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Abstract:  Sirolimus (Rapamycin) is a coveted drug substance obtained from actinobacteria named Streptomyces 

hygroscopicus, which synthesizes it as a secondary metabolite. It has been studied in regard to a variety of biological conditions 

such as anti-pathogenicity, immunosuppression, anti-aging, and anti-cancerous activity. Devising methodologies to obtain a 

sufficient amount of sirolimus is a part of eminent research prospects. For the current study, enhancement in sirolimus production 

has been achieved by following a sequential regime involving improvement in the fermentation media and mutation of the parent 

strain along with careful and continuous screening at each step. The investigation encompasses the establishment of initial 

production activity followed by optimization of medium components using Plackett-Burman design and OVAT methodology. The 

significant components obtained have been thoroughly monitored to finalize the concentration which yielded maximum production 

of sirolimus. Then the procured strain of Streptomyces hygroscopicus has been mutated using intermittent treatment with UV 

radiations. The stable culture colonies obtained thereby have been taken for chemical mutagenesis using NTG. The colonies offering 

stable and enhanced yield have been isolated to inoculate the optimized media. Finally, 2.5 to 2.8 - fold augmentation in the 

production of sirolimus has been observed concerning the initially recorded activity. 
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I. INTRODUCTION 

Sirolimus is a 31-membered clinically important macrocyclic polyketide (Gregory et al., 2004; Risdian, Mozef, & Wink, 2019) 

popularly identified as a proactive antibiotic (Shah, Kute, Patel, & Trivedi, 2015). It was named as Rapamycin (Rap) owing to its 

isolation from the soil sample of Rapa Nui (Easter Island in Chile) (Manning, 2017; Vezina, Kudelski, & Sehgal, 1975). Sirolimus 

has been studied in regard of a wide range of biological activities (Dutta, Basak, Bhunia, & Dey, 2014). Initially designated as a 

profound drug against fungi (Bastidas, Shertz, Lee, Heitman, & Cardenas, 2012), exhibiting remarkable antimicrobial activity 

against Candida albicans (Napoli & Taylor, 2001), it is now also popular as an immunosuppressant (Dumont & Su, 1995; Law, 

2005; Lamming, 2016) and an anti-cancer agent (Law, 2005) harbouring neurogenerative functions (Lamming, 2016). Its role in 

anti-aging, lifespan extension (Bové, Martínez-Vicente, & Vila, 2011) and related phenomenon is one gathering immense attention 

from the community of researchers worldwide. Sirolimus also has an established function towards prevention of coronary artery 

restenosis post angioplasty (Abizaid, 2007) and is thus an approved eluting stent drug (Abizaid, 2007; Ardissino et al., 2004). 

Furthermore, raphas has gained FDA approval as a medicine finding application in the prevention of organ-rejection during kidney 

transplantation (Morath et al., 2007). Considering other immunosuppressants, sirolimus has been studied to offer far more 

effectiveness and reduced toxicity (Cutler et al., 2014; Groth, et al., 1999). Therefore, the industrial demand of this protean drug is 

ever-increasing but the scaling up of its production yield is a topic of immense challenge (Dutta, et al., 2014).  

 

The wild strain known for sirolimus production is Streptomyces hygroscopicus isolated by Vezina et al. (Vezina, et al., 

1975). But the low yield of the drug calls for a variety of augmentation techniques ranging from induction of genetic manipulations 

to optimisation of the media (Yoo, Kim, Park, & Yoon, 2017; Liu, Lin, Li, Ali., & He, 2020). The first in this arena includes 

determination of the effects of various supplements in the fermentation media and subsequent optimization so that the best 

component in a precise concentration level can be included in the production regime (Dutta, Basak, Bhunia, Sinha, & Dey, 2017; 

Mohamed, Elkhateeb, Taha, & Daba, 2019). Following changes in the media, involvement of genetic mutations, high throughput 

screening (HTS) methodologies and techniques like protoplast fusion have gained momentum (Dutta et al., 2014; Patel, Patel, 

Goyal, & Waheed, 2019). One of the most recent and effective strain improvement technique is called as protoplast-based genome 

shuffling which offers a great advantage of introducing changes at various loci throughout the genome without the availability of 

genome sequence data (Chen, et al., 2009). In regard of mutagenesis, HTS screening post treatment with nitrosoguanidine (Dutta 
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et al., 2017), has also been found to be a useful method. A lot of efforts have been directed towards the study of metabolic pathways 

in which sirolimus participates while delivering its biological effectivity (Dutta et al., 2014; Jung et al., 2011).  

