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ABSTRACT

Screening promising L. thermophiles with high productivity, high efficiency and strong adaptability are very
important in lactic acid industry. For this purpose, 80MeV/u carbon ions were applied to irradiate L. thermophiles.
After high-throughput screening, a mutant, named SRZ50, was obtained. Different carbon sources or nitrogen
sources were provided to investigate carbon or nitrogen source utilization between mutant SRZ50 and wild type, and
different fermentation periods were also chose to study fermentation characteristic between mutant SRZ50 and wild
type. The results showed that mutant SRZ50 exhibited the enhanced L-(+)-lactic acid production from wild type.
When glucose or fructose was the sole carbon source, the L(+)-lactic acid production by mutant SRZ50 was both the
highest, respectively, 23.16 £ 0.72 g/L or 23.24 + 0.66 g/L, which had a significant increase from that of wild type
(P<0.01), following obvious increase in biomass (P<0.05). When yeast powder was the sole nitrogen source, it can
promote mutant SRZ50 to accumulate the highest L-(+)-lactic acid accumulation, which also had a significant
increase from that of wild type (P<0.01). Under different fermentation periods, it was obtained that mutant SRZ50
all exhibited significant increase in L-(+)-lactic acid accumulation from wild type. In conclusion, a mutant strain
with improved production profiles for L-(+)-lactic acid, was obtained, indicating that heavy ions can be an efficient
tool to improve metabolic product accumulations in microbes.
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INTRODUCTION

Recently, fermentative production of L-(+)-lactic acid has attracted a great deal of
attention due to its widespread application, mainly in food, chemical, cosmetic,
pharmaceutical, and plastics industries (Abdel-Rahman et al., 2013; Pal & Dey,
2013; Qin et al.,, 2009). The world lactic acid production is expected to reach
259,000 metric tons by the year 2012 (Martinez et al., 2013), and the industrial
demand for L-(+)-lactic acid is continuously increasing. Several microorganisms,
classified into bacteria, fungi, cyanobacteria, yeast, and algae, have been proved to
produce lactic acid (Abdel-Rahman et al., 2013). Especially, L. thermophiles, as an
important microbial cell factory, has several potential advantages to L-(+)-lactic acid
production that may help for the reduction of costs in lactic acid fermentation as
follows: (1 ): thermal fermentation (>50°C), resulting in low energy consumption
(Ou et al., 2011); (ii): low byproduct levels, through homofermentative process, L.
thermophiles can produce L-(+)-lactic acid as the major end product; (iii): high
optical purity.

