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Exploring the optimization of UV mutants of Streptomyces

clavuligerus for clavulanic acid production

ABSTRACT

Streptomyces clavuligerus, initially described as a Cephamycin C producer, has been
currently utilized to produce clavulanic acid (CA) which shows low antibiotic activity, being,
however, a strong B-lactamase inhibitor, enzymes responsible for bacterial resistance to p—
lactam antibiotics. Genetic improvement by physical and chemical agents is mandatory since,
due to its genetic instability, industrial strains lose production capability making necessary a
steady and frequent strain improvement and a screening procedure. The objective of this work
was to obtain an increase in CA production in submerged cultures by utilizing mutants obtained
by UV radiation of the wild strain Streptomyces clavuligerus ATCC 27064. Submerged cultures
were performed, with the best mutants selected, in a 5L bench-scale bioreactor, batch-wise,
utilizing a complex medium containing glycerol and a soybean protein isolate as the main
components. The mutant 70 was able to produce a maximum CA concentration of 500 mg.L'1,
approximately 1.6 times higher than the wild strain. Another finding was a higher CA productivity

of 29.5 mg.h™".L™" with this mutant, although a lower specific growth rate had been observed.

Keywords: Streptomyces clavuligerus; clavulanic acid production; UV radiation; UV mutants;

process improvement.

1. INTRODUCTION

Streptomyces clavuligerus is able to produce a wide variety of antibiotics and other
secondary metabolites including various B-lactam antibiotics. B-lactam antibiotics, such as
penicillin and cephalosporin have been extensively used for the treatment of many infections
caused by pathogenic bacteria over the past 60 years and their industrial process optimization

has been the subject of many works [1,2].
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CA is an important secondary metabolite commercially produced by Streptomyces
clavuligerus. This compound is able to inhibit irreversibly many B-lactamases produced by
microorganisms resistant to pB-lactam antibiotics. Despite the great economic impact brought to
the pharmaceutical industry by the genetic improvement of mutagenesis, little is known about
the mutation mechanisms, DNA replication, and repair in Streptomyces strains applied to the
industrial secondary metabolite production process. With regards to the CA production, there
are only a few articles, available in the literature, which report the process improvement by
mutant strains [3].

For many decades genetic improvement utilizing physical and chemical agents aiming at
high yield mutants has been a necessary strategy and an important method in the effort toward
improving the bioactive metabolites production process since industrial strains lose part of the
production ability due to genetic instability, that affects different phenotypical properties, often
pleiotropically, including morphological differentiation, production of secondary metabolites,
such as pigments and antibiotics, antibiotic resistance, secretion of extracellular enzymes and
sometimes genes for primary metabolism [4,5,6]. Recent works in the literature have also
emphasized the importance of mutant isolation for the improvement of CA production by S.
clavuligerus [7,8], as well as for the maintenance of genetic stability [9,10].

Mutagenesis induced by UV light radiation is not efficient enough to induce high
antibiotic producers strains including a few representatives of the Streptomyces genera which
present a high content of nitrogenous bases C+G, with an average of 72% in its genome [10].
Only a few strains of Streptomyces show sensitivity to UV radiation due to the absence of a
repair process known as photo reactivation. However, it is worth mentioning that UV radiation
has been successfully applied for mutagenesis of S. clavuligerus and S. coelicolor since these
species have proved sensitive to such type of radiation [11,12,13]. Therefore, the objective of
this work was to improve the CA production process in a submerged culture by selecting UV

radiation mutants of the wild strain S. clavuligerus ATCC 27064.

2. MATERIAL AND METHODS
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2.1 Microorganism
Streptomyces clavuligerus ATCC 27064 (www.atcc.org) used throughout this work was

stored as vegetative cells (5.0 g.L™" dry weight) at -=70°C in cryotubes utilizing glycerol 20% wiv.

2.2 Mutagenic treatment

To obtain the CA productive mutants, the wild S. clavuligerus ATCC 27064 strain spores
were initially irradiated with UV light for 200 seconds. The cells so obtained were stored and
used in the present work as the starting strain. For the UV mutation, saline solution (0.9% NacCl)
was poured into SB agar medium [14] with S. clavuligerus that was grown for 12 days at 28°C.
The spores were then scraped off the agar surface using a sterile loop and 10 mL (2.5x10*
spores. mL™") of the spore suspension was poured into a sterile glass plate. The resulting spore
suspension was irradiated with UV light (15.2 x 10° W.mm™), at 60 s intervals until 300 s, at a
distance of 60 cm. After serial dilution of the UV irradiated spore suspension, the sample was

again spread over the SB medium to prevent it against photo reactivation for 10 days at 28°C.