 

Various conglomerated methodologies encompassing metabolic engineering of precursor pathways, identification, 

upregulation and downregulation of target genes and optimisation of the fermentation media have helped in obtaining strains and 

conditions which promise a higher yield of sirolimus at the industrial level (Tripathi, Singh, & luhtra, 2014). In our study, we have 

obtained higher yield of sirolimus identified by a sequential upgradation in production activity while performing medium 

optimisation and mutagenic strain improvement. 

 

II. MATERIALS AND METHOD 

 

2.1. Microorganism 

Streptomyces hygroscopicus was employed for the current study has been obtained from Industrial Lab, Mumbai, India. 

The acquired culture was maintained in Yeast extract-malt agar (YMA) medium slants. The media was prepared by mixing 4.0 g 

Dextrose, 4.0 g Yeast extract, 10.0 g Malt extract in 500 mL R.O water and finally making up the volume up to 1000 ml. The pH 

was adjusted to 7.2 and then 20.0 g agar was added. The medium was converted into molten form and then 15 mL of it was taken 

in 50 mL test tube which was finally sealed with cotton plugs. Following autoclaving for 40 minutes, the tubes were kept in slant 

position till they get solidified. 

 

Finally, the slants were kept in incubator at 30°C for pre-incubation. Then 0.2 ml of the procured culture suspension was 

streaked on YM agar slants and incubated at 28°C till the cultured got matured. 

 

2.2. Single Colony isolation 
After 8 days of incubation, a loopful of serially diluted culture suspension, from the slants, was streaked on YM agar 

medium plates in order to obtain the single isolated colonies. The inoculated plates were incubated at 28°C for 7 days. The colonies 

were screened on the basis of their morphology. 

 

2.3. Shake flask process for Sirolimus production 

Single colonies of the microorganism were studied based on their morphological characteristics and 0.5 ml of the selected 

colony suspensions in 0.85% saline was inoculated in 30 mL autoclaved lab inoculum media comprising soya bean flour (18 g/L), 

L-lysine HCl (4.5 g/L), yeast extract (5.0 g/L) and dextrose (25 g/L).  

 

The inoculated flasks were incubated at 29°C and 240 rpm. pH, PMV and microscopy were analysed. Further, 1 mL of 

matured inoculum with pH 5.4, PMV: 10.0 and age of 72 hrs was transferred to the seed media having the same composition as the 

lab inoculum media.  

 

The flasks were incubated at 29°C and 200 rpm for 96 hours. pH, PMV and microscopy were analysed regularly.  

After 96 hours of incubation, 10 % of matured inoculum having pH of 5.5, PMV: 12 was transferred to the production media. 

 

2.4. Production media 
The amount of sirolimus produced by the original culture was analysed using the production media which encompasses 

the following ingredients: 

 

Table 2.1: Composition of production media (30 mL in 250 mL flask) 

Material Quantity(g/L) 

Soya flour (Defatted) 20.0 

Glycerol 40.0 

Dextrose 20.0 

KH2PO4 1.5 

K2HPO4 1.5 

L-Lysine HCl 10.0 

Malto Dextrin 35.0 

PPG-2000 0.5 

NaCl 2.5 

Mineral solution 1.0 

 

pH of the media at the time of inoculation was 6.5 and the flasks were incubated at 29oC at 200 rpm for 264 hours. pH, 

PMV and microscopy were checked at regular intervals of time. 

 

2.5. Optimisation of the independent variables 

 

2.5.1. Plackett-Burman Design  

After inoculation of production media with the seed culture, activity was tested. However, in the quest of obtaining 

increased yield, production media was optimised. 

