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Abstract: The special structure of pentostatin causes it to possess a wide spectrum of biological and
pharmacological properties, and it has been extensively employed to treat malignant tumors and is the
first-line treatment for hairy cell leukemia. Pentostatin is mainly distributed in several actinomycetes
and fungi species. However, its low titer in microbes is not able to meet medical needs. Here, we
report a strain improvement strategy based on combined atmospheric and room-temperature plasma
(ARTP) mutagenesis and ribosome engineering screening, as well as fermentation optimization, for
enhanced pentostatin production. The original strain, Actinomadura sp. ATCC 39365, was treated
with ARTP and screened by ribosome engineering to obtain one stable pentostatin high-yield mutant
Actinomadura sp. S-15, which produced 86.35 mg/L pentostatin, representing a 33.79% increase
compared to Actinomadura sp. ATCC 39365. qRT-PCR analysis revealed that pentostatin biosynthesis-
related gene expression was significantly upregulated in Actinomadura sp. S-15. Then, to further
enhance pentostatin production, the fermentation medium was optimized in flask culture and the
pentostatin production of Actinomadura sp. S-15 reached 152.06 mg/L, which is the highest pentostatin
production reported so far. These results demonstrate the effectiveness of combined ARTP mutation,
ribosome engineering screening, and medium optimization for the enhancement of pentostatin
production, and provide a methodology enabling the sustainable production of pentostatin on an
industrial scale.

Keywords: Actinomadura sp.; pentostatin; atmospheric and room temperature plasma; ribosome engineering

1. Introduction

Pentostatin, a purine antimetabolic drug, is the first-line treatment for hair-cell leukemia [1].
In 1991, the U.S. Food and Drug Administration (FDA) approved pentostatin injection for
the treatment of acute T cell, chronic lymphocyte, and hair cell leukemia [2,3]. Pentostatin
is mainly produced by microbial fermentation. It has been discovered in Streptomyces
antibioticus NRRL 3238, Actinomadura sp. ATCC 39365, Aspergillus nidulans, Cordyceps mili-
taris, and Cordyceps kyushuensis Kobayasi, in succession [4–8]. However, microbial-derived
pentostatin has a low fermentation production, and the price remains high. To overcome
the problem of low yield of pentostatin from microorganisms, hopes have been pinned on
the chemical synthesis of pentostatin, but the chemical synthesis of pentostatin has pre-
sented serious disadvantages, such as long synthetic routes, harsh reaction conditions, very
low production efficiency, high cost of consumption, and difficulty in achieving industrial
production [9]. Therefore, research has been performed focusing on how to improve the
fermentation production of pentostatin through biological means [10]. In a previous study,
our research group tracked the pentostatin production of Actinomadura sp. ATCC 39365,
but the low titer limits its adequate supply and has hampered efforts to perform further
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preclinical studies or undertake clinical applications, and thus it fails to meet the high com-
mercial requirements. Among currently available methods, rational metabolic engineering
or genetic manipulation have great potential to boost the production of target compounds,
but their successful application depends on a comprehensive knowledge of biosynthesis
pathways and the amenability of the producers to carry out genetic modifications [11–13].
The pentostatin biosynthesis gene cluster has been identified in Actinomadura sp. ATCC
39365, but the genetic manipulation system of Actinomadura sp. ATCC 39365 has not been
constructed. However, regarding industrial strains producing secondary metabolites like
antibiotics, traditional and classical methods are still considered effective even without
using genomic information or genetic tools [14]. Strain improvements through mutagenesis,
including physical and chemical methods, are one of the most commonly used approaches
for obtaining mutants with desirable biological and biotechnological traits [15–17].

