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With  the ever growing increase in the demands of biosurfactants, the present study was focused in developing a 

set of parameters influencing biosurfactant production using one-factor-at-a-time (OFAT) approach in chemically 

defined medium from an indigenous isolate of Achromobacter sp. (PS1). Subsequently, the feasibility of 

biosurfactant production was examined using influential OFAT parameters in same medium, replacing only carbon 

source with lignocellulosic hydrolyzed sugars. These sugars were obtained from ammonia (15% v/v) soaking 

pretreatment of lignocellulosic residues (7.5% solid loading at 70⁰C for 72 h) with subsequent saccharification using 

lignocellulolytic-enzymes. OFAT influential parameters observed were dextrose (3 – 4% w/v); C/N ratio 8.3 using 

sodium nitrate and beef extract; 2x10-5 grams equivalents Fe2+; 1500 mM PO4
3- in minimal salt medium (MSM) at 

pH 7.0, 120 rpm, 30⁰C resulting in 4.13 ± 0.12 g/L rhamnolipid in 192 h with 30.42 mN/m surface tension and 136 

mg/L critical micelle concentration (CMC). Biosurfactant was characterized using tandem-MS and NMR as 

rhamnolipid with six-congeners, Rha-C10-C10 and Rha-Rha-C10-C10 being the most abundant. Rhamnolipid showed 

broad range stability at temperatures (30-121°C), pH (6-12), and salinity (0.5-5% w/v) of NaCl. In Rice-straw (RS) 

hydrolysate, maximum glucan (73.10%) and xylan (91.13%) were obtained and the RS-hydrolysate medium with a 

total of 4.55% (w/v) sugars under optimum OFAT parameters (other than dextrose) showed at par production of 3.55 

± 0.06 g/L of rhamnolipid in 192 h with YBS/S (biosurfactant yield per gram of sugar consumed) of 0.08 g/g and 

YBS/CDW (biosurfactant yield per gram of cell biomass) of 0.68 g/g. 

Key words:  One-factor-at-a-time (OFAT); aqueous ammonia soaking (AAS); lignocellulosic residue; rhamnolipid; 

tandem-MS 
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Introduction 

Microbial surfactants or biosurfactants are a heterogeneous group of surface active molecules produced by a 

wide range of microorganisms as secondary metabolites. They have varying chemical structures ranging from low-

molecular weight glycolipids, lipopeptides, flavolipids, phospholipids to high molecular weight polymers as 

lipoproteins, lipopolysaccharide-protein complexes and polysaccharide protein fatty acid complexes [1]. Among the 

various categories of biosurfactants, the glycolipid biosurfactant “rhamnolipid” stands apart due to their low 

minimum surface tension values of 28mN/m, high emulsifying activity and low CMCs (10 - 150 mg/L) [2]. 

Rhamnolipid comprises of hydrophilic moiety of one (mono-rhamnolipids) or two (di-rhamnolipids) rhamnose 

molecules, while the hydrophobic part is represented by two (or more rarely one) hydroxy fatty acids, saturated or 

unsaturated, of different chain lengths (C8 - C24). These are mainly produced by Pseudomonas aeruginosa strains 

and in comparison to chemical surfactants exhibit higher bio-degradability, low-toxicity, increased surface activities, 

longer shelf life, high selectivity and specificity at extreme pH, temperature and salinity ranges [3]. Additionally, 

biosurfactants display anti-microbial, anti-tumorous, anti-adhesive, anti-oxidant and anti-corrosive activities [4,5]. 

These unique characteristics make them a multifunctional material of the 21st century with broad range of 

applications in various industries including in pharmaceuticals and therapeutics, cosmetics, detergents and cleaners, 

agriculture, bioremediation and enhanced oil recovery. Over a period of 2016 – 2023, this prominent product is 

projected to witness the highest compound annual growth rate of 7.5%, with a market of 250 kilotons by 2024 worth 

2.7 billion USD [6]. However, its commercialization is hindered due to (i) low yields (ii) cost intensive recovery and 

(iii) high production costs [4]. In order to overcome these bottlenecks, research has been directed towards isolation 

of new isolates, media optimization and the use of renewable substrates, especially from agro-industrial wastes. The 

medium optimization through OFAT approach gives an insight of the essential nutritional and physical parameters 

and the coarse estimation of their optimum ranges. To make the process cost effective, the role of nutritional sources 

obtained from OFAT approach helps in designing a medium formulation comprising of renewable lignocellulosic 

residues. Further, an agriculture country like India which generates major portion of agro-residues in million metric 

tonnes (MMT) from rice-straw (112 MMT), wheat-straw (109.9 MMT) and sugarcane-bagasse (101.3 MMT) [7], 

the use of these renewable lignocellulosic residues will make the process cost effective especially for bioproducts as 

biosurfactants for which there are fewer reports.  
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To unlock the fermentable sugars from these feedstocks, various pretreatment methods, using dilute acid, alkali 

