentrations, the presence of organic solvents, pH, and
non-physiological values (Dumina et al., 2020; El-fakharany et al,,
2020). Given that these enzymes are naturally exposed to large levels
of osmolytes, such as NaCl or other suitable solutes, it would make
sense to anticipate enhanced biological activity and/or osmolarity
tolerance in physiological circumstances of blood serum (Ghasemi
etal., 2017).

A new L-asparaginase from the hyperthermophilic archacon
Thermococcus sibiricus has been described by Dumina et al. (2021a).
They cloned the L-ASNase gene of Thermococcus sibiricus into E. coli
and studied its kinetics. The findings indicated a good contender, with
K, and V,, for the enzyme being 2.8mM and 1,200 M/min,
respectively (Dumina et al., 2021b). El-fakharany et al. (2020)
discovered Bacillus halotolerans OHEM18, which can produce
L-ASNases with K,,=0.0047 M and V,,,,=92.74 2. This strain makes
an essential extracellular L-ASNase, which is crucial for industry. In
addition, Chakravarty et al. (2021) found Bacillus australimaris
NJB19 in oceanic sediments and cloned the ASNase genes into E. coli
to produce enzyme (Chakravarty et al., 2021). They discovered that
the enzyme was effective against leukemic cells and had high affinity
for asparagine. Tables 2, 3 show the results of several other
investigations into the search for novel L-ASNases.

Reduced or absent co-activity in
L-ASNase variants

The glutaminase co-activity of L-ASNase therapy has been
implicated in the majority of its non-immune-related severe side
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effects. Thus, a decrease in glutaminase coactivity might significantly
enhance the toxicity profile of L-ASNase. Alrumman et al. (2019)
isolated Bacillus licheniformis from the Red Sea, which produces a
glutaminase-free ASNase and may be a future candidate for
pharmaceutical use as an anticancer medication 34. Ashok et al.
(2019) screened fungal species from Antarctic soil and moss that
generate L-asparaginase devoid of glutaminase and urease (Ashok
et al., 2019). Glutaminase-free L-ASNase has been tested in numerous
investigations from various sources (El-naggar et al., 2018; Ashok
et al., 2019; Mostafa et al., 2019; Safary et al., 2019; Karla et al., 2020;
Prakash et al., 2020; Saeed et al., 2020; Prihanto et al., 2022). Further
studies are necessary because there is still controversy regarding the
coactivity of L-glutaminase asparaginase.

Encapsulation

Encapsulation is a promising and innovative strategy to improve
the in vivo performance of ASNase because it prevents the enzyme
from coming into direct contact with the environment, shields it
from protease degradation, extends the enzyme’s catalytic half-life,
and, in some cases, lowers immunogenicity (Villanueva-flores et al.,
2021; Guimardes et al., 2022). Shakambari et al. (2018) encapsulated
L-ASNase from Bacillus tequilensis PVOW in solid lipid particles
made from palmitic acid (Shakambari et al., 2018). In comparison
to the natural L-asparaginase, the lipid particle-encapsulated
version had increased V,,,, (7.790.34 to 10.211.43), a K,, that was cut
in half (0.0700.01 to 0.040.001), a better half-life (50.19 to
120.56 min), and was stable for 25days when stored at 25°C
(Shakambari et al., 2018).
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Encapsidation in a scaffold or substrate is another highly effective
method to enhance the pharmacodynamics and pharmacokinetics of
ASNase. ASNase II from E. coli was genetically engineered by
Déz-Barriga and colleagues into virus-like proteins of the
bacteriophage P22. According to their findings, the encapsulated
ASNase had a 15-fold and a 2-fold increase in K, and K, compared
to the unbound enzyme (Diaz-Barriga et al., 2021). These virus-like
particles are made up of numerous copies of self-assembling proteins,
but because they lack genetic material, they are unable to spread
diseases. Their self-assembly abilities enable the development of a
nanoparticle that is identical to the original viral capsid, except that it
does not contain genetic material and instead includes an interesting
chemical, in this example L-ASNase (Diaz-Barriga et al., 2021). The
key findings, limitations, and existing knowledge gaps related to
ASNase nano- and micro-encapsulation are well-reviewed in
Villanueva-flores et al. (2021).

Site-directed mutagenesis

Site-directed mutagenesis can be used to generate EcAII variants
with improved characteristics (Maggi et al., 2017). The stability,
immunogenicity, and substrate specificity of L-ASNases can
be significantly enhanced by using this method. According to a study
by Maggi et al. (2017), Asn24 plays a critical role in maintaining EcAII
active sites. For proteases that break down, asn24 serves as a cleavage
point. Maggi et al. created the EcAII N24S variant through site-
directed mutagenesis, which maintains asparaginase and glutaminase
functions while exhibiting long-term storage stability and protease
resistance (Maggi et al., 2017).

Structure-based rational design

Structure-based rational design is a potent protein engineering
strategy to enhance the enzymatic capabilities of ASNases. Using
bioinformatics servers (HotSpot Wizard and EVcoupling), rational
design approach first screens active center residues using structural
analysis, compares sequences, and identifies distal residues, allowing
the construction of smart libraries for performing mutations at
specific sites with less screening work (Zhou et al., 2022). Zhou et al.
(2022) increased the type II ASNase from Bacillus licheniformis’s
catalytic activity by using semi-rational design (Zhou et al., 2022).
According to their findings, the mutant’s K, value was 1.45mM
instead of 2.33 mM, and its K, value was 778.87 min-1 as opposed to
197.95min™" in the wild type. According to Aghaeepoor et al. (2018),
the N248S mutation is linked to an appropriate L-ASNase function,
while disrupting glutaminase activity due to hampered interactions.
They stated that in silico analysis methods would provide useful
information for creating mutant enzymes (Aghaeepoor et al., 2018).
Yari et al. (2019) also described the significance of computational
techniques for preliminary screening of appropriate mutations.

Using in silico screening

Traditional approaches to drug discovery are mainly based on
in vitro drug screening and in vivo animal experiments; however, these
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methods are usually expensive and laborious. In recent years, omics
data have provided an opportunity for the computational prediction
of anti-cancer drugs, improving the efficiency of drug discovery (Baral
et al,, 2020; Li et al., 2020). Over time, there has been significant
improvement in bioinformatics databases and methods used for drug
screening, structural design, and immunogenicity prediction. This
offers an opportunity to find anticancer medications that are less
expensive and time consuming. Li et al. (2020) reviewed the databases
and computational tools available for creating new cancer
treatment approaches.

The basis of enzyme catalysis is the binding energy, which
decreases the activation energy and circumvents the adverse
entropic conditions necessary for the correct alignment of the
enzyme and its substrates. Free energy was used to measure the
binding energy, which is the energy generated when a substrate
forms a weak connection with an enzyme’s active site (Delta G). It
is challenging to calculate this energy experimentally; therefore, an
in silico method utilizing docking software would be more effective
(Baral et al., 2020).

According to research by Baral et al. (2020), asnB genes from
Streptomyces griseus, Streptomyces venezuelae, and Streptomyces
collinus have higher binding energies than those from E. coli and
E. chrysanthemi and were predicted to have the lowest Kms
because binding energy and K,, are inversely correlate 20.
As-Suhbani and Bhosale (2020) demonstrated in a different
investigation that the interactions between the ligand L-asparagine
and Fusarium solani CLR-36 L-asparaginase occurred at the active
site with good binding energy (—6.85 kcal/mol; As-Suhbani and
Bhosale, 2020).

Numerous studies have addressed the use of bioinformatics tools
to analyze immune responses using in silico methods. Using the
prediction tool EMBOSS antigenic explorer, Abdelrazek et al. (2019)
identified possible antigenic areas of the L-asparaginase sequence of
Bacillus licheniformis and compared them to those of E. coli and
E. chrysanthemi. For the L-asparaginases of E. coli, E. chrysanthemi, and
Bacillus licheniformis, 18, 16, and 17 antigenic areas, respectively, were
discovered (Abdelrazek et al., 2019). Using a bioinformatics-based
methodology, Belén et al. (2021) also predicted the immunogenicity of
L-ASNases from nine filamentous fungi and compared the outcomes
with those of E. coli L-ASNase (Belén et al., 2021).

Using recombinant DNA technology

Although hypersensitivity reactions frequently prevent their
use, bacterial L-asparaginase has long been a crucial component
of ALL treatment. For individuals with hypersensitivity,
alternative asparaginase preparations are required to guarantee
asparaginase availability. Recombinant technology has the
potential to fill this unmet need by engineering cells to produce
with higher
immunogenicity, and cheaper production costs (Vimal and

recombinant asparaginase recovery, lower
Kumar, 2017), as well as by enhancing the characteristics of
numerous commercially significant enzymes (Shakambari et al.,
2018). Maese et al. (2021) described a recombinant Erwinia
asparaginase (JZP-458) with no immunological cross-reactivity
with E. coli-derived asparaginases in vitro. It was derived from a

new Pseudomonas fluorescens production platform. The US Food
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and Drug Administration approved JZP-458 (Rylaze) in June 2021
for the treatment of ALL in patients younger than 1 month old
who exhibited hypersensitivity to asparaginase produced by E. coli
(Maese et al., 2021). The process of cloning the L-asparaginase
gene from an organism into E. coli has been attempted numerous
times with success. Table 2 presents the results of a few of
these attempts.
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Lactobacillus-derived exosomes, small extracellular vesicles released by bacteria,
have emerged as a promising area of research in recent years. These exosomes
possess a unique structural and functional diversity that allows them to regulate
the immune response and promote gut health. The isolation and purification of
these exosomes are crucial for their effective use as a therapeutic agent. Several
isolation and purification methods have been developed, including differential
ultracentrifugation, density gradient centrifugation, and size-exclusion
chromatography. Lactobacillus-derived exosomes have been demonstrated
to have therapeutic potential in various diseases, such as inflammatory bowel
disease, liver disease, and neurological disorders. Moreover, they have been
shown to serve as effective carriers for drug delivery. Genetic engineering
of these exosomes has also shown promise in enhancing their therapeutic
potential. Overall, Lactobacillus-derived exosomes represent a promising area
of research for the development of novel therapeutics for immunomodulation,
gut health, and drug delivery.