Any significant enhancement of L-(+)-lactic acid strains will offer great opportunity
for industrial production. For this purpose, different mutagenesis methods were
applied to modify production ability for L-(+)-lactic acid in different microorganism
strains. One such example is, Bacillus subtilis MURI1, a UV induced mutant of
Bacillus subtilis 1A304 (U105MU331), can produce 99.3 or 183.2 g/L of L-(+)-
lactic acid in 12 or 52 h (Gao et al., 2012). An over-producing mutant Rhizopus
oryzae R1021 induced by compound mutation, was screened, and can produce 79.4
g/L L-(+)-lactic acid after 60 h fermentation in flasks containing 120 g/L corn starch,
which was 52% higher than that of wild type strain (Bai et al., 2003). After low-
energy ion beam implantation, a high-yield mutant, named Rhizopus oryzae
RQ4015, was also obtained, which can produce 83 g/L. L-(+)-lactic acid with mixed
carbon containing xylose (25 g/L) and glucose (75 g/L) (Wang et al., 2009).
Presently, heavy-ion irradiation, as a novel breeding method, which has been a
highly efficient tool for creating different kinds of new mutants (Inthima et al., 2014;
Ishikawa et al., 2012), has drawn extensive attention of biologists and breeding
experts. Compared with low linear energy transfer (LET) radiations such as
electrons, protons, and X-rays, heavy ions can cause higher relative biological
effectiveness (RBE), higher mutation rate and a broader mutation spectrum due to its
high LET (Shikazono et al., 2002; Tanaka et al., 2010), which can produce dense
ionization along their trajectories, resulting in complex and irreparable clustered
damage in DNA (Hamada, 2009), and deletions, translocations or rearrangements in
the genome of live body, which can generate thousands of mutants (Hu et al., 2013).
In china, Heavy Ion Research Facility of Lanzhou (HIRFL) and Cooling storage
Ring (CSR) have been constructed as national key research facilities for basic
research as well as the applications of heavy-ion physics and nuclear techniques. The
HIRFL-CSR complex comprises a super-conducting Electron Cyclotron Resonance
(ECR) ion source, the Sector Focused Cyclotron (energy constant K = 69), a main
Sector-Separated Cyclotron (energy constant K = 450), the Cooling Storage Ring
system which is connected to the HIRFL as an injector, the Radioactive Ion Beam
Line in Lanzhou (RIBLL) and several terminals for different experiments (Li, 2007;
Zhan et al., 2010). The HIRFL —CSR can provide several kinds of ion beams from
protons to uranium with energy varying from 2800 MeV/u to 1000 MeV/u (Zhou et
al., 2014). In recent years, great progress has been made in generating different kinds
of mutants with high productivity of microbes via heavy ion irradiations (Hu et al.,
2016; Hu et al., 2014; Li et al., 2016; Wang et al., 2015).
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To date, no studies of L. thermophilus for enhanced L-(+)-lactic acid accumulation
by high-LET "C°" ion irradiation have been reported. In current study, we obtained
one mutant of L. thermophilus induced by 80MeV/u '*C*" ion beams from HIRFL.
Different carbon or nitrogen sources were provided to investigate carbon or nitrogen
source utilization between mutant SRZ50 and wild type. Under optimized medium
compositions, the fermentation characteristics between mutant SRZ50 and wild type
under different fermentation periods was also studied.

MATERIAL AND METHODS

Strain, media, and reagents

A parent L. thermophilus SR7, which can produce L-(+)-lactic acid, was obtained
from X-ray irradiation and provided by biophysics lab of IMP, CAS (Wu et al.,
2015) . The strain was maintained on MRS agar slants at 4°C. The MRS agar
medium contained per litre of distilled water: glucose 20 g (Tianjin Da-Mao Co.,
Ltd., China), peptone 10 g (Beijing Shuang-Xuan Co., Ltd., China), beef extract 10 g
(Beijing Shuang-Xuan Co., Ltd., China), yeast extract 5 g (Guangfu Chem Co., Ltd.,
China), sodium citrate 5 g (Tianjin Bei-Chen Co., Ltd., China), tween-80 I1ml
(Shanghai Da-Zong Co., Ltd., China), sodium acetate 5 g (Tianjin Ba-Shifu Co.,
Ltd., China), K,HPO,2 g(Tianjin Heng-Xing Co., Ltd., China), MgSO,-7H,0 0.58 g
(Tianjin Bei-Chen Co., Ltd., China), MnSO4-4H,0 0.25 g (Beijing Shuang-Xuan
Co., Ltd., China), agar 15 g (Beijing Solarbio Co., Ltd., China); and pH 6.2-6.4
(Ramyasree & Dutta, 2013). Fructose and xylose were bought from Tianjin Mi-Ou
Co., Ltd., China. Urea, sodium nitrate, and maltose were purchased from Gansu
Peng-Cheng Co., Ltd., China. Corn steep liquor was purchased from Tianjin Li-long
Co., Ltd., China. Calcium carbonate was purchased from Tianjin Heng-Xing Co.,
Ltd., China. All of the chemical used were of analytical grade.