, solvent, hot water and physical disruption have been reported, but most of these methods are harsh and results in 

lower sugar yields  with great investment risks [7]. Comparatively, ammonia pretreatment proves to be a method of 

choice owing to its non-corrosiveness,minimal inhibitor generation, cost, recycling considerations and high retention 

rates of both glucan and xylan in the pretreated solids [8]. Nowadays, aqueous-ammonia soaking (AAS) method is 

preferably used owing to the treatment of  residues at moderate temperature range of 30-70°C under atmospheric 

pressure for 3-10 days. In these conditions, aqueous-ammonia reacts primarily with lignin removing 75% of it, with 

little effect on carbohydrates in the biomass retaining 100% glucan and 85% xylan . It is also reported to to be 

highly effective in improving the enzyme digestibility of the residues [9,10].  

In the present study, the optimization of glycolipid biosurfactant producer has been carried out using OFAT 

approach in chemically defined medium from our bacterial isolate belonging to genera Achromobacter, reported for 

the first time as glycolipid producer [1]. Subsequently, the biosurfactant produced was structurally characterized 

based on tandem MS and NMR and its stability was monitored with respect to temperature, pH and NaCl 

concentration. For cost effective production,feasible utilization of lignocellulosic hydrolysed sugars obtained from 

different feedstocks was examined based on OFAT data.  

 

Materials and Methods 

Raw materials and chemicals 

Lignocellulosic residues [rice-straw (RS), wheat-straw (WS) and sugarcane-bagasse (SB)] were procured from 

local sources around Uttar Pradesh, India. Prior to pretreatment the lignocellulosic residues were milled and sieved 

using -20/+40 American Society for Testing and Materials (ASTM) mesh screens to obtain average particle size 

ranging from 850 μm to 425μm. The biomass was then dried in an oven at 60°C for at least 48 h until a constant dry 

weight was attained. 

All chemicals, solvents and reagents used were of analytical grade. Rhamnolipid standards JBR 215 (15% 

solution in water) and R95Dd Rhamnolipid (95% purity) were purchased from Jeneil biosurfactant Company 

(Saukville, WI, USA) and Sigma-Aldrich (India) respectively. Lignocellulolytic enzyme was purchased from 

Advanced enzymes (Maharashtra, India).  



3 
 

Microorganism 

The microorganism used in the present study was isolated in our laboratory from petroleum sludge obtained 

from, BPCL refinery, Mumbai, India, and was identified as Achromobacter sp. (PS1) isolate (NCBI accession no. 

KT735240) showing 99% similiarity with Achromobacter insolitus. It showed significant hydrocarbon degradation 

ability of crude oil, degrading 77% of  aromatic and 70% of aliphatic fractions respectively and producing glycolipid 

type of biosurfactant based on TLC, FT-IR and GCMS results [1].The culture was routinely sub-cultured and 

maintained on nutrient agar plates.  

Biosurfactant production  

The biosurfactant production was aerobically carried out in triplicate in 250-mL erlenmeyer flasks containing 

50 mL of sterile medium. Overnight grown inoculum (1% v/v) in Luria broth was used to inoculate the production 

medium. The flasks were incubated at 30⁰C in an incubator shaker at 120 rpm for a maximum of 10 days. Aliquots 

were withdrawn at 48h intervals and centrifuged at 4⁰C, 10,000 rpm for 10 min. The resultant supernatant was 

monitored with respect to surface tension (mN/m), emulsification index (E24 %), rhamnolipid yield (g/L) and cell 

dry weight (g/L). The total residual reducing sugar was analyzed by dinitrosalicylic (DNS) acid method. All other 

experimental conditions were kept constant unless stated otherwise. All  the results have been expressed as the mean 

of three independent replicates.  

Surface Tension (ST)and Emulsification index (E24) 

The surface tension was measured using digital surface tensiometer (SEO, instruments, korea) based on the 

principle of  Du-Nouy ring method and the emulsification index (E24%) of the culture filtrate was measured as the 

percentage of height (cm) of the emulsion layer divided by the total height (cm) obtained  after leaving the emulsion 

undisturbed for 24h [1].  