KEYWORDS

Lactobacillus-derived exosomes, isolation methods, immunomodulation, intestinal
microecological balance, genetic engineering

Introduction

Lactobacilli are a group of Gram-positive bacteria widely distributed both within and
outside of the human body, which produce lactic acid by fermenting lactose and other
carbohydrates (Bintsis, 2018; Ibrahim and Ouwehand, 2019). They have been extensively
studied and applied as a crucial probiotic in the food industry, animal husbandry, and
healthcare (Alayande et al., 2020; Ayivi et al., 2020). Their probiotic effects include promoting
intestinal health, enhancing immunity, and regulating the balance of intestinal flora (Mitsuoka,
2000; Tsai et al., 2012; Deng et al., 2022). Moreover, exosomes secreted by lactic acid bacteria
have gained increasing attention as a novel type of biological agent (Gonzédlez-Lozano
etal., 2022).

Exosomes are small extracellular vesicles secreted by cells via the endocrine pathway,
ranging from 20 to 400 nm in size, and containing a variety of bioactive substances such as
proteins, nucleic acids, and metabolites (Yu et al., 2023). They are widely produced in various
organisms such as bacteria, fungi, plants, and animals (Schuh et al., 2019; Zhou et al., 2022),
and are involved in multiple biological processes, including cell signaling, pathogenic
microorganism infection, and immune regulation (Wang et al., 2017; Li et al., 2019). As their
importance is gradually recognized, their applications in medicine, agriculture, and other
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fields are gaining attention. Currently, the study of exosomes has
become one of the hotspots in the field of biology.

In recent years, the study of Lactobacillus-derived exosomes has
attracted widespread attention, as they have been shown to possess
various biological functions, such as antibacterial (Lee et al., 2021),
immunomodulatory (Liu et al., 2021b), and intestinal protection
(Choietal., 2020; Tong et al., 2021). Recent studies have revealed that
the protein, DNA, and RNA components in Lactobacillus-derived
exosomes can exert a broad range of effects on the host through the
transfer of commensal microorganisms in the intestine (Liu et al.,
2021a). Additionally, the components and mechanisms of action of
Lactobacillus-derived exosomes are gradually being revealed. For
instance, Lactobacillus-derived exosomes can modulate the host
immune system, improve the imbalance of intestinal flora, and inhibit
the growth of harmful bacteria, thus having a wide range of
applications in food, healthcare, and agriculture. In this paper, we will
review the recent advances in the properties and functions of
Lactobacilli exosomes, isolation and preparation methods, engineering
modifications, and their applications.

Structure and function of
Lactobacillus-derived exosomes

Structure

Similar to the structure of exosomes from other sources,
Lactobacillus-derived exosomes are extracellular vesicles that are
secreted by Lactobacillus and have a diameter between 20 and 400 nm,
usually consist of one or more lipid bilayers, wrapped in a similar
structure to the cell membrane (Yu et al.,, 2019; Gu et al., 2021). These
exosomes contain a variety of bioactive components such as proteins,
polysaccharides, and lipids. Lactobacillus exosome proteins are
important components and consist of a variety of enzymes and
structural proteins (Behzadi et al., 2017; Dominguez Rubio et al., 2017).
These enzymes play a vital role in breaking down food and regulating
flora in the intestine. Polysaccharides in exosomes are also essential
components that promote the proliferation and differentiation of
intestinal mucosal cells and enhance intestinal immunity (Huang et al.,
2017; Sha et al, 2021). Nucleic acids in exosomes have important
biological functions as RNA carriers that can transfer information and
influence gene expression in the host (Munir et al., 2020; Askenase, 2021).

The complex composition and structure of Lactobacillus-derived
exosomes give them diverse biological functions and wide-ranging
application prospects. Current research on Lactobacillus-derived
exosomes is still ongoing, and more discoveries and applications are
expected to emerge in the future.

Immunomodulation

Exosomes released by lactic acid bacteria have gained considerable
interest due to their potential immunomodulatory effects. In
particular, exosomes from Lactobacillus species have been found to
exert anti-inflammatory, antibacterial, antiviral, and immune-
enhancing effects (Hsu et al., 2018; Lee et al., 2018; Kang et al., 2020).
These bioactive molecules are involved in several mechanisms that
modulate the host immune system (Figure 1).
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Lactobacillus-derived exosomes are key in modulating immune
responses, primarily by activating cells like macrophages, dendritic
cells, T cells, and B cells (Leung et al., 2006; Chen et al., 2008; Kim
et al,, 2020). These exosomes contain proteins such as Fatty Acid
Binding Protein 6 (FABP6), Epithelial Cell Adhesion Molecule
(EPCAM), and Clq and Tumor Necrosis Factor (TNF) related 3
(CIQTNF3), and engage in Peroxisome Proliferator Activated
Receptor (PPAR) [Integrin Linked Kinase (ILK)/FABP6] pathways,
alongside various polysaccharide molecules (Tang et al., 2015). These
components induce dendritic cells to produce pro-inflammatory
cytokines, including TNF-a, Interleukin (IL)-6, IL-12, lymphotoxin o
(LTA), C-C Motif Ligand 2 (CCL2), and C-X-C Motif Ligands 9 and
10 (CXCL9 and CXCL10) (Liu et al., 2021b). Moreover, polysaccharide
molecules in the exosomes trigger signal transduction in immune
cells, further promoting cytokine production via immune receptor
binding. The impact of these exosomes on bone marrow-derived
dendritic cells (BM-DC) varies, particularly in response to
Lactoplantibacillus plantarum WCFS1. For example, exposure to the
1900/2 strain increases IL-10 production, whereas 1.900/3 boosts
IL-12p70 production. L. plantarum exopolysaccharide amplifies nitric
oxide, IL-12p70, and RANTES (Regulated upon Activation, Normal
T Cell Expressed and Presumably Secreted; CCL5) production, while
reducing IL-10 secretion in serum, intestinal fluid, and dendritic cell
supernatants (Gorska et al., 2014). Furthermore, this exopolysaccharide
upregulates Major Histocompatibility Complex (MHC) II and Cluster
of Differentiation (CD) 86 expression on DC-surfaces and stimulates
T cell proliferation in vitro, illustrating its profound effect on immune
cell function and response (Tang et al., 2015).

Recent studies reveal that IncRNAs and lincRNAs, particularly in
response to Lipopolysaccharides (LPS) stimulation, play a pivotal role
in immune regulation. These include Inc-IL7R, which represses
proinflammatory mediators by maintaining a repressive chromatin
mark, and NeST Long noncoding (Inc)RNA, which activates
transcription at the interferons (IFNs) -y locus. The lincRNA-
Cyclooxygenase-2 (Cox2), notably expressed in Lipopolysaccharides
(LPS)-stimulated dendritic cells, modulates immune gene expression
by forming complexes with nuclear RNA-binding proteins (Duval
etal, 2017; Yang E et al., 2022).

Certain Lactobacillus-derived exosomes have shown promising
anti-tumor and anti-viral properties, potentially reducing the occurrence
of tumors and viral infections. Lactobacillus gasseri and Lactobacillus
jensenii have been identified as particularly effective in stimulating the
production of IFN-y by human mononuclear cells from peripheral
blood (PBMCs) (Jounai et al., 2018; Tsuji et al., 2018; Nicolo et al., 2021).

In summary, exosomes from lactic acid bacteria have a wide range
of immunomodulatory effects, enhancing intestinal immune responses
and reducing intestinal inflammatory and allergic reactions. Future
research should explore the mechanism of Lactobacillus-derived
exosomes in immunomodulation and develop their application in the
prevention and treatment of immune-related diseases.

Intestinal protection and microecological
balance

Lactobacilli exosomes have emerged as a significant probiotic

metabolite that plays a pivotal role in maintaining intestinal protection
and microecological balance (Figure 1).
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FIGURE 1