Irradiation

A parent L. thermophiles SR7 was incubated on the MRS agar slants at 50°C for 24
h, and then the bacteria suspension from slants was diluted at 1x10® cells/mL with
sterile saline water. Then, 1ml bacteria suspension was transferred into 35mm
irradiation dish, respectively. The dishes were put into the sample holder in TR4
experiment terminal, and were irradiated by 80 Mev/u carbon ion beams with the
LET of 40 Kev/u. The irradiation doses were 25, 50, 75, 100, 125, and 150 Gy,
calculated from particle fluencies and liner energy transfer (LET), and there were
three L. thermophiles samples for every dose treated. After irradiation, the mutagen-
treated and untreated aliquots of L. thermophiles cells were properly diluted and
spread on selective plate medium, followed by cultivated at 50 ‘C for 24 h, and total
number of colonies in the mutagen-treated bacteria suspension (M) and untreated
sample (N) were determined and the survival fraction of L. thermophiles cells after
irradiation was calculated (Tu et al., 2016).

Survival rate (%) = (M/N)*100

Screening process

After irradiation, the mutagen-treated and untreated aliquots of L. thermophiles cells
were properly diluted and spread on selective plate medium, followed by cultivated
at 50 C for 24 h. The colonies showing large halos (yellow) on selective plate
medium were selected as the primary screening, and then cultivated in the
submerged fermentation medium for L-(+)-lactic acid accumulation as the second
round screening, followed by still cultivated at 50 ‘C for 72 h. Several mutant strains
with the highest L-(+)-lactic acid concentration, obtained though the primary and
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second round screening, were further tested for their genetic stability for producing
high L-(+)-lactic acid.

The medium compositions of different carbon sources or nitrogen sources

Both mutant SRZ50 strain and wild type strain were cultured for 24 h on MRS agar
slant, and the cells of one loop, respectively, were inoculated into 10 ml seed
fermentation medium contained in a test tube (18x180 mm) and still cultured at 50
°C for 18h. Then, 1ml seed fermentation broth of both mutant SRZ50 strain and wild
type strain, respectively, were transferred to fermentation medium containing
different carbon sources or different nitrogen sources for L-(+)-lactic acid
accumulation, followed by still cultivated at 50 ‘C for 72 h. The compositions of
seed fermentation medium were same as strain culture medium except agar. The
compositions of different carbon source mediums contained per litre of distilled
water: carbon source concentration 50 g (glucose, fructose, maltose or xylose,
respectively), peptone 10 g, beef extract 10 g, yeast extract 5 g, sodium citrate 5 g,
tween-80 1ml, calcium carbonate 25 g, sodium acetate 5 g K,HPO, 2 g,
MgS0O,-7H,0 0.58 g, MnSO4-4H,0 0.25 g, and pH 7. When the effect of different
nitrogen sources was examined, The compositions of mediums contained per litre of
distilled water: glucose 50 g, nitrogen concentration 13 g (peptone, beef extract,
yeast powder, urea, sodium nitrate, ammonium sulfate, ammonium citrate tribasic or
corn steep liquor, respectively), sodium citrate 5 g, tween-80 1ml, calcium carbonate
25 g, sodium acetate 5 g, K,HPO, 2 g, MgSO,-7H,0 0.58 g, MnSO,4-4H,0 0.25 g,
and pH 7.

The analysis of fermentation characteristics between mutant SRZ50 and wild
type

Under optimized medium compositions, both wild type strain and SRZ50 strain were
tested to analyze fermentation characteristic of L-(+)-lactic acid accumulation. The
tested fermentation medium compositions contained per litre of distilled water:
glucose 50 g, yeast powder 30 g, sodium citrate 5 g, tween-80 1ml, calcium
carbonate 25 g, sodium acetate 5 g, K;HPO,42 g, MgSO,4-7H,0 0.58 g, MnSO,4-4H,0
0.25 g,and pH 7.

Analytical methods

During screening process, the concentration of L-(+)-lactic acid was tested by 0.01M
marked sodium hydroxide. Under different carbon sources fermentation, the
concentration of L-(+)-lactic acid was tested by EDTA titration method (Li et al.,
2011). The purity was determined by High performance liquid chromatography
(HPLC), Sum C18 column (Lanzhou Zhongke-Kaidi chemical technology Co., Ltd,
China) under following condition: mobile phase, 0.01mol/L. H;PO,, flow rate, 0.7
mL/min. The detection was made in the UV range at 210 nm at a temperature of
25°C. Standard L-(+)-lactic acid was purchased from Solarbio (Beijing Solarbio
Science & Technology Co., Ltd, China). Biomass was also tested through OD600 by
spectrophotometer. To assess the statistical significance of fermentation
characteristic by different strains, the T-Test was employed. Figures were plotted
with Origin 7.5 software. Mycelia morphologies were also observed by optical
microscopy. Each experiment was repeated three times.