 

Initially, Plackett-Burman (PB) method, based on first order model, has been employed for the purpose (Luthra et al., 

2021; Plackett & Burman, 1946). The method helps to recognise the essential components of the medium and to assess the collective 
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influence of the most significant ones on the production of secondary metabolites. All the experiments were carried out in triplicate 

using Equation 1 which has been stated as follows: 

𝑌 =  𝛽𝑜 + βiXi (I = 1,….k) 

 

For the study, the minimal and maximal levels (denoted by (0) and (1) respectively) selected for the 10 factors (X1 to X10 

factors with 4 variables as dummies (D1 to D4) investigated using 12 run design has been shown in Table 2. 

 

Table 2.2: Code sheet for Plackett-Burman design 

Independent 

Factors 
Code 

Low Value (0) 

(g/L) 

High Value (1) 

(g/L) 

Soya flour (Defatted) X1 15 25 

Glycerol X2 30 50 

Dextrose X3 15 25 

L-Lysine HCl X4 7.5 12.5 

Malto Dextrin X5 26.2 44 

PPG-2000 X6 0.35 0.65 

D1 X7 - + 

D2 X8 - + 

D3 X9 - + 

D4 X10 - + 

 

2.5.2. One Variable At a Time method (OVAT) 

The components screened using Plackett-Burman Design were further optimized with One Variable At a Time (OVAT) 

method (Luthra et al., 2021). For this procedure, the concentration of one component of the media is varied at a time while keeping 

the concentration of the remaining components as constant. The final concentration of the most significant ingredient of the media 

showing maximum enhancing effect on the activity is determined and precise composition is established. 

 

The newly designed production media post optimisation was utilised and the activity was recorded using HPLC. 

 

2.6. Quantification using HPLC 

Analysis of sirolimus in broth samples was performed using HPLC. For this, 5g of the sample was taken in 25.0 mL 

volumetric flask. 15 ml of the diluent (methanol) was added to it and the mixture was sonicated for 50 minutes. The volume of the 

diluent was made up following final shaking for 10 minutes. The contents were then filtered through the Whatman filter paper. The 

filtrate obtained was re-filtered using 0.45 µ nylon membrane filter and finally injected into the HPLC comprising C-18 column 

(Hypersil BDS, 5µ C18 (250 mm X 4.6 mm). Concentration of sirolimus was calculated by comparison of peak areas with standard 

sirolimus and subsequently the calculated activity was recorded. 

 

2.7. Mutagenesis 

In order to experiment for enhanced activity, the actinomycete was exposed to physical and chemical mutagens.  

 

2.7.1. Treatment with UV radiation 

Intermittent exposure to UV rays as opposed to conventional UV irradiations, was experimented in the current study. The 

mature culture of S. hygroscopicus was mixed with 5 mL normal saline and serially diluted up to 10-6 concentration. 5 mL of the 

latter dilutions (10-5 and 10-6) were distributed into sterile petriplates. The culture-containing plates were exposed to 254 nm UV 

radiations at a distance of 15 cm from the source in an intermittent fashion for different time intervals between 30 to 120 seconds 

in UV chamber, with a brief period of no UV after every 30 seconds. The process was performed in a dark room to avoid any 

photoreaction.  

 

0.1 ml of these exposed spores were spread on the basal media containing 4.0 g Dextrose, 4.0 g Yeast extract, 10.0 g Malt 

extract and 20.0 g/L agar. Plates were incubated at 28oC for 12 days. Later, the percentage survival was calculated and the samples 

with a death rate of 95.0% and above were subjected to subsequent isolation. 

 

2.7.2. Treatment with chemical mutagen 

Following several rounds of screening and isolation post UV exposure, the stable colony suspension was dispersed in 2 

mL Eppendorf tubes, each comprising 1.5 mL culture suspension. After centrifugation, the pellet obtained was washed with 0.01 

M phosphate buffer, the culture was resuspended in the same buffer. Then the contents were split into an array of test tubes to 

contain 1 mL culture suspensions. 0.5 mL of the same was used as the control. The test tubes containing 1.0 mL of the culture 

suspensions were sequentially treated with NTG at variable dilutions keeping constant the amount of culture (1: 1, 1: 2, and 1: 3). 

NTG stock concentration was 10 mg/mL in 0.2 M phosphate buffer at pH 6. Post mutagenic treatment, the tubes were kept in 

incubator for 180 minutes at 28 °C and 200 rpm for proper interaction.  