2.3 Culture media and experimental conditions

Firstly, these selected strains by the mutagenesis were cultivated in an orbital shaker
with a synthetic medium to determine colonies capable of producing CA. The production
medium contained (in g.L™" distilled water): glycerol, 15.0; malt extract, 10.0; yeast extract, 1.0;
Soytone 15; arginine 2.62; KH,PQO,, 0.63; MgS0,.7H,0, 0.75; salt solution 1.0 mL (MnCl,.4H,0,
0.001; FeS0,4.7H,0, 0.001; ZnSO,4.7H,0O, 0.001); and 3-(N-morpholino) propanesulfonic acid
(MOPS) buffer, 21 (100 mM) and pH 6.8. The culture was grown for 72h, 250 rpm at 28°C.

Three mutants (17a, 13a and 70) were selected for further experiments. Vegetative cells
(in cryotubes) of the wild strain S. clavuligerus ATCC 27064 and of the three selected mutants
were reactivated in the seed medium, based on the one used by Rosa et al. [15], containing (in
g.L™" distilled water): glycerol, 15.0; bacto peptone, 10.0; malt extract, 10.0; yeast extract, 1.0;

K:HPO,, 2.5; MgS0O,.7H,0O, 0.75; salt solution 1.0 g.L'1 (MnCl,.4H,0, 0.001; FeS0O,.7H,0,
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0.001; ZnS0,4.7H,0, 0.001); and 3-(N-morpholino) propanesulfonic acid (MOPS) buffer, 21 (100
mM) and pH 6.8.

The inoculum medium proposed by Teodoro et al. [16] contained (in g.L’1 distilled
water): glycerol, 15.0; isolate protein of soybean (containing about 15% w/v of total nitrogen),
20.0; K,HPO,, 0.8; MgS0,4.7H,0, 0.75; salt solution 1.0 g.L'1 (MnCl,.4H,0, 0.001; FeSQO,.7H,0,
0.001; ZnS0,4.7H,0O, 0.001); MOPS buffer, 21 (100 mM) and pH 6.8. The production medium
had the same composition as the inoculum medium, except that no MOPS buffer was used and
silicone antifoam (0.1 mL.L™") and soybean oil (1.0 g.L™") were added.

The batch cultivations were performed in a bioreactor Bioflo Il fermentor (New
Brunswick Sci. Co. Inc., USA) with capacity for 5 L, and the total volume used was 4 L. All
cultivations were conducted at 28°C, 800 rpm, 0.5 vvm, based on a 4 L working volume, and the
pH was automatically controlled to stay at 6.8£0.1 by adding a 1 M HCI and/or 2 M NaOH
solution. Cell suspensions from cryotubes (3.5 mL), having a concentration of 5 g.L™" dry
weight, were inoculated into a 45-mL seed medium in a 500-mL Erlenmeyer flask and incubated
in a rotary shaker (New Brunswick Scientific) at 28°C and 250 rpm for 24 hours. Next,
Erlenmeyer flasks (500 mL) containing 45 mL of inoculum medium were inoculated with 5 mL of
the cultivated seed broth and incubated in a rotary shaker at 28°C, 250 rpm for 24 hours. The
contents of inoculum corresponding to 10% v/v were transferred to the fermenters resulting in

initial fermentation volumes of 4.0 L for batch cultivation (5-L bioreactor).

2.4 Analytical methods

Cell growth was evaluated indirectly by measuring the broth rheological parameter K
(consistency index) of the “power law” model using a Brookfield concentric-cylinders rheometer
[17]. Literature has shown that the consistency index (K) is the most appropriate parameter to
infer cell growth in broth containing insoluble particles, as is the case with complex fermentation

broths. It can also be related to the morphology of filamentous microorganisms [16, 18].
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The glycerol concentration (Cg,) was determined by HPLC. Milli-Q water was used as
the mobile phase. The equipment was operated at 80°C with a 1 mL.min™" flow rate. A Shodex
KS 802 (Lonpak) column was utilized [19].