RESULTS AND DISCUSSION

Survival rates and mutants selection
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After L. thermophilus SR7 cell suspension was irradiated at doses of 25, 50, 75, 100,
125, and 150 Gy by 80 MeV/u carbon ion beams, and the dose rate was about 20-25
Gy per minute, respectively. The lethality of L. thermophilus SR7 was determined by
colony formation assay. As showed in Fig 1, the relationship between the survival
rates of L. thermophilus SR7 and the irradiation dose of '>C®" ion beam exhibits a
“saddle shape”, which is different form “shoulder type” or “straight” survival curve
from traditional irradiation means on live body, such as ultraviolet rays or gamma-
rays irradiation. It was demonstrated that medium-energy '“C*" ion beam irradiation
have similar action mechanism to low-energy ion implantation (Yang et al., 2013).
In order to explain this phenomenon, Yu proposed relative hypothesis: in the first
“down” stage, energy deposition and momentum transfer of ions causes a series of
ionization, which can damage the cell by etching of the cell wall, destruction of the
cell framework, perforation of the membrane, DNA breaks and the oxidation of the
cell membrane, etc. In this stage, the damage degree to cell activity increases rapidly
with the increase of the irradiation dose. When the dose increases to a certain value,
the unclear repair mechanism in cell is activated, causing a temporary rise of the
survival rate in cell. When the dose further increases, the irradiation damage
becomes irreparable. Thus, the survival rate goes on declining (He et al., 2011;
Zhang & Yu, 2009).

After irradiation, the survivors of L. thermophilus may contain different kinds of
mutants. However, a very small scale of survivors may have improved ability in
lactic acid accumulation (Zhou et al., 2013). Thus, feasible high-throughput
screening methods will be need, and some promising mutants may be obtained
quickly (Murai et al., 2013; Shikazono et al., 2005). Generally, the more L-(+)-lactic
acid concentrations were yielded, the larger the diameters of transparent halos
formed (Bai et al., 2004). However, it was also found that some mutant strains with
larger diameters hales showed low L-(+)-lactic acid concentration (Li et al., 2011).
Hence, in order to select high-yield lactic acid mutants, combining diameters of
transparent halos and fermentation experiments as accurate selection project may be
the best choice. In this study, depending on the determination of transparent hale
diameters for the primary screening, the L-(+)-lactic acid yield of 59 strains under
different doses irradiated by heavy 'C®" ion beams were obtained (dates not shown).
Depending on secondary screening, five mutants exhibited better L-(+)-lactic acid
production than wild type, especially SRZ50, SRZ10, SRZ48 exhibited significant
increase in L-(+)-lactic acid production from that of wild type.
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Fig. 1. The effect of carbon ions doses on survival rate of original L. thermophilus
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Fig. 2. The secondary screening of mutants for high-yield lactic acid

40

Genetic stability for mutants

The consecutive generation experiments determining the genetic stability of SRZ50,
SRZ10, SRZ48 were performed to examine whether mutants could inherit a steady
L-(+)-lactic acid production. The experiment results of consecutive seven
generations among three mutants were shown in Fig 3. It was accepted that SRZ50,
SRZ10, SRZ48 all had equal performances in L-(+)-lactic acid production, which
implied that all the mutants had remarkably steady capacities in L-lactic acid
production. Especially, SRZ50 had the highest L-(+)-lactic acid production.