Atmospheric room-temperature plasma (ARTP) is a novel mutagenesis technology
that has been reported in recent years, which generates a plasma jet that can change
the structure and permeability of the cell wall and plasma membrane and lead to DNA
damage, including missense mutation, deletion, and nucleotide frameshift mutation [18].
Compared with the other conventional and typical mutation methods, ARTP has several
advantages, such as nontoxicity, environmental friendliness, low cost, high efficiency and
good repeatability [14]. ARTP mutagenesis technology has been employed for successful
microbial breeding of bacteria, fungi, and microalgae, and hundreds of ARTP mutagenized
strains have been reported to date [19–24]. ARTP mutagenesis can be combined with
other conventional mutagenesis methods to obtain ideal strains more effectively [25,26].
Therefore, ARTP is considered to be one of the most efficient techniques for enhancing the
productivity of the desired target product.

Ribosome engineering implements antibiotic-induced genetic mutations on various
ribosome-associated factors like proteins and rRNA, consequently regulating gene expres-
sion and then affecting the metabolic network and the production of natural
products [27,28]. Antibiotic-induced ribosome engineering could generate structural and
functional variations of the ribosome and RNA polymerase, such as streptomycin and
paromomycin resistance mutations at 30S ribosomal protein S12 (rpsL gene) [13,29], and
rifamycin resistance mutation at RNA polymerase β-subunit (rpoB gene) [30,31], leading
to transcriptional and translational modulations and consequently regulating the metabolic
network to stimulate the production of secondary metabolites [32]. Hence, ribosome en-
gineering has been regarded as an effective approach for achieving strain improvement
and overproduction of various antibiotics and has been widely applied to increase the
production of many industrially important antibiotics [32–41].

Herein, ARTP mutagenesis and ribosome engineering screening are integrated into
the prescreening of high-yield pentostatin mutants followed by HPLC-MS/MS screening,
aiding the rapid screening of high-pentostatin-titer mutants with high efficiency. Mean-
while, we elucidate the logical reason behind the improved performance of pentostatin
biosynthesis mutants based on transcriptomic data analysis of the mutant and the original
strain. Furthermore, fermentation optimization was conducted to sharply improve the
pentostatin production of Actinomadura sp. S-15. The above facts indicate that pentostatin
production can be significantly improved using the breeding strategy of ARTP mutagenesis
and ribosome engineering screening, while the fermentation optimization method is also a
useful addition. These results provide an effective bioengineering approach for improving
pentostatin accumulation in rare actinomyces.

2. Materials and Methods
2.1. Chemicals

Ultra-pure water (<5 µg/L TOC) was obtained using an Avidity Cascada I (Jiaxing,
Zhejiang, China) water purification system. Formic acid (puriss. p.a. for mass spectrometry)
was obtained from China National Pharmaceutical Group Co., Ltd. (Shanghai, China).
Methanol (HPLC grade) was obtained from Concord Technology Co., Ltd. (Tianjin, China).
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Pentostatin standard with a purity higher than 98% was obtained from Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). All culture medium components were obtained
from Sangon Biotech Co., Ltd. (Shanghai, China).

2.2. Strains and Culture Conditions

The original strain Actinomadura sp. ATCC 39365 was obtained from the American
Type Culture Collection (ATCC) and maintained in 10% glycerol at−80 ◦C. Actinomadura sp.
ATCC 39365 and its mutant were grown on ISP2 agar plates for sporulation. The mutants
generated by ARTP mutagenesis and resistance screening were spread on ISP2 agar plates,
activated in the ISP2 liquid seed medium, and fermented in a fermentation medium. The
ISP2 liquid medium contained (g/L): glucose 4.0, malt extract 10.0, and yeast extract 4.0,
pH = 7.8. For the ISP2 solid medium, 2% of agar was supplemented. The fermentation
medium consisted of the following ingredients (g/L): glucose 4.0, malt extract 30.0, and
yeast extract 12.0, pH = 7.8. All the media were autoclaved at 115 ◦C for 30 min before
use. A total of 100 µL spore suspension (108 cells/mL) was inoculated in a 250 mL flask
containing 30mL fresh ISP2 medium and further incubated for 56 h as a seed culture
medium. After that, the 5% inoculum was transferred into a 250 mL shake flask containing
30 mL fermentation medium and then incubated for 6–8 days in a rotary shaker at 30 ◦C
with a shaking speed of 220 rpm.