The immunomodulatory role of Lactobacillus-derived exosomes and their impact on intestinal health. Lactobacillus-derived exosomes play a pivotal
role in modulating immune responses by containing proteins such as FABP6, EPCAM, and various polysaccharide molecules (Gorska et al., 2014).
These exosome components have the capacity to stimulate dendritic cells, resulting in the production of pro-inflammatory cytokines, including TNF-a,
IL-6, IL-12, CCL2, and CXCL9 (Liu et al.,, 2021a,b), ultimately contributing to the potential stimulation of T cell proliferation in vitro. This underscores
their profound influence on immune cell function and response, particularly within the context of intestinal immune regulation. Furthermore, proteins
within Lactobacillus-derived exosomes exhibit a competitive binding capacity to the intestinal surface, thereby reducing the adhesion of harmful
bacteria and mitigating the ensuing intestinal inflammatory response (Doron et al., 2005). Additionally, these exosomes encapsulate bioactive
substances, such as extracellular enzymes, antibiotics, antimicrobials, antibiotic enzymes, iron carrier proteins, f-glucan, siRNA and polysaccharides,
which collectively exert regulatory control over the intestinal microbiome (Uddin et al., 2020; Diaz-Garrido et al., 2021; Yang F. et al,, 2022; Yang Q.
etal, 2022; Yang Z. et al., 2022). This regulation impacts both the composition and abundance of intestinal flora, facilitating the enhancement of
probiotic growth and metabolic activity within the intestinal environment, thus contributing to the maintenance of intestinal health.
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Exosomes act through various mechanisms to maintain the
intestinal microecological balance, regulate the intestinal microbial
and uphold the stability of the
microenvironment. For instance, certain proteins in Lacticaseibacillus

composition, intestinal
rhamnosus GG-derived exosomes can competitively bind to the
intestinal surface, reducing the adhesion of harmful bacteria and
ameliorating the intestinal inflammatory response (Doron et al,
2005). Additionally, a highly expressed sequence (sRNA71) was
identified in Exosomes which were isolated from the culture
supernatant of L. plantarum WCFS] using ultracentrifugation.
sRNA71 substantially reduced Tp53 expression in HEK293T cells and
suppressed the gene expression through binding to the 3'UTR of Tp53
mRNA (Yu et al., 2022). These exosomes contain bioactive substances
that regulate the intestinal microbiome, such as extracellular enzymes,
antibiotics, antimicrobials, antibiotic enzymes, iron carrier proteins,
B-glucan, siRNA and polysaccharides, which can impact the type and
quantity of intestinal flora, improve the growth and metabolism of
probiotics in the intestine, and maintain intestinal health (Uddin et al.,
2020; Diaz-Garrido et al., 2021; Yang Z. et al., 2022). Lactobacilli
exosomes can also protect the intestinal tract by regulating intestinal
immune function. Studies have demonstrated that Lacticaseibacillus
rhamnosus GG-derived exosomes can enhance the integrity of the
intestinal mucosal barrier, regulate the activity of immune cells in the
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intestine, and improve the intestinal immune function and disease
resistance (Tong et al., 2021). Additionally, specific components of
Lacticaseibacillus rhamnosus GG-derived exosomes (such as proteins,
polysaccharides, etc.) also can interact with intestinal epithelial cells
and regulate their signal transduction pathways, thereby affecting the
integrity of the intestinal mucosal barrier and the balance of the
immune response (Tong et al., 2021).

Recent studies using C57BL/6] mice have shown that Lactobacillus
plantarum Q7 extracellular vesicles (Q7-EVs) enhance intestinal
mucosal barrier functions and reduce inflammation and allergic
responses. Q7-EVs were effective in alleviating DSS-induced colitis
symptoms, such as colon shortening, bleeding, and weight loss, and
decreased histological damage. They downregulated proinflammatory
cytokines (IL-6, IL-1pB, IL-2, TNF-a) and corrected gut microbiota
dysbiosis, increasing anti-inflammatory Bifidobacteria and
Muribaculaceae while reducing Proteobacteria, demonstrating their
potential in improving gut health maintenance (Hao et al., 2021).

Some studies have also shown that Lactobacillus-derived
exosomes. Influence the regulation of gut microbial composition and
metabolites, promoting the growth of probiotic bacteria and inhibiting
the growth of harmful bacteria. For example, Lacticaseibacillus
rhamnosus GG (LGG) derived EV's could potentially alleviate intestinal

inflammation by diminishing the activation of the Toll-Like Receptor
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(TLR4)- Nuclear Factor Kappa (NF-K) Bl- Nucleotide-binding
oligomerization domain (NLRP3) axis. The effectiveness of this
treatment is evident in its ability to decrease pro-inflammatory
cytokines such as TNF-a, IL-1p, IL-6, and IL-2. Furthermore, 16S
rRNA sequencing reveals that LGG-EVs administration can alter the
composition of gut microbiota in mice affected by colitis, subsequently
influencing the microbiota’s metabolic processes (Tong et al., 2021).
This process helps to regulate the intestinal microbial composition and
promote the balance of the immune system. Additionally, exosome
components have specific immunomodulatory functions, with some
proteins inducing the proliferation and differentiation of immune cells
and nucleic acid molecules enhancing the function of the intestinal
barrier by binding to Toll-like receptors in intestinal epithelial cells
(Caputi and Giron, 2018).

On the other hand, Lactobacillus-derived exosomes can also
regulate the intestinal immune system. Extracellular vesicles derived
from Latocseibacillus. paracasei (LpEVs) were effective in diminishing
the levels of pro-inflammatory cytokines such as IL-1a, IL-1f, IL-2,
and TNFa, which were initially elevated due to LPS stimulation. These
vesicles enhanced the levels of anti-inflammatory cytokines IL-10 and
TGEFp. In HT29 cells, LpEVs mitigated LPS-induced inflammation
and reduced the activation of inflammation-related proteins like
COX-2, iNOS, and NF«B, as well as the production of nitric oxide
(Choi et al., 2020). Moreover, the polysaccharides and lipids in
Lactiplantibacillus plantarum BGANS -derived exosomes can regulate
the inflammatory response of the intestinal immune system,
ameliorate intestinal inflammation and autoimmune response, and
thereby maintain intestinal immune homeostasis (Bajic et al., 2020).

Recent research has demonstrated that exosomes from
Limosiactobacillus reuteri strains DSM 17938 and BG-R46 promote
the proliferation and differentiation of T cells and stimulate peripheral
blood mononuclear cells (PBMC) and intestinal macrophages to
release inflammatory cytokines, notably IL-6 and IL-1p. Additionally,
they exert a modulatory effect by inhibiting the secretion of IFN-y and
reducing the secretion of TNF-a, which are typically induced by
Staphylococcus aureus (Pang et al., 2022).

In summary, significant advances have been made in the study of
Lactobacilli exosomes’ role in intestinal protection and flora
homeostasis. Further research is warranted to explore the composition,
structure, and function of Lactobacillus-derived exosomes and their
mechanisms of interaction with intestinal microecological
homeostasis. These findings hold great promise in the development of
novel intestinal health products and therapeutic approaches.

Isolation and purification of
Lactobacilli exosomes: methods and
techniques

The isolation and purification of Lactobacillus-derived exosomes
have become a subject of great interest to researchers due to their
potential applications in various fields. Due to the similarities in
characteristics between Lactobacillus-derived exosomes and exosomes
from other sources, the methods for isolation and purification should
also be similar. Over the years, several methods have been developed
for the isolation and purification of these exosomes, including
ultrafiltration, gel filtration, polyethylene glycol (PEG) precipitation,
isoelectric focusing, affinity chromatography, calcium ion column
chromatography, and counter-current chromatography.
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Ultrafiltration is one of the most commonly used methods to
isolate Lactobacillus-derived exosomes (Lee et al., 2018; Wang et al.,
2021). This method involves screening exosomes from the culture
medium, and the separation and enrichment of exosomes can
be achieved by varying the pore size and pressure of the ultrafiltration
membrane. However, this method may result in the loss of exosomes
and protein contamination during the separation process,
necessitating a subsequent purification step.

Centrifugation (Lei et al., 2021; Kim et al., 2022) is another
frequently used method to isolate exosomes. It involves separating
exosomes from other cellular components, such as bacteriophages and
cell walls, by centrifuging the culture medium several times. Although
this method is simpler than the ultrafiltration method, the separation
efficiency is relatively low.

Precipitation is another effective method for isolating
Lactobacillus-derived exosomes, typically achieved by adding salts or
acidic precipitants. It enables the quick and efficient separation of
exosomes but is prone to exosome loss and protein contamination
problems.

Chromatography (Baranyai et al., 2015; Sidhom et al., 2020) is a
highly accurate method of separation and purification, which includes
gel filtration chromatography, ion exchange chromatography, reverse
phase chromatography, and many other techniques. Reverse-phase
high-performance liquid chromatography (RP-HPLC) is widely used
for the purification of exosomes. This method can improve purity
without losing exosome activity and can obtain high-purity exosomes
in a single operation in a single pass.

Affinity chromatography (Burkova et al., 2018; Sedykh et al.,
2022) is a molecular recognition-based separation method that
involves  affinity = chromatography and  immunoaffinity
chromatography, among others. These techniques use the binding of
specific compounds or antibodies to exosome molecules to isolate
exosomes, enabling efficient separation and purification. However,
they require high-cost molecular recognition materials and specialized
operational skills and are therefore currently less frequently employed
for the isolation of Lactobacillus-derived exosomes.

The aggregate method is commonly employed for exosome
extraction from lactic acid bacteria, which leverages the interaction
force between aggregates and polysaccharides or proteins to isolate
exosomes. Aggregating agents such as PEG (Weng et al., 2016) or
polyacrylamide (PAA) (Li et al., 2023b) can be used to separate
exosomes. PEG6000 is typically employed due to its optimal
separation efficiency, as molecular weight greater than 6,000
diminishes its effectiveness. Meanwhile, PAA is effective in
precipitating microbial cell walls and intracellular material together
with exosomes. The aggregate method is a cost-effective, easy-to-
control, and scalable technique; however, contamination of the target
material is a concern.

Recently, some novel techniques have been proposed by
researchers for the isolation and purification of exosomes, such as
magnetic-bead-affinity chromatography (MBAC) (Wu et al., 2021).
MBAC enables the quick and efficient separation and purification of
exosomes from complex samples by selecting antibodies that
specifically bind to target exosomes.

Each of these methods has its advantages and limitations and can
be selected based on the nature of the desired exosome and the
research objectives. For instance, ultrafiltration and gel filtration are
commonly employed to isolate exosomes with different molecular
weights, while PEG precipitation is useful for the large-scale
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preparation of exosomes. Isoelectric focusing is an effective method
for purifying exosomes with electric charges, and affinity
chromatography can be used to purify exosomes with specific
activities by selecting appropriate affinity substrates.