HPLC was also employed to determine the L-(+)-lactic acid purity in fermentation
broth of SRZ50. As showed in Fig. 4, the ridge was appeared during 8.00-8.50 min
of fermentation sample, which was in accordance with the ridge appearance time of
the standard L-(+)-lactic acid. By comparing to the standard sample and the
fermentation sample, it was obtained that there was no miscellaneous peak of other
organic acid, which indicated SRZ50 mainly produced L-(+)-lactic acid.
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Fig. 3. The stability of mutant SRZ50, SRZ10 and SRZ48
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Fig. 4. The purity determination of Lactic acid in the fermented broth by SRZ50

L-(+)-lactic acid production by different carbon source using selected mutant
strain SRZ50 and wild type

The regulation of carbon utilization by microorganism plays an important role in
studying morphological development and metabolic product accumulation (Khaliq et
al., 2009). Glucose, maltose, sucrose, molasses, cheese whey or some agricultural
sub-products had been successfully applied in lactic acid fermentation (Bulut et al.,
2004). However, different carbon sources can result in different concentrations of
product accumulation. For example, when using sucrose or fructose as the sole
carbon source, enhanced L-(+)-lactic acid production (24.8 + 0.8 g/L) by Bacillus
coagulans was obtained from sucrose, however, only (6.9 + 0.2 g/L) L-(+)-lactic
acid were produced from fructose (Xu & Xu, 2014). Hence, it was necessary to
investigate carbon adaptability between mutant and wild type. In present study, we
have investigated the effects of different carbon sources on the L-(+)-lactic acid
production and biomass in submerged fermentation by mutant SRZ50 and wild type
strain. The results showed that both mutant SRZ50 and wild type can grow in all
carbon sources tested (Fig 5). Especially, when glucose or fructose was the sole
carbon source, the L-(+)-lactic acid production by mutant SRZ50 was both the
highest, respectively, 23.16 £ 0.72 g/L or 23.24 + 0.66 g/L, which had a significant
increase from that of wild type (P<0.01). However, when maltose or xylose was the
sole carbon source, there was no significant difference in the L-(+)-lactic acid
production from that of wild type (p>0.05). Of course, there was no significant
difference in utilizing glucose or fructose or maltose as a sole carbon source to
produce L-(+)-lactic acid by strain SRZ50 (P>0.05), while the xylose was the sole
carbon source, the yield of L-(+)-lactic acid had an obvious decrease (p<<0.05). These
results demonstrated that mutant SRZ50 exhibited more promising fermentation
characteristic of producing L-(+)-lactic acid than wild type using glucose, fructose or
maltose, respectively.

Biomass was an important fermentation parameter for submerged fermentation. In
this study, under different carbon sources, mutant SRZ50 exhibited different biomass
accumulation (Fig 6). When glucose or fructose was the sole carbon source, there
was a significant increase in biomass by mutant SRZ50 from that of wild type
(P<0.05). However, when maltose or xylose was a sole carbon source, there was no
significant difference between mutant SRZ50 and wild type (P>0.05).
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Fig 5. L-(+)-lactic acid production by different carbon sources using selected mutant strain SRZ50 and wild type.

**P<0.01 and *P<0.05 (lactic acid production of T-Test by mutant SRZ50 and wild type). Each experiment was

repeated three times and each experiment had three independent replicates.
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Fig. 6. Biomass accumulation by different carbon sources using selected mutant strain SRZ50 and wild type.

**P<0.01 and *P<0.05 (Biomass production of T-Test by mutant SRZ50 and wild type). Each experiment was

repeated three times and each experiment had three independent replicates.

L-(+)-lactic acid production by different nitrogen source using selected mutant
strain SRZ50 and wild type