Quantification of rhamnolipids (Orcinol-sulphuric acid assay) 

Rhamnolipid concentration was determined by the orcinol method as described by Rahman et al. [11] with 

slight modifications wherein approximately, 4 mL of the culture filtrate was acidified to pH 2.0 using 6N HCl and 

kept overnight for precipitation. The precipitate obtained after centrifugation was extracted four times with 1 mL of 

diethyl ether which was evaporated to dryness and the residue was dissolved in 0.5 mL of deionized water for 

orcinol-sulphuric acid assay. From the correlation equation of pure rhamnolipids / rhamnose [y = (0.0139 X - 

0.0058) x 0.68], the correction factor obtained ranges between 3.0 and 3.4. The value of correction factor is not 
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exact, since the rhamnolipid biosurfactant is not composed of single molecule rather a family of congeners that have 

different molecular masses. Hence, in the current work an average correction factor of 3.2 was used for 

multiplication [12].  

Cell dry weight 

Cell dry weight was determined by centrifuging 1 mL culture broth at 10,000 rpm for 10 min. The cell pellet 

was then washed with 1 mL distilled water and dried at 90 ⁰C until a constant weight was recorded.   

Determination of influential parameters on biosurfactant production in chemically defined media by OFAT 

approach 

The significant nutritional and physical parameters affecting the rhamnolipid production from Achromobacter 

sp. (PS1) were analyzed by changing one-factor-at-a-time (OFAT) while keeping others constant.  

Nutritional parameters 

 Effect of medium composition 

Different media known for rhamnolipid production as minimal salt medium (MSM) [1], proteose peptone 

glucose ammonium salt medium (PPGASM) [13] and Kay’s medium [14] were supplemented with both 1 % (w/v) 

dextrose containing 0.4 g equivalent carbon and 1 % (v/v) diesel (equivalent to 0.89 % w/v) and were analyzed for 

their influential effects on rhamnolipid production.  

Effect of conventional carbon sources (hydrocarbons, vegetable-oils and sugars) 

The effect of different hydrocarbons (paraffin, hexadecane and diesel) and vegetable-oils (palm-oil, coconut-oil, 

sunflower-oil, mustard-oil) at 0.89 % (w/v) were examined separately in the best medium both in absence and 

presence of dextrose (1 % w/v) against the control set containing only 1 % (w/v) or (0.4 g equivalent carbon) 

dextrose. 

Similarly, different sugars (0.4 g equivalent carbon) as: Monosaccharides - xylose, dextrose, fructose, 

galactose; Di-saccharides - lactose, arabinose, cellobiose, maltose, sucrose; Sugar alcohols - glycerol, mannitol, 

sorbitol, xylitol; Polysaccharides - cellulose, starch were evaluated separately by replacing dextrose in the best 

medium. 

Subsequently, different concentrations of the best carbon source supporting rhamnolipid production was 

examined.  

Effect of different nitrogenous sources  
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For effect of inorganic nitrogen sources on rhamnolipid production, the cumulative effect of metal ions and 

their nitrogenous salts, viz. NaNO2; NaNO3; KNO3; NH4NO3; NH4Cl; (NH4)2SO4; Mg(NO3)2; Ca(NO3)2; Fe(NO3)3 

and Al(NO3)3 was examined by replacing sodium nitrate (NaNO3) and yeast extract containing total N equivalent of 

0.1288 g. Similarly, organic nitrogen sources viz- urea, yeast extract, peptone, beef extract, tryptone and corn steep 

liquor (CSL) were analyzed. Finally utilizing the best inorganic and organic nitrogen sources, the carbon to nitrogen 

equivalent ratio (C/N) was varied from 6.2 – 12.5 keeping 3% (w/v) dextrose constant (i.e. carbon equivalent at 1.2 

g).  

Effect of iron and phosphate concentration 

The effect of varying concentrations of FeSO4 was investigated from 2x10-1 - 0.5x10-5(grams equivalent of 

Fe2+).  

Effect of phosphate concentration was studied by varying phosphate content in the medium from 100 - 1500 

mM.  

Physical parameters  

 The effect of culture conditions on rhamnolipid production was examined separately by varying the pH of the 

medium from pH 5 – 12, incubation temperature from 30 – 50 ⁰C, inoculum ratio from 0.6 – 3.0 % (v/v) and 

agitation rate from 120 – 230 rpm. 

Biosurfactant recovery 

 The culture filtrate obtained was acidified with 6N HCl to pH 2.0 and kept overnight for precipitation, 

centrifuged at 10,000 rpm, 4°C for 10 min and extracted twice with a mixture of chloroform:methanol (2:1 v/v). The 

pooled extracts were concentrated under vacuum conditions using a rotary evaporator resulting in a partially purified 

viscous honey coloured rhamnolipid product. 