Moreover, operational steps are often more intricate. Other factors
that can affect the extraction efficiency include culture medium,
culture conditions, and time. A medium rich in carbon and nitrogen
sources and the addition of certain small molecules such as citric acid
can improve exosome yield and isolation efficiency (Royo et al., 2016).

The selection of a method depends on the exosomes™ size,
morphology, composition, and intended use. In particular,
ultrafiltration and molecular sieve filtration are commonly used
techniques. The former allows for the screening of particles of desired
size through different pore sizes, while the latter utilizes molecular
sieve materials’ effect to filter by molecular size. While these methods
have been useful, more research is needed to explore exosomes’
composition and biological functions.

Application of Lactobacillus-derived
exosomes

Lactobacillus-derived exosomes have been investigated for their
therapeutic effects on a range of diseases. For instance, they have been
shown to have anti-inflammatory and immunomodulatory effects,
making them attractive candidates for treating autoimmune and
inflammatory diseases. Due to the potential presence of heterologous
proteins in Lactobacillus-derived exosomes, oral administration of
Lactobacillus-derived exosomes is an ideal delivery route. Studies have
demonstrated the feasibility of using exosomes as a therapeutic
strategy via oral administration to treat diseases. In a study on a mouse
model of colitis, bovine colostrum-derived exosomes administrated
orally were found to significantly alleviate colonic inflammation and
promote tissue repair (Han et al., 2022; Li et al., 2023a). Furthermore,
food-derived exosomes have been shown to improve gut microbiota
dysbiosis and intestinal barrier function, which are associated with a
range of diseases such as human irritable bowel syndrome and
inflammatory bowel disease (Diez-Sainz et al., 2021a). These findings
suggest that Lactobacillus-derived exosomes may have potential
therapeutic applications in various disease settings.

Lactobacillus-derived exosomes have been shown to contain
various functional molecules, such as proteins and RNA, which can
influence the composition and function of the gut microbiota. For
example, a recent study demonstrated that exosomes could modulate
the gut microbiota of mice by promoting the growth of beneficial
bacteria and inhibiting the growth of harmful bacteria, which could
potentially improve gut health in humans (Diez-Sainz et al., 2021b).
Furthermore, Lactobacillus-derived exosomes have been shown to
regulate the gut-brain axis, which is a bidirectional communication
system between the gut and the central nervous system and is involved
in the regulation of a range of physiological functions such as mood
and appetite in humans (Evrensel and Ceylan, 2015). These findings
suggest that Lactobacillus-derived exosomes may be useful for
modulating the gut microbiome and the gut-brain axis, which could
have implications for a range of health conditions.

Despite the potential of Lactobacillus-derived exosomes, there are
still some challenges that need to be addressed. For example, the
isolation and purification of Lactobacillus-derived exosomes are not
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yet fully optimized, which could affect their yield and purity.
Furthermore, the mechanisms of action of Lactobacillus-derived
exosomes in vivo are not fully understood, and their long-term safety
needs to be further investigated.

In conclusion, Lactobacillus-derived exosomes represent a
promising area of research in the field of medicine, with potential
applications in drug delivery, disease treatment, and gut microbiome
modulation. The latest research findings have demonstrated their
effectiveness in promoting tissue repair, modulating the gut
microbiota, and regulating the gut-brain axis. While further research
is needed to fully understand their potential applications and address
remaining challenges, the progress in the field of Lactobacillus-derived
exosomes has provided new insights and potential treatments for a
range of diseases.

En%ineerin? Lactobacilli exosomes for
enhanced functionality

The engineering of Lactobacilli exosomes involves the
construction of exosomes with specific functions using gene editing
and transformation techniques. There are two main aspects of
engineering Lactobacilli exosomes: modifying the bacteria to produce
more or more effective exosomes, and genetically or chemically
modifying the already isolated exosomes to give them new or
improved functions. Researchers have employed recombinant genetic
engineering techniques to insert exosome-related genes into the
genome of cells to improve exosome production (Jafari et al., 2020).
They have also optimized the culture conditions of lactic acid bacteria
to enhance exosome production (Garcia et al., 2015). To modify
exosomes, researchers have used gene editing techniques to implant
specific peptide sequences on the surface of exosomes to give them
specific recognition and binding ability (Ye et al., 2020). Chemical
modification methods have also been employed to add molecules such
as polysaccharides and peptides to enhance their biological activity
(Luo etal., 2021; Yang Q. et al., 2022).

In addition, exosome engineering can be applied to the
preparation of novel vaccines. For example, researchers integrated the
human papillomavirus E7 protein gene into the DNA sequence of
L. lactis, resulting in a better immune-protective effect in mouse
experiments (Smalley Rumfield et al., 2020; Krishnan et al., 2022),
which implies the potency of Lactobacilli exosomes as the
vaccine carrier.

In conclusion, while the engineering study of Lactobacillus-
derived exosomes is still in its early stages, it has enormous potential
for various applications. Further research is needed to refine the
feasibility and application prospects of this technology.

Conclusion and perspectives

Lactobacillus-derived exosomes, a novel type of biological
drug, hold immense potential in the medical realm. They also
modulate intestinal microflora, thereby maintaining gut health
and boosting immunity (Figure 1). These exosomes, acting as
natural carriers, can transport diverse drug molecules with
excellent therapeutic benefits and mitigate adverse drug reactions.
However, despite these advantages, lactobacillus exosome research
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and application are still challenging. Firstly, the isolation and
purification methods employed for these exosomes are not yet
perfect and require optimization to enhance their yield and purity.
Secondly, the intricate and heterogeneous structure and
composition of Lactobacillus-derived exosomes necessitate a more
comprehensive analysis of their structural and functional
relationships to unravel their mechanism of action in living
organisms. Furthermore, additional investigations are imperative
to evaluate drug delivery mechanisms, in vivo distribution,
metabolism, and long-term safety of Lactobacillus-derived
exosomes. In conclusion, while lactobacillus exosome research
offers a promising avenue for drug delivery, a significant number
of basic and clinical studies are imperative to realize their
potential in the pharmaceutical sector. Moreover, standardized
production and quality control protocols for Lactobacillus-
derived exosomes need to be strengthened to ensure their safe and
efficacious application.
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Science, Tianjin University of Commerce, Tianjin, China

Cordyceps cicadae, as a new food ingredient, is a valuable edible and medicinal
fungi. However, its resources are severely depleted due to environmental
limitations and excessive harvesting practices. N°-(2-hydroxyethyl) adenosine
(HEA), as an important product of Cordyceps cicadae, has the potential
to be used in medical industry due to its diverse disease curing potential.
However, the disclosure of HEA synthesis still severely limited its application
until now. In this study, the kinetic curves for adenosine and HEA under shaker
fermentation were explored. The kinetics of HEA and adenosine production
exhibited a competitive pattern, implicating a possibility of sharing a same step
during their synthesis. Due to HEA as a derivative of nitrogen metabolism, the
effect of different nitrogen sources (peptone, yeast extract, ammonium sulfate,
diammonium oxalate monohydrate, ammonium citrate dibasic, and ammonium
citrate tribasic) on HEA production in Cordyceps cicadae strain AH 10-4 had been
explored under different incubation conditions (shaker fermentation, stationary
fermentation, and submerged fermentation). Our results indicated that the
complex organic nitrogen sources were found to improve the accumulation of
HEA content under shaker fermentation. In contrast, the optimal nitrogen source
for the accumulation of HEA under stationary fermentation and submerged
fermentation was ammonium citrate tribasic. But submerged fermentation
obviously shortened the incubation time and had a comparable capacity of
HEA accumulation by 2.578 mg/g compared with stationary fermentation
of 2.535mg/g, implicating a possibility of scaled-up production of HEA in
industry by submerged fermentation. Based on the dramatic HEA production
by ammonium sulfate as nitrogen resources between stationary and shaker
fermentations, alanine, aspartate and glutamate as well as arginine metabolic
pathway were related to the production of HEA by comparative transcriptome.
Further investigation indicated that glutamic acid, which is an analog of Asp,
showed an optimum production of HEA in comparison with other amino acids.

KEYWORDS

Cordyceps cicadae, source of nitrogen, nucleosides, N°-(2-hydroxyethyl)-adenosine,
transcriptome analysis

1 Introduction

Cordyceps cicadae (C. cicadae), a high-quality cordyceps similar to Cordyceps sinensis and
Cordyceps militaris (Cheng et al., 2012), is a fungi abundant with bioactive compounds such
as nucleoside, ergosterol, cordycepic acid, and polysaccharide, etc. It is reported possessing
remarkable clinical activities including anti-tumor (Yang and Zhang, 2016), immune
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regulation (Zheng et al., 2022), and significant resistance to renal
failure (Zhu et al., 2011) etc. Cordyceps cicadae has been used as an
important herbal medicine for more than 1,600 years (Nxumalo et al.,
2020). Particularly since 2021, artificially cultivated C. cicadae is
approved as a new food ingredient (National Health Commission,
2020), expanding the application field of C. cicadae from traditional
Chinese medicine to food, which indicates a promising future for its
wide-ranging applications.

The majority of Cordyceps cicadae is obtained from the wild,
particularly in Southeast Asia (Xie et al., 2023). Wild Cicada flowers
require specific environments and parasitic hosts to grow, resulting
in its rare resources (Zeng et al., 2021). Given its use as both
medicine and food, the increasing demand for this valuable fungus
has led to unsustainable harvesting practices (Liu et al., 2008).
Therefore, mycelial fermentation to produce the bioactive
compounds need to be investigated as an alternative substitute for
wild C. cicadae. Paecilomyces cicadae (P. cicadae), reported as the
anamorph stage of C. cicadae, is mainly used as the strain for
artificial culture of C. cicadae, and this kind of cultivated P, cicadae
has been shown controllable quality (Li et al., 2019). The artificial
cultivation techniques of C. cicadae comprise liquid fermentation
(Horng et al., 2021), solid fermentation (Lu et al., 2017; Shi et al.,
2022), and artificial culture of alternative host insects (Liu
etal., 2018).