2.3. Preparation of Single-Spore Suspension

Actinomadura sp. ATCC 39365 and its mutants were inoculated into ISP2 solid medium
and incubated at 28 ◦C for 7 days. The mature spores were harvested using sterile cotton
swabs scraped over the medium surface and then washed twice with sterile saline. The
spore pellets were then transferred to an EP tube with glass beads, and the spore chains
were disrupted by shaking for 10–30 min. After centrifuging at 12,000 rpm for 10 min and
discarding the supernatant, the spore precipitate was carefully resuspended in 1 mL of
sterile saline. The monospore suspension was counted using an Auvon Helber Bacteria
Single Round Cell Thoma Counting Chamber and the concentration was adjusted to
108 cells/mL.

2.4. Random Mutagenesis by ARTP

ARTP mutagenesis was performed using the ARTP breeding system (ARTP-M, Yuan
Qing Tian Mu Biotechnology Co., Ltd., Wuxi, China) in this study. The main parameters
include power P (P = 130 W), gas flow G (G = 10 slm), the distance between the emission
source and the carrier D (D = 2.0 mm), and the temperature of the plasma T (T = 28 ◦C).
For each ARTP mutagenesis, 10 µL of the spore suspension (diluting to 106 cells/mL) was
uniformly dispersed on a sterilized metal plate, and exposed to the ARTP jet for 0, 20, 40,
60, 80, 100, and 120 s, respectively. After mutagenesis with the selected exposure time,
the cells were eluted with sterile saline into a 1.5 mL centrifuge tube. Cells were washed
with fresh 0.85% sterile saline and recovered in 1.0 mL ISP2 medium and then incubated
in a shaking incubator at 30 ◦C and 120 rpm for 4 h. Finally, 100 µL of the diluent was
cultivated on ISP2 agar plate for 5–7 days at 30 ◦C. For each exposure time, three replicate
plates were set up. Then, the lethality rate of Actinomadura sp. ATCC 39365 under different
ARTP treatment times was determined, and the lethality rate curve was obtained, as well
as the desired exposure time. The individual colonies on the plates were counted manually,
and the lethality (%) was determined using Equation (1).

Lethality(%) =
Survival colonies− Survival colonies

Survival colonies
× 100 (1)

2.5. Resistant Screening of Actinomadura sp. ATCC 39365-Derived Mutants

To determine the minimum inhibitory concentration (MIC) of streptomycin, suspen-
sions of the Actinomadura sp. ATCC 39365 spores (diluting to 106 cells/mL) were spread
on ISP2 agar medium containing different concentrations of Str (5, 10, 20, 50, 100, and
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200 µg/mL) and cultivated at 30 ◦C for observation. The MIC was defined as the minimum
antibiotic concentration that fully inhibited the growth of the strain. Then, the spores
were treated with ARTP, spread on the ISP2 medium agar plates containing streptomycin
in different concentrations, and incubated at 30 ◦C for 6–8 days to obtain streptomycin
resistance mutants, among which relatively large clones were picked out for further studies.
Appropriate concentrations were used to select resistant mutants.