 

All the chemically treated samples were processed further separately along with control by adding 1 ml of 5% sodium 

thiosulphate. Following centrifugation, the pellets obtained were washed twice with sterile water and then the culture suspensions 

in the respective Eppendorf tubes were serially diluted to 10-5. 1 ml of the latter dilutions (10-3, 10-4 and 10-5) were inoculated on 

basal media to calculate the percentage survival. Samples with 95% and more as the death rate were subjected to subsequent 
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isolation. Further screening involved the spreading of 0.1 mL of the treated culture suspensions on basal media, following incubation 

for 12 days at 28oC.  

 

Thereafter the stable mutants obtained following mutagenesis were detected by natural selection based on the consistent 

expression of the phenotypic character up to 5 generations and were then maintained on basal slants for experimental purposes. 

Production activity testing was eventually done using the optimised production media. 

 

2.8. Crude extraction 

The broth obtained from the production flask was filtered and the cell mass extraction was performed using toluene. The 

rich solvent was further concentrated and mixed with acetonitrile. The components were then allowed to undergo carbon treatment. 

The product obtained was crystallized and eventually quantified using HPLC.   

 

III. RESULTS AND DISCUSSION 

 

3.1. Streptomyces hygroscopicus colony characteristics during single colony isolation 

For the isolation of single colonies of Streptomyces hygroscopicus, the characteristic features which were considered are 

as follows: 

 

Table 3.1: Visual and microscopic characterization 

 

 

 

 

 

 

 

 

3.2. Initial production activity 

Prior to any changes towards enhancement in the production of sirolimus from the microorganism, the initial production 

activity was recorded. 

 

Table 3.2: Production flask observation (initial) 

 

 

 

 

 

 

 

 

 

 

3.3. Medium Optimisation 
The chief medium components (X1 to X8) were screened through 10 variable 12 run design of Plackett Burman (PB). The 

design along with the response have been configured in Table 5. 

 

Table 3.3: Plackett Burman design and its response 

Run X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 Response (mg/L) 

1 1 0 1 0 0 0 1 1 1 0 124 

2 1 1 0 1 0 0 0 1 1 1 236 

3 0 1 1 0 1 0 0 0 1 1 159 

4 1 0 1 1 0 1 0 0 0 1 251 

5 1 1 0 1 1 0 1 0 0 0 274 

6 1 1 1 0 1 1 0 1 0 0 242 

7 0 1 1 1 0 1 1 0 1 0 223 

8 0 0 1 1 1 0 1 1 0 1 198 

9 0 0 0 1 1 1 0 1 1 0 209 

10 1 0 0 0 1 1 1 0 1 1 185 

11 0 1 0 0 0 1 1 1 0 1 167 

12 0 0 0 0 0 0 0 0 0 0 179 

 

According to the experiments based on the PB design, we observed that the runs involving higher coded values for soya 

flour (X1), L-lysine HCl (X4) and Maltodextrin (X5) showed comparatively more yield as compared to the others. Also, lower coded 

value for glycerol (X2) was found significant towards production. The maximum activity obtained using this model was during the 

5th run. We experimented with various concentration levels of the discussed factors. 

 

 

Colony Characteristics Description 

Diameter About 5 mm 

Shape Round 

Sporulation Absent 

Pigmentation Absent 

Elevation Flat, slightly elevated in the centre, cream in colour 

Age Hrs pH PMV% Activity mg/L 

120 5.2 40 - 

144 5.2 50 105 

168 5.2 50 108 

192 5.2 50 110 

216 5.2 50 111 

240 5.2 45 120 

264 5.2 45 128 
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Further, OVAT helped to finalise the most optimum concentration of the significant variables obtained through PB model.  