Adenosine (Figure 1A) and N°-(2-hydroxyethyl) adenosine
(HEA) (Figure 1B), as purine nucleosides, are the major bioactive
constituents of Cordyceps. As far as 1983, HEA was first isolated and
purified from the fermentation broth of cultured Cordyceps (Furuya
etal,, 1983). Since then, adenosine and HEA have become important
indicators for assessing the quality of Cordyceps products. A wild
cicada flowers from Anji, Zhejiang city in China was isolated and
purified in our laboratory (Huang et al., 2021), which was identified
as a new strain of C. cicadae by phylogenetic tree with higher yield of
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adenosine and HEA as compared to previous studies (Chunyu et al.,
2019; Qu et al., 2019).

N°-(2-hydroxyethyl) adenosine (HEA) is an important bioactive
substance with cancer cell inhibition (Xie et al., 2020; Chen et al.,
2021; Fu et al., 2023), kidney protection (Wang et al., 2019; Deng
etal., 2020), and anti-inflammatory effects (Lu et al., 2015). Therefore,
it has attracted much attention for its potential application in the
medical industry, especially in the field of cancer therapy. Currently,
HEA has been obtained mainly by chemical synthesis (Qu et al.,
2006) and liquid fermentation mycelium extraction (Qu et al., 2006).
However, chemical synthesis of HEA involves multiple steps, low
yields and expensive raw materials, hindering its synthesis on an
industrial scale. The liquid fermentation process is easy to control and
has become the main means of HEA production (Tsai et al., 2021). It
is undoubted that the disclosure of HEA biosynthesis pathway will
open up new ways for the wider application of HEA. Previously, a
many of generalized Cordyceps species and the strains isolated from
it had been characterized as the main HEA-producing species, such
as Cordyceps cicadae (Zhang et al., 2018), Cordyceps militaris (Zhang
etal,, 2016), Beauveria bassiana (Liu et al., 2017), Cordyceps pruinose
(Meng et al., 2015a, 2015b) Isaria tenuipes (Chang et al., 2019) etc. It
was demonstrated that A diverse range of amino acids promoted the
production of HEA in [saria tenuipes E3, such as arginine, L-glutamic
acid, and serine etc., among which arginine is reported as the most
effective amino acid (Lei et al., 2013). Moreover, the supplementation
of serine, alanine, histidine, and aspartic acid to the culture medium
can promote the increase of mycelial HEA content. Three precursor
substances, including hypoxanthine, adenine, and adenosine, which
share similar chemical structure to HEA, can increase the content of
HEA in the mycelium during fermentation (Lei et al., 2014). By
comparing the chemical structures of adenosine and HEA, it is seen
that HEA has an additional hydroxyethyl group at the N6 position of
the purine ring of adenosine, meaning that the HEA is an analog of

frontiersin.org
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Structure diagrams of (A) adenosine and (B) N°-(2-hydroxyethyl) adenosine.
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adenosine.

The biosynthetic pathway of adenosine: inosinate acid (IMP) and aspartic acid in the presence of adenylosuccinate synthetase to produce
adenosuccinate, which in the further generates fumaric acid and AMP by adenylosuccinate lase, then AMP by 5'-nucleotidase (NT5E) to generate

Adenosine

adenosine. Recently, the biosynthetic pathway of adenosine in
Cordyceps militaris has been resolved as is shown in Figure 2. IMP
and aspartic acid are converted into adenosuccinate under the
catalysis of adenylosuccinate synthase, which is successively catalyzed
by adenylosuccinate lyase (ADSL) and 5'-nucleotidase (NT5E) to
produce adenosine. Given the structural similarity between HEA and
adenosine, it is speculated that amino acids may be the substrates for
HEA synthesis.

In recent years, based on the advances of multi-omics
technologies, especially metabolomics and transcriptomics, has been
reported in illuminating the biosynthesis of active substances, which
has provided effective methods for uncovering the biosynthetic
pathways of secondary metabolism and identifying candidate genes
involved (Han et al,, 2016). For example, a previous study on
C. kyushuensis Kob identified the highly homologous cordycepin
biosynthesis gene cluster ckl-ck4 by means of transcriptomic and
proteomic analysis (Zhao et al., 2019). Recent studies have uncovered
the inherited basis for the development of C. cicadae. However,
comparative transcriptomic studies related to HEA biosynthesis have
not been reported. In this study, due to HEA as a derivative of nitrogen
metabolism, we attempted to investigate the effect of nitrogen sources
and the means of fermentation on promoting the production of HEA
and adenosine, which supplies the evidences for the enclosure of the
biosynthetic pathways of HEA.
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2 Materials and methods

2.1 Preparation of Cordyceps cicadae strain
AH 10-4

The C. cicadae strain AH 10-4 with higher yield of HEA was used
in this study, which was isolated and purified in our laboratory in the
previous study (Huang et al., 2021). Cordyceps cicadae stain AH 10-4
was plated to PDA medium and incubated at 26°C for 7 days. Three
25mm?* PDA cultures were punched out by the inoculation spatula
and then transferred to the seed medium. The seed culture was then
grown in a 250-mL flask containing 100 mL of its medium (per liter:
glucose 20 g, peptone 10 g, yeast extract 10g, KH,PO, 2 g, MgSO,0.5g,
ZnSO, 0.5g, and pH natural) at 26°C and 140 rpm for 2 days (Huang
etal., 2021).

2.2 Shaker fermentation

The C. cicadae stain AH 10-4 was cultivated in 250-mL flasks
containing 100mL medium using 5% inoculum (v/v) and then
cultured at 26°C and 140rpm for 10days. The flask samples were
harvested every day. The fermentation medium was referenced to the
seed medium (increasing the concentration of glucose to 30g/L).
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N°-(2-hydroxyethyl) adenosine, as an important nucleoside
analog of fungi, was closely linked to nitrogen metabolism. In
order to investigate the effects of compound and simple nitrogen
sources on the production of adenosine and HEA, compound
nitrogen sources (peptone, yeast extract) and simple nitrogen
sources (ammonium sulfate, ammonium citrate dibasic,
diammonium oxalate monohydrate, and ammonium citrate
tribasic) were added to basal medium at 10 g/L supplementation,
respectively, and incubated at 26°C and 140 rpm for 5 days. The
composition of the basal medium was as following (per liter):
glucose 30g, KH,PO, 2g, MgSO, 0.5g, ZnSO, 0.5g, and
pH natural.

To investigate the impact of predictive amino acids on HEA
production, 30g/L glucose with 0.25 g/L amino acids were added to
67 g/L yeast nitrogen base w/o amino acids and then cultured at 26°C
and 140rpm for 7days, the amount of each ingredient added in
Table 1. The 15 amino acids are valine, leucine, isoleucine, proline,
phenylalanine, tyrosine, tryptophan, threonine, cysteine, methionine,
asparagine, glutamine, lysine, arginine, and histidine. The five forecast
amino acids are alanine, serine, glutamic acid, aspartic acid

and glycine.

2.3 Stationary fermentation

The C. cicadae stain AH 10-4 was cultivated in 250-mL flasks
containing 100 mL medium using 5% inoculum (v /v). It was
cultured at 26°C for 17 days by liquid static culture. In order to
investigate the effect of amino acids on the production of HEA,
amino acids (alanine, serine, aspartic acid, glycine as well as
glutamic acid), were added at an addition of 5g/L to the base
medium (per liter: glucose 30 g, peptone 5g, KH,PO, 2 g, MgSO,
0.5g, ZnSO, 0.5 g, pH natural). The incubation was then incubated
at 26°C for 17 days.

2.4 Submerged fermentation
Submerged fermentation was cultured with a 5% seed-cultured

solution at 26°C, shaking at 140 rpm in the first 3 days and then static
incubation for the latter 6 days. It was collected after 9 days incubation.

TABLE 1 Additive ratio of each ingredient.

10.3389/fmicb.2024.1384027

2.5 Extraction and quantitative analysis of
adenosine and HEA

The fermentation broth of C. cicadae strain AH 10-4 was centrifuged
at 4,500 rpm for 30 min to obtain mycelium, which was then oven-dried
at 60°C to a constant weight. For the extraction of adenosine and HEA,
the mycelium was ground into a powder that was sieved through a
60-mesh sieve. Then the powder was weighed and extracted by
ultrasonic extraction with 20 fold of ultrapure water for 90 min with
mixing at 10 min intervals. The extracts were centrifuged at 4,500 rpm
for 30 min, and the supernatant was filtered through a Minisart R filter
with a pore size of 0.22 pm for later use. The HPLC detection conditions
for adenosine and HEA were consistent with the previous studies
(Huang etal,, 2021). The adenosine and HEA content in mycelium was
measured in mg/g, with “g” representing the dry weight of the mycelium.

2.6 RNA extraction and transcriptomic
sequencing

Total RNA was extracted from mycelium in shaker and stationary
cultures (ammonium sulfate as nitrogen source) by the TRIzol method.
The poly-T Oligo-attached magnet was used to enrich mRNA from the
total RNA, which was subsequently fragmented in fragmentation buffer.
And then a total amount of 1.5 ug mRNA was used to construct cDNA
library for each sample by using Illumina’s NEBNext® Ultra™ RNA
Library Preparation Kit. 200-250bp cDNA fragments were screened
and purified using the AMPure XP system (Beckman Coulter, Beverly,
United States). The quality of the libraries was then assessed on an
Agilent Bioanalyzer 2100 system and sequenced (150 bp paired-end) on
an Illumina Novaseq 6000 platform. A total of six libraries were
constructed with three biological replicates per sample.