2.6. Efficient Screening of Resistant Mutants with High-Yield Pentostatin by HPLC-MS/MS

Determination of pentostatin production was conducted by following procedures
described previously [42]. After high-speed centrifugation, aqueous solution dilution,
vortex shock, and microfiltration, the fermentation broth samples of the wild-type strain
and mutants were analyzed by HPLC-MS/MS. The samples were separated on a Wa-
ters Atlantis T3 column (100 mm × 2.1 mm, 5 µm) by a gradient elution program using
10 mmol/L ammonium formate (containing 0.1% formic acid) and methanol (containing
0.02% formic acid) as mobile phases. Moreover, a chromatographic protection column
(5 mm × 2.1 mm, 5 µm) was added to protect the column efficiency. The flow rate, column
temperature, and injection volume were set at 0.3 mL/min, 25 ◦C, and 10 µL, respectively.
The gradient elution procedure of the pentostatin is shown in Table 1, below: from 0 to 120 s,
the ratio of mobile phase A (95%) and B (5%) remained unchanged; from 120 s to 480 s, the
ratio of mobile phase A ranged from 95% to 5% and the ratio of mobile phase B ranged
from 5% to 95%; from 480 s to 660 s, the ratio of mobile phase A ranged from 5% to 0%
and the ratio of mobile phase B ranged from 95% to 100%; from 660 s to 1020 s, the ratio of
mobile phase A ranged from 0% to 95% and the ratio of mobile phase B ranged from 100%
to 5%.

Table 1. Gradient elution procedure of the pentostatin.

Time (s) Flow Rate (mL/min) ϕ(A)/% ϕ(B)/%

0 0.3 95 5
120 0.3 95 5
360 0.3 5 95
180 0.3 0 100
360 0.3 95 5

ϕ(A): 10 mmol/L ammonium formate (0.1% formic acid); ϕ(B): methanol (0.02% formic acid).

2.7. Verification of Genetic Stability of the Mutant with High-Yield Pentostatin

The genetic stability of the mutant strain was investigated by sub-culturing on plates
for 6 passages. Then, the seed culture of the high-yield pentostatin mutant was trans-
ferred into the fermentation medium for 6–8 days, and the pentostatin production of each
subculture was measured each day following fermentation in shake flasks.

2.8. Determination of Biomass

The 30 mL of fermentation broth was placed in centrifuge tubes that were dried and
weighed in advance. After centrifugation at 12,000 rpm for 5 min, the cells were washed
with ultrapure water three times, and the precipitate was frozen under a temperature of
−20 degrees; then, dry cell weight (DCW) was measured after drying to constant weight
in a lyophilizer.

2.9. qRT-PCR Analysis of Key Genes in the Biosynthesis Gene Cluster of Pentostatin

Fermentation culture broth (10 mL) of the resistant mutant and the parental strain
Actinomadura sp. ATCC 39365 was centrifuged at 12,000 rpm for 15 min to collect mycelium
cultured for 5 days and 8 days, respectively. Then, the total RNA was obtained using
the UNlQ-10 Column Trizol Total RNA Isolation Kit (Sangon Biotech Co., Ltd., Shanghai,
China) according to the manufacturer’s instructions. The residual genomic DNA in the
RNA sample was removed using RNase-free DNase I (Sangon Biotech Co., Ltd., Shanghai,
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China). To verify the elimination of the residual DNA, the primers 16S-RT-F/16S-RT-R were
used to amplify the total RNA. Reverse transcription–PCR (RT-PCR) was performed using
Maxima Reverse Transcriptase (EP0743, Thermo Scientific) according to the instructions
provided by the manufacturer. To analyze the transcriptional levels in the resistant mutant
and the parental strain Actinomadura sp. ATCC 39365, quantitative real-time polymerase
chain reaction (qRT-PCR) was conducted with ABI StepOnePlus™ Real-Time PCR System
(ABI, Foster, CA, USA) according to the manufacturer’s instructions. Six pairs of primers
were used to determine the transcriptional levels of the key genes in the pentostatin
biosynthesis gene cluster, including AdeA-F/AdeA-R, AdeB-F/AdeB-R, AdeC-F/AdeC-R,
AdeK-F/AdeK-R, AdeM-F/AdeM-R,16SrRNA-F/16SrRNA-R (Table 2). All the amplicons
were confirmed by sequencing. The transcriptional levels were normalized using gene 16S
rRNA as the internal control [43]. The fold changes in the test genes were quantified using
the 2−∆∆Ct method [44]. Each qRT-PCR experiment was performed three times, and the
error bar was used to show the standard deviations (SDs).

Table 2. Primers used for RT-qPCR genes.