The effect of varying concentrations of the most eminent factors pertaining to the yield of sirolimus, as part of the OVAT 

methodology, has been included in the tables that follow: 

 

Table 3.4: Effect of glycerol concentration on activity 

Concentration (g/L) Activity (mg/L) 

28 176 

30 250 

32 272 

34 263 

36 252 

 

Table 3.5: Effect of L-lysine HCl concentration on activity 

Concentration (g/L) Activity (mg/L) 

08 244 

10 252 

12 281 

14 256 

16 232 

 

Table 3.6: Effect of Malto dextrin concentration on activity 

Concentration (g/L) Activity (mg/L) 

43 254 

46 278 

49 265 

51 261 

54 252 

 

Through OVAT analysis, we obtained the highest yielding concentration of the most significant variables assessed through 

the entire optimisation strategy. These values helped in designing the final production media comprising of the following 

composition: 

 

Table 3.7: Final production media 

Material Quantity(g/L) 

Soya flour (Defatted) 25.0 

Glycerol 36.0 

Dextrose 30.0 

KH2PO4 1.0 

K2HPO4 1.0 

L-Lysine HCl 22.0 

Malto Dextrin 46.0 

PPG-2000 0.5 

NaCl 2.5 

Mineral solution 1.0 
 

3.4. Mutagenesis and subsequent screening for enhanced activity  

In an attempt to obtain high-producing strains of Streptomyces hygroscopicus, physical and chemical mutagenesis was 

sequentially performed and the potent colonies were screened by natural selection. In the current study, UV irradiation was used 

for inducing physical mutagenesis and followed by selection of stable mutants, treatment with NTG was carried out simultaneously 

with different UV treated colony suspensions.  

 

After each mutagenic treatment, production activity of the selected mutants was analysed using shake flask method and 

the most promising strain was taken for the next mutagenic treatment. 

 

In case of UV irradiation, intermittent exposure to light was done. It was found that the colonies exposed for 90 seconds 

with a period of 2 seconds of darkness after each 30 seconds showed the survival rate of 10 % only, which was also the lowest in 

comparison to the control. These colonies were stabilised and isolated so that chemical mutagenesis can be performed on them. For 

the second experiment involving treatment with NTG, the stock concentration of the mutagen was 10 mg/ml 1 mL of the UV 

mutated colonies were treated with NTG diluted to 10-1, 10-2and 10-3. The suspensions treated with 10-2 dilution offered colonies 

showing an approximate increase of 1.5 - 2 times in activity compared to the initial.  

 

The structure of the colonies obtained post mutation was found to be roughly round with slightly wrinkled edges, having 

an elevated centre. Figure 1 highlights the morphology of a colony screened after physical and chemical mutagenesis. 
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Figure 3.1: Sirolimus colony post mutagenesis 

 

3.5. Final Production flask Observation 

The production media was optimised so that simultaneous checking of activity of the stable strains can be performed. Now 

post mutagenesis, we have used the mutated colonies to be checked for sirolimus production in the final optimised media. The result 

has been included in the table below: 

 

Table 3.8: Production flask observation (final) 

 

HPLC analysis for sirolimus production against its standard chromatogram has been shown in the following figures: 

 
Figure 3.2: Sirolimus (Standard) 

 

Age Hrs pH PCV% Activity mg/L Remarks 

144 6.5 30 - Dense Mycelial growth 

168 6.5 40 268 Dense Mycelial growth 

192 6.5 40 284 Dense Mycelial growth 

216 6.5 50 306 Dense Mycelial growth 

240 6.5 50 322 Dense Mycelial growth 

264 6.5 60 357 Dense Mycelial growth 
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Figure 3.3: Sirolimus (Sample broth) 

 

The change in the sirolimus production following analysis at each step of the sequential methodology adopted in the present 

investigation has been clearly indicated through the graphical representation below: 

 

 

 
Figure 3.4: Graphical representation of the experiments and results 

 

IV. CONCLUSION 

The present study encompasses a sequential approach beginning with establishment of appropriate concentration of the 

medium components. This was carried out using Plackett-Burman design modelling, which was made precise using OVAT 

approach. Then we have performed mutagenesis using UV radiations in an intermittent fashion. This was done in the hope of 

obtaining better and stable colonies faster than the traditional method. The colonies obtained thereby were treated with varying 

dilutions of NTG. We concluded that mutagenesis was not too much effective in enhancing the production of sirolimus but the 

collective result of the approach followed during the current study has been found useful in increasing sirolimus production by 2.5 

to 2.8-fold. The initial production activity checked with the originally procured strain was 128 mg/L and finally, post optimisation 

and mutagenesis, the activity was recorded to be 357 mg/L. 
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