2.7 De novo assembly and annotation

The clean reads were obtained by removing reads with adapter,
ploy-N, and low quality reads from the raw paired-end reads, which
were then assembled using Trinity (Grabherr et al., 2011). To further
explore the annotation function of the assembled and spliced
transcripts, the assembled unigene was annotated against Nt, Nr,

Glucose Yeast nitrogen base w/o Amino acid
amino acids

3% 6.7% 15+Ala

3% 6.7% 15+ Ser

3% 6.7% 15+Glu

3% 6.7% 15+Asp

3% 6.7% 15+Gly

3% 6.7% 15+ Ala+Ser + Glu + Asp+Gly

3% 6.7% 15

3% 6.7% Control

“15” represents 15 amino acids, including valine, leucine, isoleucine, proline, phenylalanine, tyrosine, tryptophan, threonine, cysteine, methionine, asparagine, glutamine, lysine, arginine, and

histidine.
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Swiss-Prot, GO, KOG, KEGG, and Pfam databases to obtain the
annotation of the unigene.

2.8 Differential expression analysis and
functional enrichment

The stationary and shaker fermentation mycelium was analyzed
for differential expression using the DESeq R software package
(Anders and Huber, 2010). The genes with a p value of less than 0.05
on an adjusted basis found by DESeq were then classified as
differentially expressed genes. In addition, the mycelium from
stationary and shaker fermentation cultures were analyzed for
functional enrichment that was performed for GO and KEGG by
using the GOsep R software package and KOBAS, respectively (Mao
etal., 2005). The screening criteria for significantly enriched GO and
KEGG by DEGS were Bonferroni corrected p values of less than or
equal to 0.05.

2.9 Statistics

The data were reported as mean + SD and analyzed using one-way
ANOVA with Duncan’s multiple rang test in SPSS software version
23.0 (IBM Corp., Armonk, NY, United States) to determine the
significance of group differences. A p value less than 0.05 was
considered statistically significant.

3 Results

3.1 Production of HEA in the Cordyceps
cicadae strain AH 10-4 by shaker culture

A time course analysis was conducted to study the kinetics of
HEA production in strain AH 10-4 grown in shaker culture for
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FIGURE 3

Production of adenosine and HEA within strain AH 10-4 mycelial
during shaker culture. Values are shown as mean + SD of triple
determinations.
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10days. Firstly, in terms of biomass, it was seen that the biomass of
mycelium increased with incubation time from Day 1 to Day 8,
reaching the highest level of 2.403g/100mL on Day 8, and then
slightly decreased (Supplementary Table S1). As was shown in
Figure 3, after the 2 days culture, the content of adenosine reached to
the highest level of 5.836+0.486 mg/g, and then decreased gradually
until Day 5. Distinct from adenosine, the content of HEA gradually
increased with the incubation time, reaching its highest level on the
5th day (2.257mg/g), and then slightly decreased since the sixth day.
Interestingly, the content of HEA obviously increased from Day 2 to
Day 5, in which time the content of adenosine decreased gradually,
showing a correlation between the increasing trend in HEA
production and the decreasing trend in adenosine production.
Therefore, we speculated that there was a connection between the
synthesis pathways of HEA and adenosine.

3.2 Effect of different nitrogen sources on
the production of HEA by shaker culture

Due to the reason that adenosine and HEA belong to nucleosides
produced by fungus, and nucleosides are known to be the derivatives
of nitrogen metabolism. Given the advantages of the shaker culture,
such as shorter fermentation time, it was chosen as the main method
for obtaining mycelium. Thus, in order to investigate the effects of
various nitrogen sources on the content of adenosine and HEA in
mycelial, we measured the production of adenosine and HEA after
5days of shaker culture, a time point that showed optimal of HEA
production in Figure 3. As shown in Figure 4A, the HEA content was
0.047, 0.730, 0.284, and 0.547mg/g mycelia dry weight by using
ammonium sulfate, diammonium oxalate monohydrate, ammonium
citrate dibasic, and ammonium citrate tribasic as nitrogen source,
respectively. Among the ammonium salts, the use of diammonium
oxalate monohydrate and ammonium citrate tribasic possessed more
superior HEA content in mycelium, while the biomass of ammonium
citrate tribasic was remarkably higher than that of diammonium
oxalate monohydrate (p <0.05) (Supplementary Table S2). Therefore,
ammonium citrate tribasic was determined to be the optimum
nitrogen source among the ammonium salts. Distinct from
ammonium salts, the yields of HEA were 1.872 and 0.892mg/g from
yeast extract and peptone medium respectively, which were
significantly superior to those from ammonium salts (p <0.05). By
comparison with ammonium salts, complex nitrogen sources
(peptone, yeast extract) were more favorable for the accumulation of
HEA production in mycelium during shaker fermentation, which
might due to their enrichment in amino acids.

3.3 Effect of different nitrogen sources
under stationary fermentation on the
production of HEA

In contrast to shaker fermentation, it has been demonstrated that
stationary culture has the advantages of low energy consumption, low
requirements for production conditions and easy scale-up (Liao et al.,
2021). Therefore, we probed the ability of various nitrogen sources to
yield HEA and adenosine after 17 days of stationary culture. In terms
of biomass, complex nitrogen sources (yeast extract, peptone)
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way ANOVA with Duncan'’s multiple test (p < 0.05).

promoted the growth of C. cicadae strain AH 10-4 mycelium better
than ammonium salt (p <0.05) (Supplementary Table S3), including
ammonium citrate tribasic, ammonium citrate dibasic, and
diammonium oxalate monohydrate (Figure 4B). Interestingly,
ammonium citrate tribasic, ammonium citrate dibasic, and
diammonium oxalate monohydrate were better than ammonium
sulfate in stimulating mycelial growth of C. cicadae (p<0.05).
Complex organic nitrogen sources (yeast extract, peptone) were found
to favor adenosine accumulation in the mycelium. As for HEA
production, yeast extract and ammonium citrate tribasic were the
most effective nitrogen sources, with HEA yields of 2.599 and
2.535mg/g, respectively. These were followed by diammonium oxalate
monohydrate and peptone (p <0.05). Notably, stationary fermentation
caused an increase in the HEA content within mycelium, while the
opposite was found for the biomass. Therefore, diammonium oxalate

monohydrate and ammonium citrate tribasic can be considered viable
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alternatives to complex nitrogen source to obtain high HEA yield
industrially through stationary fermentation.

3.4 Effect of different nitrogen sources on
the production of HEA by submerged
fermentation

Submerged fermentation, a novel approach combining shaker and
stationary fermentation, was investigated in order to identify an
optimal fermentation method and nitrogen source for industrial
application. We also explored the ability of different nitrogen sources
to produce HEA of C. cicadae strain AH 10-4 under submerged
fermentation. The result of mycelial biomass was shown in
Figure 4C. Yeast extract was most effective for the growth of C. cicadae
mycelium, which was followed at more than 1g/100mL for
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TABLE 2 Overview of transcriptome sequencing and de novo assembly results.

Sample Raw reads Clean reads Error rate Q20 Q30 GC content
Al 58,062,016 57,581,622 0.03% 97.58% 93.55% 56.12%
A2 50,645,198 50,041,026 0.03% 97.68% 93.69% 55.80%
A3 59,883,168 59,299,218 0.02% 97.94% 94.46% 55.53%
B_1 56,441,966 55,835,776 0.03% 97.70% 93.91% 55.73%
B2 53,825,912 53,189,416 0.03% 97.68% 93.83% 55.60%
B_3 57,562,606 56,878,932 0.03% 97.68% 93.92% 55.94%

ammonium citrate, diammonium oxalate monohydrate and peptone

as nitrogen source (Supplementary Table S4). Yeast extract as a
. ) . . 16000 Transcri

nitrogen source yielded the highest levels of adenosine (3.416 mg/g) g Uﬁ';se:;pt

and HEA (4.691 mg/g) within C. cicadae strain AH 10-4 mycelium. 14000

The HEA concentration was 1.928, 0.065, 2.593, 0.450, and 2.578 mg/g 12000 -

mycelia dry weight by using peptone, ammonium sulfate,
. . . . I 10000

diammonium oxalate monohydrate, ammonium citrate dibasic, and 4 0000

. . a o . . =

ammonium citrate tribasic. The result indicated that diammonium E 8000

oxalate monohydrate and ammonium citrate tribasic were comparable “ 6000

to peptone in enhancing HEA accumulation within the mycelium.

Additionally, ammonium citrate tribasic and diammonium oxalate 4000

monohydrate were inexpensive and could be used as an alternative 2000 4

source of organic nitrogen. Notably, ammonium citrate tribasic had

superior production of adenosine and HEA compared to <300bp  300-500bp  500-1000bp 1000-2000bp  >2000bp

diammonium oxalate monohydrate. Consequently, ammonium citrate Length Interval (bp)

tribasic was regarded as the optimal nitrogen source to produce higher FIGURE 5

HEA concentrations in C. cicadae strain AH 10-4 mycelium. Length distribution of assembled transcripts and unigenes between

. . . stationary and shaker fermentation mycelium.
Submerged fermentation increased the biomass and reduced v v

incubation time than stationary fermentation. Importantly, this can
be easily scaled-up in the fermentation industry.