Target Genes Primer Sequence Tm (◦C)

16S rRNA-F 5′-GAGCGAACAGGATTAGATACCC-3′ 57.6
16S rRNA-R 5′-TCCTTTGAGTTTTAGCCTTGC-3′ 57.2

Ade A-F 5′-GACTACCGGACCGACCCC-3′ 59.4
Ade A-R 5′-GCCGAAGATGAGGCAGAAGT-3′ 59.2
Ade B-F 5′-GTCATCACATGAGACCCCGG-3′ 60.2
Ade B-R 5′-GAGCGGTTCAGGGAGAAGAC-3′ 60.1
Ade C-F 5′-GAGATCCCCCTGGTCGTC-3′ 57.0
Ade C-R 5′-GCTCGGTGTTCCTGGAGTAG-3′ 58.0
Ade K-F 5′-ATCTCCAGCCTGGACGACCT-3′ 62.5
Ade K-R 5′-CTAGGGCTCCGGTTTGCGTA-3′ 62.0
Ade M-F 5′-CTCATGGTCCAGCTCGAAGG-3′ 60.2
Ade M-R 5′-ATGACCTCGCAGAACACGTC-3′ 60.4

2.10. Fermentation Optimization of the Mutant with High-Yield Pentostatin

To further improve the pentostatin production of the mutant strain, the fermentation
conditions, including carbon sources, pH, culture time, and seed age were optimized.
Based on the fermentation medium, the effects of various carbon sources on pentostatin
production by mutant strain were evaluated. Five common carbon sources, including
xylitol, maltitol, soluble starch, rice meal, and dextrin, were tested at concentrations of
4.0 g/L, with a constant malt extract and yeast extract of 10.0 g/L, pH = 7.8. After car-
bon sources had been assigned, the initial pH (6.9, 7.2, 7.5, 7.8, 8.1) of the fermentation
medium, the seed age of transplantation (40 h, 48 h, 56 h, 64 h, 72 h, 80 h) and culture time
(5 d, 6 d, 7 d, 8 d, 9 d) were investigated; the optimized fermentation parameters were
used in subsequent fermentation studies. Each experiment on the optimization of carbon
sources, pH, culture time, and seed age was performed in triplicate, and error bars show
the standard deviations (SDs).

3. Results
3.1. Optimal ARTP Exposure Time on Actinomadura sp. ATCC 39365 Mutagenesis

For the effective mutation and screening of the mutants, it is desirable to have a high
rate of cell lethality. After treatment with the ARTP plasma jet for 20 s, 40 s, 60 s, 80 s,
and 100 s, the cells were incubated on ISP2 medium agar plates at 30 ◦C for 7 days, and
the lethality rates of the treated spores increased to 51, 77, 90, 100, and 100%, respectively
(Figure 1). No spores survived when the original strain Actinomadura sp. ATCC 39365
was treated for 80 s under these conditions. According to previous reports, a lethality rate
of 90% can be regarded as appropriate [14,45]. Therefore, in this study, 60 s was selected
as an appropriate exposure time for ARTP mutagenesis in which to obtain a desirable
lethality rate.
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Figure 1. The lethality rate curves of Actinomadura sp. ATCC 39365 under ARTP mutagenesis.

3.2. Screening of High-Yield Pentostatin Mutants with Streptomycin

ISP2 medium agar plates containing 0, 5, 10, 15, 20, and 25 mg/L of streptomycin
were prepared to determine the sensitivity of Actinomadura sp. ATCC 39365 to strepto-
mycin. The lethality rates increased with increasing streptomycin concentration, reach-
ing approximately 99.50% when the streptomycin concentration was 20 mg/L, the mini-
mum inhibitory concentration of streptomycin for the Actinomadura sp. ATCC 39365 was
20 mg/L (Figure 2).
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Figure 2. The MIC determination of streptomycin against Actinomadura sp. ATCC 39365. Different
doses of streptomycin were added to the agar plates; the concentrations of streptomycin in plates
(A–F) are 0, 12, 14, 16, 18 and 20 mg/L, respectively.