Nitrogen substrates play an important role in product economic production of lactic
acid (Altaf et al., 2007). Different organic nitrogen (yeast extract, peptone, corn-
steep) and inorganic nitrogen (Urea, (NH4),SO4) have been applied to investigate
nitrogen adaptability by different lactic acid producing strains (Hujanen & Linko,
1996; Nancib et al., 2001). Among them, yeast powder has been proved to be a
major factor to affect lactic acid production and biomass accumulation significantly.
In this study, eight nitrogen sources, such as yeast powder, peptone, ammonium
sulfate and so on, has been studied, in which yeast powder can promote both wild
type and mutant SRZ50 to accumulate the highest L-(+)-lactic acid, respectively
18.02 £ 0.32 g/L and 14.54 £ 0.7 g/L (Fig 7a). Meanwhile, when peptone, beef
extract, yeast powder, ammonium sulfate or ammonium citrate tribasic was the
nitrogen source, mutant SRZ50 exhibited significant increase than wild type in yield
of L-(+)-lactic acid (p<0.05). When the other nitrogen sources were supplied, mutant
SRZ50 exhibited enhanced increase in yield of L-(+)-lactic acid. Different nitrogen
sources can also result in significant difference in biomass accumulation. When beef
extract, yeast powder or corn liquor were the only nitrogen source, mutant SRZ50
can accumulate significant increase in biomass (p<0.05) (Fig 7b). These results can
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also demonstrate that mutant SRZ50 exhibited more promising fermentation
characteristic of producing L-(+)-lactic acid than wild type using different nitrogen
sources.

In addition, according to the radio of L-(+)-lactic acid production and biomass,
sodium nitrate had higher efficiency than other nitrogen source in producing L-(+)-
lactic acid. Meanwhile, sodium nitrate could be considered as a feasible and
inexpensive alternative nitrogen source. Therefore, it may be worthy of using a
combination of organic (yeast extract) and inorganic (sodium nitrate) nitrogen
sources for L-(+)-lactic acid accumulation in mutant SRZ50 in the future. Similar
studies for combination of organic and inorganic have been also previously done by
Nancib et al (Nancib et al., 2001) and Arasaratnan et al (Arasaratnam et al., 1996).
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Fig. 7. (a). L-(+)-lactic acid production by different nitrogen sources using selected mutant strain SRZ50 and wild
type. (b). Biomass accumulation by different nitrogen sources. **P<0.01 and *P<0.05 (lactic acid production or
biomass production of T-Test by mutant SRZ50 and wild type). Each experiment was repeated three times and each
experiment had three independent replicates.

Analysis of fermentation characteristics between mutant SRZ50 and wild type
Depending on above optimized carbon source and nitrogen source, different
fermentation time was chose to investigate fermentation characteristic between
mutant SRZ50 and wild type (Fig 8). The results showed that mutant SRZ50 all
exhibited significant increase in lactic acid accumulation from wild type under
different fermentation time (p<0.05). In the early phase of submerged fermentation
(8-32h), both mutant SRZ50 and wild type can accumulate L-(+)-lactic acid quickly.
From 32h to 72h, there were only slight fluctuation on lactic acid production
between mutant SRZ50 and wild type. Consequently, it was ascertained that mutant
SRZ50 possess a stable enhancement of L-(+)- lactic acid production.
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Fig 8. Different fermentation periods for L-(+)-lactic acid production between mutant SRZ50 and wild type. Each
experiment was repeated three times and each experiment had three independent replicates.
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CONCLUSION

Recently, heavy ion beams has been proved to be a novel powerful mutagen, which
can induce high mutation frequency and a broad spectrum of phenotypes in plants
(Kazama et al., 2011; Tanaka et al., 2010). In china, only the HIRFL can provide
high LET heavy ion beams to carry out breeding of microbes, such as yeast, fungus,
and bacteria. In present study, after irradiated by carbon ions, we successfully
obtained one high-yield L-(+)-lactic acid mutant. Meanwhile, it was also clearly
demonstrated that L-(+)-lactic acid production was affected by the carbon sources
used in the fermentation process. Glucose, fructose or maltose was suitable carbon
sources for lactic acid production both mutant SRZ50 and wild type. Especially,
when glucose or fructose was the sole carbon source, there was significant increase
in L-(+)-lactic acid production by mutant SRZ50 from that of wild type. When yeast
powder was the sole nitrogen source, it can promote mutant SRZ50 to accumulate
the highest L(+) lactic acid accumulation, which had a significant increase from that
of wild type (P<0.01). Under different fermentation periods, it was obtained that
mutant SRZ50 exhibited significant increase in L-(+)-lactic acid accumulation from
wild type. All these results implied that mutant SRZ50 displayed enhanced L-(+)
lactic acid production from wild type.
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