3.5 lllumina sequencing and de novo
assembly

In this study, we did transcriptomic analysis to compare mycelium
under high-HEA-producing and low-HEA-producing conditions with
the aim to find the different metabolic pathways related to HEA
biosynthesis. Comparing HEA content in stationary (Figure 4B) and
shaker cultured mycelium (Figure 4A), ammonium sulfate has a
simple composition and a significant difference of HEA content,
which was chosen a suitable nitrogen source for transcriptomics.
Therefore, samples of mycelium cultured with ammonium sulfate as
a nitrogen source in stationary (A1-3) and shaker (B1-3) cultures,
including three biological replicates, were selected for transcriptomics.
For the purpose of distinguishing transcriptomic features during HEA
biosynthesis, RNA-seq libraries were performed by extracting total
RNA from stationary and shaker fermentation mycelium, respectively.
Then, the RNA-seq libraries were sequenced using Illumina
Novaseq 6000. The raw reads obtained for the stationary culture and
shaker fermentation samples ranged from 50,645,198 to 59,883,168,
and raw reads were filtered to obtain clean reads ranging from
50,041,026 to 59,299,218 (Table 2). Among all six samples, the
proportion of bases with quality value >20 was above 97.58% in Q20
and the proportion of bases with quality value >30 was above 93.55%
in Q30 in all groups, which indicated that the sequencing results were
satisfactory and could be used for subsequent analysis.
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The clean reads were assembled into 9,713 unigenes and 23,356
transcripts using Trinity software (Trinity Technologies, CA,
United States), with an average assembled single gene length of 2,721 bp
(N50=4,483) (Supplementary Table S5). The 23,356 transcripts
comprised 2,024 (8.67%) transcripts within the length range of
300-500bp, 2,694 (11.53%) with 500-1,000bp, 3,680 (15.76%) with
1,000-2,000bp, and 14,958 (64.04%) with >2,000bp. The 9,713 unigenes
consist of 1,478 (15.22%) unigenes with length range of 300-500bp,
1,627 (16.75%) with 500-1,000 bp, 1,872 (19.27%) with 1,000-2,000 bp,
and 4,736(48.76%) with the length of more than 2,000bp (Figure 5).

To annotate the gene functions of the stationary and shaker
culture samples, the Nr, Nt, Pfam, KOG, Swiss-Prot, KEGG, and GO
databases were used, which matched to 6,734, 6,393, 5,966, 2,171,
4,595, 1,443, 4,636
(Supplementary Table S6). The annotations of the unigenes sequences

and unigenes, respectively,
in the seven database species were shown in the Figure 6A, which
indicated that the unigenes sequences were quite similar to the
known proteins in the public databases. The 46.36% of the genes
displayed an E-value of 0, indicating the reliability of these matches
(Figure 6B). Regarding the identity distribution of the predicted
proteins, the majority of hits (78.46%) in the NR database exhibited
80-100% identity with other fungi proteins, while only 0.03% of the
sequences had 18-40% identity (Figure 6C). Furthermore, the
distribution of species was also analyzed (Figure 6D), with the
annotation results based on the NR library indicating that the genes
of C. cicadae displayed the highest number of matches with the genes
of Cordyceps fumosorosea.
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annotated species.

Distribution of the homology search against the NCBI database between stationary and shaker fermentation mycelium: (A) Venn diagram of the
number of orthologous unigenes. (B) Distribution of E-value. (C) Similarity of expressed sequence tags against the NR database. (D) Distribution of

3.6 DEGs between stationary and shaker
fermentation mycelial libraries

Approximately 87-89% of the total reads were successfully
mapped to the C. cicadae transcriptome (Supplementary Table S7),
indicating a high mapping efficiency. We then examined the number
of DEGs, with p value of less than or equal to 0.05
(Supplementary Figure S3A). A total of 4,121 DEGs were detected,
with 2,038 upregulated
(Supplementary Figure S3B). The Venn diagram analysis revealed that

and 2,083 downregulated genes

6,499 genes were co-expressed genes (Supplementary Figure S4).
These data indicated that the gene expression patterns remained
consistent in mycelium cultured with ammonium sulfate as nitrogen
source in stationary and shaker cultures.

3.7 Functional and GO annotations of DEGs

To explore the functions of the identified unigenes in the
C. cicadae transcriptome analysis, GO enrichment analysis was
performed. The successfully annotated unigenes were grouped
according to GO categories, including biological processes (BP),
cellular components (CC) as well as molecular functions (MF). It was
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found that 9,713 unigenes were classified into 49 functional groups.
The most common of these groups were metabolic process (2,516
unigenes), cell (1,984 unigenes), and catalytic activity (2,342 unigenes)
(Figure 7). This analysis provided insights into the diverse functions
and activities of the identified unigenes in C. cicadae.

The DEGs identified between stationary and shaker fermentation
were further used for GO enrichment analysis. It was found that the
DEGs were mainly related to “RNA processing” (116), “ncRNA
processing” (76), “nucleolus” (66), “ribosome biogenesis” (69),
“preribosome” (40), “peptidase activity” (113), “peptidase activity,
and acting on L-amino acid peptides” (93) (Figure 8). These up- and
downregulated genes were crucial for the notable difference in HEA
production between stationary and shaker-cultured mycelium. Thus,
these DEGs provided potential targets for future functional studies
aiming to elucidate the underlying mechanisms involved in
HEA production.

3.8 Mapping and enrichment of KEGG
pathways

To seek metabolic pathways related to HEA synthesis,
we annotated all differentially expressed genes against the KEGG
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GO analysis between stationary and shaker fermentation mycelium. BP, Biological processes; CC, Cellular components; and MF, Molecular functions.

database. The DEGs of top 20 pathways were categorized into four 3.9 Effect of amino acid type on HEA
branches: cellular processes, environmental information prod uction
processing, information processing and metabolism. Among the
top 20 pathways, the highest number of differential genes are As shown in Figure 4A, the complex nitrogen source promoted
shown in Figure 9. The largest group of the top 20 enriched  the accumulation of HEA in mycelium during shaker fermentation.
pathways was responsible for metabolism, including “Alanine,  The complex nitrogen sources had a superior production of HEA
aspartate and glutamate metabolism” (20), “Glyoxylate and  since they were rich in amino acids. In addition, alanine, aspartate,
dicarboxylate metabolism” (20), “Galactose metabolism” (14), and glutamate as well as arginine metabolic pathways were
“Nitrogen metabolism” (10), “Starch and sucrose metabolism”  significantly different, which is consistent with our speculation that
(21), “Amino sugar and nucleotide sugar metabolism” (28), ‘beta- ~ amino acids can be used as substrates for HEA synthesis (Figure 9).
Alanine metabolism” (13), “Ether lipid metabolism” (10),  Due to HEA as a purine derivative, glutamic acid, glycine, serine, and
“Biosynthesis of secondary metabolites” (130), “Glycosphingolipid  aspartic acid are involved in purine metabolism. In addition, the
biosynthesis—globo and isoglobo series” (4), “Valine, leucine and ~ former research has also indicated that alanine promotes HEA
isoleucine degradation” (15), “Arginine biosynthesis” (10), accumulation in mycelium (Lei et al., 2014). Therefore, we used yeast
“Steroid biosynthesis” (12), and “Metabolic pathways” (342).  nitrogen base w/o amino acids supplemented with 15 amino acids as
We speculated that HEA synthesis might be closely linked to  the basal medium, and then the five presumed amino acids were
pathways such as “alanine, aspartate and glutamate metabolism,”  added, respectively, to explore their relationship with the HEA
“nitrogen metabolism” and “B-alanine metabolism.” It was well ~ content. The result was as shown in Table 3, there was no statistically
known that amino acids provided the backbone of the purine  significant difference in the content of HEA between the group with
metabolic pathway. However, the relationship of alanine, aspartate ~ the addition of the 15 amino acids and the control group, so
and glutamate metabolism to the synthesis of HEA needs to  we inferred that the 15 amino acids had no relevance to the
be further investigated. Furthermore, HEA is an adenosine  biosynthesis of HEA (Table 3). However, the group supplemented with
derivative, so transcriptional studies of amino acid synthesis  glutamate exhibited significantly higher HEA content compared to the
pathways and purine metabolic pathways of metabolism in  other groups.
combination with analyses of biosynthesis genes have the potential In addition, in order to further validate, we also added the
presumed 5 amino acids (Gly, Glu, Ser, Asp, and Ala) to the peptone

to dissect biosynthesis pathways of HEA.
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medium and then HEA content was tested, respectively, after 17 days
of stationary fermentation, respectively. Addition of amino acids
(glutamate, glycine, serine, aspartate, and alanine) resulted in lower
biomass compared to the control (Supplementary Table S8). As shown
in Figure 10. When peptone was used as nitrogen source, the
adenosine content of the strain AH 10-4 fermenting mycelium was
2.332mg/g and HEA content was 1.422mg/g. Interestingly, the
addition of amino acids to based medium led to a decrease in HEA
content. Hence, it was speculated that excess nitrogen source inhibited
HEA synthesis after 17 days of fermentation. Among the peptone
medium added with five amino acids, glutamate showed a significant
effect on the HEA content in the fermenting mycelia of the strain AH
10-4, which is consistent with the results in Table 3.