The CA concentration (Cp) was determined by HPLC, as described by Foulstone and
Reading [20]. The CA from the Pharmaceutical product Clavulin (Glaxo-SmithKline
Pharmaceutical, Rio de Janeiro, Brazil) was used as standard. The imidazole derivative of CA
was injected into the HPLC unit. The C-18 py-Bondapack (Waters) column was utilized as
stationary phase and mobile phase was composed of 94% KH,PO, 0.1 M (pH 3.2) and 6%

methanol, v/v. The derivative compost from CA was detected at 311 nm.

2.5 Kinetic parameters

Based on the values of the cell concentration (Cx) evaluated by the correlation described
by Baumberg et al. [21], the maximum specific growth rate (umax) and the maximum CA specific
productivity (Pcax=Cca.max/CX) for each strain were calculated. The CA maximum concentration
(Cca-max) Was obtained as being the highest derivative of the CA concentration in relation to

time, (dCca/dt) max.

3. RESULTS AND DISCUSSION
3.1 Selection of mutants

Initially, the wild type strain was submitted to UV irradiation and only 1% of the mutant
survived. Subsequently, about 180 colonies were isolated based in your pigmentation following
the method described in Mutagenic treatment section and were tested based on the CA
production through antimicrobial activity. Next the strains were tested based on the CA
production through antimicrobial activity [22]. Phenotypic characterization including mycelium
pigmentation (amy), sporulation ability (spo), and diffuse pigmentation (phs) were done (Table
1). Three mutant strains were selected by antimicrobial activity against the bacteria Klebsiella
pneumoniae, determined by the size of inhibition halos in millimeters [22]. This mutants

presenting higher CA concentration than the wild strain obtained in shake flasks after 72 h
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fermentation are described (Table 1). These mutants namely 13a, 17a, and 70 were used for

batch cultivations on a 5 liters bioreactor.

TABLE 1. Morphological characteristics and clavulanic acid production of UV radiation mutants
compared with the wild strain Streptomyces clavuligerus ATCC 27064.

S. clavuligerus Morphological characteristics in medium SB  Cca.max iN 72h
(mg.L™)
Wild strain spore mass dark grayish green on media (phs -, CA" (85.0)
amy’, spo’)*
Mutant 13a substrate mycelia white, (phs -, amy -, spo-)* CA" (105.4)
Mutant 17a spore mass green (phs -, amy +, spo* )* CA™ (113.3)
Mutant 70 substrate mycelia white, (phs -, amy +, spo-)* CA™ (132.6)

* Diffusible pigments (phs®), aerial mycelia (amy’), abundant sporulation (spo®), lack
sporulation (spo ), clavulanic acid production (CA"), better CA production (CA™).
3.2 Evaluation of CA production in batch cultivation
In order to verify the actual improvement in CA production by the mutants as compared
with the wild strain, batch cultivations in 5 L bioreactor were performed at 28°C, 800 rpm and
0.5 vvm. This agitation of 800 rpm showed a higher productivity of CA in bioreactor with 4 L
working volume [23,17]. The pH was kept as near to 6.8 as possible.
Figure 1 shows the time course of the consistency index (K) and glycerol concentration

(Cayy) along the cultivation of the mutants 13a, 17a, 70 and wild strain.
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Fig. 1. Time course of the glycerol concentration (CGly) and the consistency index (K) for the
different strains cultivated in a 5L bioreactor with complex medium.

During all experiments, glycerol exhaustion occurred between 24 and 30 h and the
dissolved oxygen (DO) remained above 50% (data not shown) showing that the process was
not limited by oxygen and that glycerol as the main carbon and energy source can be
considered the limiting substrate. The K is the variable that depends on cell concentration and
cell morphology and the cell growth can be inferred by these values. It can be observed that the
mutant cell growth is higher, reaching K 34 (dina.cm®.s") in 24 h for mutant 17a, as compared
with the wild strain, reaching K 20 (dina.cm?.s") during the same period. The UV radiation
probably activated growth regulating genes or mutation provided better adaptation to the
production medium. Indeed, Aikawa et. al. [5] also observed the same effect with Streptomyces
avermitilis after mutagenesis with MMS, reporting a biomass increase up to 30 g.L™" in 192 h
while with the wild strain only 20 g.L™" in 167 h was achieved. In addition, the authors observed

a production of avermectin 8.2 times more with a spontaneous mutant compared with the wild-
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type, and the mutant named IPT-85 obtained by MMS produced about 16 times more
avermectin than the wild-type.