ISP2 plates containing 20 mg/L streptomycin (1xMIC) were used for the isolation
of high-yield pentostatin mutants after ARTP mutagenesis. The mutants derived from
streptomycin resistance screening after being cultivated on streptomycin-containing plates
at different concentrations for 5–7 days are shown in Figure 3. Then, 100 relatively large
ARTP mutant clones were selected to evaluate pentostatin production by cultivation in
shake flasks, and 16 positive mutants showed higher pentostatin production than the
original strain Actinomadura sp. ATCC 39365. Among them, the mutant Actinomadura sp.
S-15 with the highest pentostatin production was chosen as being representative. The
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mutant Actinomadura sp. S-15 showed the highest pentostatin production (86.35 mg/L),
corresponding to a 33.79% increase compared with the wild-type strain (64.54 mg/L). The
significant increase in pentostatin production confirmed that ARTP mutation breeding is
an efficient method for generating high-yield mutants.
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line is the dividing line based on the pentostatin yield of the negative control strain Actinomadura sp.
ATCC 39365, and yields above the red dashed line are defined as high-yield mutants.

3.3. Genetic Stability of Mutant Actinomadura sp. S-15

The genetic stability of the mutant Actinomadura sp. S-15 was investigated by subculturing
for six generations. Each generation of the strain was transferred into a fresh seed medium
and then inoculated into a fermentation medium in shake flasks for 6 days. The results
showed that the pentostatin production of these generations ranged from 83.26 to 83.96 mg/L
(Figure 4), indicating no significant difference. This indicates that Actinomadura sp. S-15 is a
genetically stable mutant strain that can be used for pentostatin production.
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Figure 4. The genetic stability of the mutant Actinomadura sp. S-15 in six generations.

3.4. Transcription Levels of Key Genes Related to the Biosynthesis of Pentostatin

To understand the possible causes leading to improved production after ARTP muta-
tion and ribosome screening, a transcriptional analysis of pentostatin biosynthesis-related
genes was performed (Figure 5), with samples being collected at two time points, namely
day 5 and day 8. Real-time PCR was carried out in triplicate for each sample, with 16S
rRNA as an internal control. Firstly, RT-PCR was applied to determine co-transcription
units in the gene cluster by amplifying the cDNA of Actinomadura sp. ATCC 39365 with
primers. The genomic DNA of Actinomadura sp. ATCC 39365 was used as the control. As
shown in Figure 5, there are totally eight co-transcription units in the pentostatin biosyn-
thesis gene cluster, including AdeA-AdeC, AdeD-AdeE, AdeF-AdeJ, AdeK, AdeL-AdeM,
AdeN-AdeT, AdeU, and AdeV [10]. To compare the relative expression levels of the pen-
tostatin biosynthesis gene cluster in Actinomadura sp. S-15 and Actinomadura sp. ATCC
39365, qRT-PCR was then performed to analyze the samples collected on the 6th day and
the 8th day, respectively. The key genes related to the pentostatin biosynthesis of AdeA,
AdeB, AdeC, AdeK, and AdeM were selected to determine the corresponding expression
levels. The results showed that the expression levels of AdeA, AdeB, AdeC, AdeK, and
AdeM were higher in Actinomadura sp. S-15 than in the Actinomadura sp. ATCC 39365
(Tables S1 and S2). The upregulation of gene products included in these co-transcription
units might lead to improved pentostatin production in Actinomadura sp. S-15.