4 Discussion

In this study, we comprehensively compared the effects of three
fermentation methods on HEA production in the C. cicadae strain AH
10-4 mycelia. The results revealed that shaker fermentation resulted
in high mycelial biomass but low HEA production. Conversely,
stationary fermentation favored HEA concentration while exhibiting

Frontiers in Microbiology

relatively low biomass even after long-term fermentation. Submerged
fermentation, combining with the advantages of both, shortened the
incubation time and simultaneously promoted the HEA accumulation.
In conclusion, submerged fermentation was deemed more suitable for
the industrial-scale HEA production than shaker and stationary
fermentation in the C. cicadae strain AH 10-4 mycelia, which was
consistent with the previous results (Shih et al., 2007). By dissecting
the possible factors among these three kinds of fermentation on the
perspective of HEA production, dissolved oxygen (DO) was identified
as a major factor. To our knowledge, DO was an important indicator
for secondary metabolites in the mycelium (Mao and Zhong, 2004;
Suparmin et al, 2017), and HEA belonged to the secondary
metabolites with special biological activity. Shaker fermentation, with
higher DO levels, promoted mycelial growth but inhibited HEA
synthesis. On the other hand, the thick mycelia formed by C. cicadae
in stationary fermentation and submerged fermentation covered the
medium surface and seemed to create a hypoxic condition in the
medium, which aligned with previous research (Tang and Zhong,
2003). It has been demonstrated that Cordyceps militaris induced the
production of cordycepin (a nucleoside analog with HEA) under
hypoxic conditions (Suparmin et al., 2017), supporting our speculation
that high DO inhibits the production of HEA. Transcriptomics results
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The top 20 metabolic pathways between stationary and shaker fermentation mycelium: (A) Cellular processes; (B) Environmental information
processing; (C) Information processing; (D) Metabolism.

TABLE 3 Effect of 20 amino acids on production HEA in mycelium.

Amino acid types HEA content(mg/g)

15+Ala 0.020+0.008b
15+ Ser 0.015+0.003b
15+ Glu 0.078 +0.064a
15+ Asp 0.015+0.000b
15+Gly 0.012+0.006b
15+ Ala+Ser + Glu + Asp+Gly 0.027+0.007b
15 0.010+0.000b
Control ——b

“15” represents 15 amino acids, including valine, leucine, isoleucine, proline, phenylalanine, tyrosine, tryptophan, threonine, cysteine, methionine, asparagine, glutamine, lysine, arginine, and
histidine. Values are showed as mean + SD of triple determinations. Different letters in the same column indicate significantly different values according to a one-way ANOVA with Duncan’s
multiple test (p<0.05).

of mycelia from stationary and shaker fermentation with significant ~ HEA. Another study showed that upregulation of purine metabolism
up-regulated genes were enriched to TCA and nitrogen metabolism  pathway and energy metabolism gene transcript levels promoted the
pathways, which might be more favorable for the synthesis of  synthesis of precursors, resulting in increased cordycepin content
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Effect of amino acid type on HEA production in mycelium. Values are
showed as mean + SD of triple determinations. Different letters
indicate significantly different values according to a one-way ANOVA
with Duncan’s multiple test (p <0.05).

(Long etal., 2023). It indicated that upregulation of energy metabolism
genes favored nucleoside synthesis, which was consistent with our
findings. Additionally, it has been observed that in some filamentous
fungi, the expression of genes in the y-aminobutyric acid (GABA)
shunt pathway is upregulated during hypoxia (Suparmin et al., 2017),
redirecting L-glutamate to the TCA cycle and promoting the
accumulation of secondary metabolites (Hillmann et al., 2015).
Moreover, stationary and submerged fermentations were found more
favorable for HEA accumulation production in mycelium might
be due to the slow growth of mycelium and glucose metabolism was
mainly directed toward HEA synthesis (Zhao et al., 2020).

Fermentation time and cost were considered important limiting
factors in the development of the fungal industry. In this study,
submerged fermentation achieved a significant reduction in
incubation time compared to stationary fermentation, decreasing
from 17 days to 9days, which resulted in a time—cost savings. In
summary, submerged fermentation was a more favorable method to
produce HEA industrially than shaker or stationary fermentation
including three reasons. Firstly, submerged fermentation reduced the
fermentation time than stationary fermentation, which resulted in a
time-cost savings. Secondly, submerged fermentation needed a lower
level of dissolved oxygen. Lower DO promoted the TCA cycle, for
which the concentration of HEA in mycelium was favored. Thirdly,
biomass was accumulated more in submerged fermentation than
stationary fermentation. Biomass served as a crucial indicator of
fungal fermentation, and a higher biomass supported the industrial
expansion of cultivation.

Nitrogen sources were essential for the growth and nucleoside
synthesis regulation of Cordyceps specie (Shih et al., 2007; Su et al.,
2021). In our study, C. cicadae mycelium had a various preference
for nitrogen sources during growth and HEA synthesis. Yeast extract
or peptone was rich in nutrients required for growth, providing the
necessary foundation for mycelial growth and cell division. Previous
studies had shown that complex organic nitrogen sources, such as
yeast extract and peptone showed more efficient growth (Kocharin
and Wongsa, 2006; Sung et al., 2010, 2011). Interestingly, the
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ammonium citrate tribasic promoted HEA synthesis than peptone,
with HEA production reaching 2.535 and 2.119 mg/g, respectively.
The results of our study indicated that the addition of NH," had a
direct promotion effect on HEA content. Consistent with previously
research, the cordycepin-producing capacity of Cordyceps species
can be significantly enhanced by ammonium supplementation (Mao
et al., 2005; Leung and Wu, 2007). Furthermore, yeast extract had
the most remarkable effect on HEA accumulation. Compared to
peptone, yeast extract more effectively promoted HEA synthesis in
the mycelium under any fermentation conditions, mainly due to its
high utilization by C. cicadae for protein, nucleotide synthesis or
other substances. As opposed to yeast extract, peptone mainly
supported mycelial growth, and then synthesized its own
nitrogenous substances. A previous study showed yeast extract was
the optimal additional nitrogen source for increasing adenosine and
HEA concentrations in PDB (Liang et al., 2014; Ke and Lee, 2019).
Considering cost, ammonium citrate tribasic promoted HEA
accumulation in the mycelium, following yeast extract with a HEA
yield of 2.578 mg/g. Another study showed ammonium citrate
tribasic as a major factor in nucleoside (cordycepin) synthesis, which
was consistent with our results (Long et al., 2023). Overall, based on
the accumulation of HEA using different nitrogen sources under
three fermentation conditions, the use of ammonium citrate tribasic
provided the possibility of industrialized production of HEA during
submerged fermentation.

Furthermore, our research utilized comparative transcriptomics
to explore the potential association between amino acids and HEA
biosynthesis. By comparing mycelium with high and low HEA
production, we identified significant differences in amino acid
metabolic pathways, including p-alanine metabolism, arginine
biosynthesis as well as alanine, aspartate, and glutamate metabolism,
which indicated a robust relationship between amino acids and the
biosynthesis of HEA. It was speculated that amino acids might
be direct or indirect substrates for HEA synthesis. Previous studies
showed that the content of glutamate was higher than other amino
acids (Ji et al., 2023; Tang et al., 2023), which may be related to the
involvement of glutamate in the synthesis of some critical substance
in C. cicadae.

Our study showed that glutamate was closely linked to the
biosynthetic pathway of HEA. Since HEA as a purine derivative,
amino acid synthesis pathway and purine metabolism pathway
transcriptional studies as well as gene analyses of HEA biosynthesis
may be useful in exploring the biosynthesis pathway of
HEA. Transcriptome analysis of C. cicadae strain AH 10-4 identified
two ADSS sequences, with one showing a significant fold difference
of 27.173. Previous research had demonstrated that ADSS was a key
enzyme in the adenosine synthesis pathway (Xia et al., 2017).
Considering the complexity of the HEA synthesis pathway,
we believed that the correlation between ADSS and the HEA
synthesis pathway needs to be further verified. The growth kinetics
of C. cicadae indicated a correlation between adenosine and HEA
biosynthesis pathways, which was consistent with previous studies
(Liuetal., 2017). Based on this, we proposed the following hypotheses
regarding the synthesis pathway of HEA. Firstly, there was a
competition between adenosine and HEA synthesis, potentially due
to shared precursor substances. Secondly, adenosine consistently
exceeded the yield of HEA. This suggested that adenosine might serve
as a precursor for HEA synthesis and that other regulatory factors

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1384027
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhu et al.

might limit the process of HEA synthesis. In addition, by analyzing
the purine metabolic pathway, we observed that adenosine
accumulation was converted to inosine by adenosine deaminase.
Adenosine deaminase was a significantly up-regulated gene with a
fold difference of 1.752. It was hypothesized that the link between
adenosine and HEA may be regulated by adenosine deaminase.

In conclusion, the in-depth study of the production mechanism
of HEA can provide guidance for future research and industrial
application, which will further improve the yield and process efficiency
of HEA, promoting the industrialized production and
application of HEA.

5 Conclusion

In summary, the effect of different nitrogen sources on HEA
production in Cordyceps cicadae strain AH 10-4 had been explored
under different incubation conditions. The production kinetics of
HEA and adenosine exhibited a competitive pattern, implicating
a potential shared step in their synthesis. The use of ammonium
citrate tribasic resulted in higher HEA content (2.578 mg/g
mycelia dry weight) in the mycelium, which provided the
possibility of scaled-up HEA production in the fermentation
industry by submerged fermentation. Comparative de novo
transcriptomic analysis of C. cicadae mycelium between stationary
and shaker fermentation (with ammonium sulfate as nitrogen
source) revealed amino acid metabolic pathways were significantly
different. Glutamate may play a critical substrate for HEA
synthesis, which has yet to be subsequently validated. Further
studies are needed to elucidate the mechanism by which these
amino acids contribute to HEA biosynthesis. Our results provide
a foundation for further pharmaceutical and industrial
applications of C. cicadae, as well as further exploration of the
HEA biosynthesis pathway in C. cicadae. Future research can
combine with genomics technology to explore the gene regulation
mechanism, and further use genetic engineering technology to
improve the yield and quality of HEA, which promotes the
industrialized production and application of HEA.
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