Figure 2 shows the CA production of the mutants and the wild strain studied. Although
the mutant 17a presented the best performance regarding growth, the CA production was the
lowest. This behavior was also observed by Teodoro et. al. [16] with cultivation of the wild strain
in a different culture media. The authors reported that the high consistency index was
associated with the low production of CA. Indeed, this phenomenon occurs frequently in

secondary metabolite fermentations.
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Fig. 2. Time course of the CA concentration (CCA), during cultivation of the mutants 13a, 17a,
70 and the wild strain, in a 5L bioreactor with complex médium.

Figure 3 shows the evolution of the CA volumetric productivity (Pca=Cca/t) of the
experiments carried out. The Pca shows how fast the process proceeds. It can be observed that
with the mutant 70 not only the concentration presented is higher, but also the production rate in
terms of productivity is much better than the wild strain. Lee et al. [7] studied a mutant strain

obtained by S. clavuligerus ATCC 27064 treated with UV radiation; the authors performed a
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submerged culture in 2.5 L bioreactor and reported the CA maximum productivity of 3.37 mg.L

'h™, lower than the observed in the present work of CA, 14 mg.L™".h", as shown in Figure 3.
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Fig. 3. Volumetric productivity in CA (PCA) for the mutants 13a, 17a, 70, and for the wild strain
cultivated in a 5 L bioreactor with complex medium.

Table 2 presents the calculated values of these kinetic parameters. As it can be
observed that pmax Oof mutants 17a, 13a e 70 was lower than that of the wild strain. However, the
mutant 70 although presenting the lowest umax showed to be the highest producer since its
maximum productivity and maximum specific productivity were the highest among all strains.
The maximum CA concentration (Cpca.max) Was obtained for the mutant 70, around 29.5 mgca.h’
L™ and the highest concentration of 500 mgca.L”' was obtained at approximately 40 h
cultivation. The increase in terms or product concentration and productivity achieved with the
mutant 70 indicates that the methodology utilized for mutagenesis of S. clavuligerus is very

promising to obtain high producing strains able to be used in industrial processes.
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TABLE 2. Kinetic parameters for the different mutants and the wild strain of S. clavuligerus
calculated from the results obtained in batch cultivation with complex medium.

S. clavuligerus tmax (h™) Ceamax (Mgcah™.L?h Pmax (Mgca.gee - ™)
Wild strain 0.163 20.4 1.72
Mutant 17a 0.128 13.3 0.99
Mutant 70 0.110 29.5 2.67
Mutant 13a 0.088 22.7 1.84

CA is an industrially important secondary metabolite due to its inhibitory action on [3-
lactamases. There are many examples of strain improvement strategies applied to S.
clavuligerus in order to reach high levels of CA production with genetic engineering and random
mutagenesis [24, 25]. In this study, we used UV mutagenesis and our results showed that the
maximum CA production was obtained with the mutant 70, approximately 25% higher than the
wild strain. It can be suggested that UV radiation produced mutagenesis that affected positively
the ability of CA production genes whether acting on the regulatory or biosynthetic genes. It can
also be observed that the production rate is much higher with this mutant as the slope of the CA
production curve and that between 18 and 28h it is much steeper than those of the other
mutants and wild strain. The following decrease in the production rate observed demonstrates
that the concentration of glycerol, one of the precursors of CA strongly affects CA production as
also observed by Mayer and Deckwer [26] and Chen et al. [27]. To obtain a further increase in
the CA production, the addition of glycerol in the fed-batch process is advisable.

UV radiation enabled the obtaining of an improved mutant in terms of production ability
as shown by higher production kinetic parameters, Cca-max and Pca.max Of the mutant 70. Lower
umax Was observed for this mutant, showing that similarly to other secondary metabolites
producing processes, production is frequently enhanced when growth conditions are

unfavorable. This strain will be studied regarding its genotypic characteristics as well as its

10
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performance in different operating conditions (fed-batch and continuous cultures) and different
medium in order to establish the technology for higher product concentration and production
rate. However, the Streptomyces chromosome is very unstable and undergoes very large
deletions spontaneously at rates higher than 0.1% of spores. This genetic instability affects

different production of secondary metabolites, such as pigments and antibiotics [28, 29].

4. CONCLUSION

Random mutations such as UV mutagenesis can lead to the improvement in CA
production in S. clavuligerus. Our findings show that UV mutagenesis improved levels of CA
production obtained within the mutant strain reached 25% more than the levels of the wild-type
strain. This work reinforces the importance of using UV mutagenesis methods in S. clavuligerus
for biotechnological research in productivity improvement. However, more studies are

necessary to know if the mutant strains maintain this higher production of CA in long-term.
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