3.5. Optimization of Fermentation Conditions of Actinomadura sp. S-15

To further improve pentostatin production, the effects of five carbon sources on
pentostatin production were evaluated individually by replacing the carbon source (4 g/L
glucose) in the original medium. The selected carbon sources included rice meal, dextrin,
soluble starch, xylitol, and maltitol (all at concentrations of 4 g/L). The original medium
served as a control. Other fermentation conditions, such as inoculum volume, the pH of
the fermentation fluid, and culture time, remained unchanged, and each experiment was
performed three times in parallel. As depicted in Figure 6, the biomass of Actinomadura sp.
S-15 with different carbon sources ranged from 7.44 to 7.61 (mg/mL), indicating that there
was no significant difference in mycelium growth. Nevertheless, in the medium containing
maltitol, soluble starch, dextrin and rice meal, pentostatin production values were all higher
than the control, and the highest pentostatin production of 98.97 mg/L was obtained with
maltitol medium, a value which is 53.35% higher than that obtained in the original medium
(64.54 mg/L) (Table S3, Figure 6A). Next, the effects of different maltitol concentrations on
pentostatin production were studied (Table S4, Figure 6B). The results revealed increases in
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production and biomass at a maltitol concentration of 4 g/L, with a maximum production
of 96.21 mg/L.
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Figure 6. Effect of different carbon sources (A) and maltitol concentrations (B) on pentostatin
production and biomass in Actinomadura sp. S-15.

The initial pH of the fermentation fluid affects the life activities of bacteria by changing
their absorption of nutrients. When the carbon source of the fermentation liquid is changed,
the pH changes accordingly. Therefore, by optimizing the type and concentration of carbon
sources in the medium, the growth environment of the mutant strain could be improved by
adjusting the initial pH of the fermentation medium, thus promoting pentostatin produc-
tion. The results (Table S5, Figure 7A) showed that with increasing fermentation medium
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initial pH, the pentostatin production and biomass of the mutant Actinomadura sp. S-15
first increased and then decreased. The pentostatin production and biomass of the mutant
Actinomadura sp. S-15 reached their maximum values at a pH of 7.8, with a pentostatin
production of 93.92 mg/L and a biomass of 7.87 mg/mL. Therefore, the initial pH of the
fermentation medium was controlled at about 7.8.
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Figure 7. Effect of the initial pH of the fermentation medium (A), seed age (B) and culture time (C) on
pentostatin production and biomass of Actinomadura sp. S-15.

The selection of a suitable seed age is very important for the fermentation process of
high-yield mutants. During the seed liquid culture period, the growth vigor of the bacteria
is strong and the delay period is short, such that bacteria are able to successfully survive
the adaptation period. If the seed age is too young, the bacteria will grow slowly in the
fermentation medium after inoculation, and the prolongation of culture time will also
increase the probability of bacterial contamination. However, the bacteria will appear to
age through autolysis and other phenomena if the seed liquid age is too great. Therefore,
employing the optimized medium, the other culture conditions remained unchanged
while optimizing the seed age. The results (Table S6, Figure 7B) showed that the mutant
Actinomadura sp. S-15 demonstrated different pentostatin production levels with different
seed ages. Pentostatin production and biomass reached their maximum values when the
seed solution was inoculated for 56 h. Therefore, 56 h was chosen as the optimal seed age.

Using the optimized fermentation medium, the culture time was optimized while the
other culture conditions remained unchanged. The results (Table S7, Figure 7C) showed that,
with the change in the fermentation cycle, there were also fluctuations in the pentostatin
production of the mutant Actinomadura sp. S-15. The pentostatin production and biomass
of Actinomadura sp. S-15 reached their peak values when the fermentation cycle was 6 days.
Therefore, under these conditions, the optimal culture time of the mutant Actinomadura sp.
S-15 was 6 days.

After determining their optimal concentrations, the final production medium was
simplified to contain 4 g/L maltitol, 30.0 g/L malt extract, and 12.0 g/L yeast extract, at
pH = 7.8. The culture time used was 6 days, and the seed age was 56 h. Under these
conditions, the average titer of pentostatin from different batches of flask fermentations
improved sharply.

3.6. Difference in Fermentation Performance between Actinomadura sp. S-15 and Actinomadura sp.
ATCC 39365

It was shown that, in 0–48 h, the biomass of the wild-type strain increased dramatically,
the growth and reproduction of the strain were fast, and the metabolism was vigorous.
From 48 h to 192 h, the biomass fluctuated slightly, but tended to be stable. The biomass
of the mutant Actinomadura sp. S-15 increased rapidly from 0 to 24 h, and after 24 h, the
trend was consistent with that shown by the wild-type strain, which tended to be stable.
In conclusion, the mutant entered the stable phase 24 h earlier than the wild-type strain
and entered the secondary metabolite synthesis stage in advance. The biomass of the
mutant was greater than that of the wild-type strain. The maximum biomass of the mutant
Actinomadura sp. S-15 was 8.20 mg/mL, which reached at 144 h, while the maximum
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biomass of the wild-type strain Actinomadura sp. ATCC 39365 was 8.58 mg/L, which it
reached at 192 h (Figure 8A).
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Figure 8. Differences in the fermentation performance with respect to biomass (A), pH (B) and
pentostatin production (C) between Actinomadura sp. S-15 and Actinomadura sp. ATCC39365 in the
original medium and optimum medium.

The pH of liquid fermentation showed a gradual rising trend during the fermentation
process. During the period from 24 to 48 h, the pH of the fermentation medium decreased
to varying degrees. It was speculated that the strain employed a large number of the
nutrients in the medium and secreted acidic substances during the metabolic process. Since
the same ventilation conditions were maintained for the strain throughout the culture
process, the possibility that a change in ventilation conditions might result in incomplete
oxidation was ruled out. After 48 h of fermentation, the pH increased gradually with
increasing fermentation time, and both the wild-type strain and the mutant strain reached
their maximum pH values at 192 h, and the difference between them was not obvious
(Figure 8B).

As can be seen from the production curve of pentostatin (Figure 8C), the pentostatin
production of the wild-type strain Actinomadura sp. ATCC39365 first increased and then
stabilized. During the period between 72 and 96 h, the pentostatin production increased
sharply, and during the period between 96 and 192 h, the pentostatin production stabilized,
reaching its maximum at 192 h. The pentostatin production of the mutant Actinomadura sp.
S-15first increased and then decreased. According to the biomass curve, the mutant
entered the stable growth stage at 24 h and began to produce a large number of secondary
metabolites. From 24 h to 144 h, the pentostatin production increased sharply, and the
maximum production of 152.06 mg/L was reached at 144 h. As shown in Figure 8, the
mutants Actinomadura sp. S-15 showed a slight increase in biomass compared to the
wild-type strain, while they showed a remarkable increase in pentostatin production.

4. Conclusions

In this study, Actinomadura sp. ATCC 39365 was selected as the starting strain, and a
pentostatin high-yield mutant Actinomadura sp. S-15 was obtained by atmospheric pres-
sure and room-temperature plasma (ARTP) mutagenesis combined with the ribosome
engineering screening strategy, which has application prospects for practical production.
The pentostatin production and biomass of the mutant Actinomadura sp. S-15 and the
starting strain Actinomadura sp. ATCC 39365 were systematically compared. By employing
qRT-PCR, we were able to systematically analyze the genetic variations in the pentostatin
high-yield mutant Actinomadura sp. S-15 and the starting strain Actinomadura sp. ATCC
39365 at the level of transcriptional changes in key genes related to the pentostatin biosyn-
thesis gene cluster, and we performed a preliminary analysis of the high-yield mechanism.
The fermentation parameters of the high-yield mutant Actinomadura sp. S-15 were op-
timized, and pentostatin production was greatly increased, reaching 152.06 mg/L. In
addition, we finally obtained a high-yield pentostatin mutant Actinomadura sp. S-15 with
good genetic stability. However, at present, the specific regulatory genes, global regu-
latory genes, and polymorphic regulatory genes in pentostatin biosynthesis are poorly
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understood. In the future, bioinformatics methods could be used to analyze and predict
its functions, to further increase the efforts of research on its rational modification, and
improve pentostatin production from a molecular biology perspective. The fermentation
parameter optimization in this paper was only conducted on a small scale in a shaker,
the fermentation scale could be expanded and the fermentation effect could be verified in
future studies.
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