Critical micelle concentration 

 The CMC of the partially purified biosurfactant obtained from chemically defined medium was determined by 

performing successive dilutions of the biosurfactant dissolved in deionized water and by plotting the surface tension 

versus biosurfactant concentration curve.  

Structural characterization  

Structural characterization was conducted from partially purified biosurfactant sample obtained from 

chemically defined medium.  
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Column chromatography 

 Liquid column chromatography was used for the separation of rhamnolipids as described by George and 

Jayachandran [12] in a 45 x 2.0 cm column loaded with 5g of partially purified biosurfactant.  Chloroform / 

methanol mobile phases were applied in sequence; 50:3 v/v (1000 ml), 50: 5 v/v (200 ml), 50:25 v/v (100 ml) and 50: 

50 v/v (100 ml) at a flow rate of 1 mL /min and 50 mL fractions were collected. Active fractions containing the 

rhamnolipid biosurfactant were evaporated to dryness under vacuum conditions using a rotor evaporator. 

Thin layer chromatography (TLC) 

 The partially purified biosurfactant was solubilized in methanol and analyzed by TLC on silica gel 60 F254 

plates using a solvent system chloroform: methanol: acetic acid (65:15:2 v/v/v) and visualized with orcinol-sulphuric 

acid reagent [1]. 

  For preparative-TLC, the column purified fractions were loaded on silica gel sheets. Corresponding portions of 

the non-sprayed plates with the same Rf values were scratched off, extracted with diethyl ether and centrifuged at 

10,000 rpm for 10 min to remove silica gel residue. The supernatant solvent was microfiltered (pore size 3µm) and 

air dried for NMR studies.  

Fourier Transform infrared (FT-IR) spectroscopy and Gas chromatography-mass spectrometry (GC-MS)  

Fourier Transform infrared (FT-IR) analysis was carried out using a Varian-7000 FTIR. GC-MS was carried out 

in Shimadzu GC-MS (QP2010 ultra) for fatty acid analysis [1]. 

Tandem-MS analysis  

To characterize the rhamnolipid homologues, 10 mg of the partially purified biosurfactant was dissolved in 1 

mL methanol and subjected to tandem mass spectrometry in positive ion mode using Waters Quattro Micro Triple 

Quadrupole Mass Spectrometer (Waters, MA). The sample was infused into the mass spectrometer using a syringe 

pump at a flow rate of 30 µL/min. The capillary voltage was set at 3.5 kV, cone voltage at 30 V, extractor at 4.0 V 

and RF lens at 0.2 V. The source and desolvation temperature was set at 80 ⁰C and 300 ⁰C respectively with 

desolvation and cone gas flow rates at 750 L/hr and 50 L/hr respectively. The instrument was operated at a 

resolution of 0.7 Da and collision energy was set to 15 - 35 V for fragmentation of different molecular ions. The 

mass scanning range of the instrument was set to 100 - 1000 Da and the data was processed using the Masslynx 4.1 

software.  

 NMR analysis 
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  The column purified fractions of the mono- and di-rhamnolipid was dissolved in deuterated chloroform 

(CDCl3). One dimensional 1H and 2D [13C,1H] heteronuclear single-quantum coherence (HSQC) experiments were 

carried out at 298 K on Bruker Avance III spectrometers equipped with cryogenic triple-resonance 5 mm TCI probe 

head, operating at field strength of 500.15 MHz frequency. For 1D 1H NMR spectra, a 1H 90° pulse of 7.6 µs was 

obtained. The spectrum was measured for a spectral width of 6009.6 Hz and total acquisition time of 5.45 s. The 2D 

[13C,1H] HSQC spectra were measured with spectral width of 7002.8 Hz along the 1H dimension and 18,865.6 Hz 

along the 13C dimension. Topspin version 2.1 (Bruker AG) was used for acquisition, Fourier transformation, and 

processing of data. Referencing of all the spectra was done using TMS. 

Biosurfactant stability 

Twenty mL each of partially purified biosurfactant was dissolved in de-ionized water in screw capped vials. A 

vial with no NaCl content at ambient temperature of 30°C, pH 7.0 served as control and was considered as 100% 

stable. Relative to control, the test vials were incubated at different temperatures from 40 - 90°C for 24 h and at 

100°C and 121°C for 120 min. Similarly, stability of the biosurfactant was investigated at different pH (2-12) and 

salinity (0.5- 20% w/v of NaCl) ranges by varying pH using NaOH /HCl and adding different concentrations of 

NaCl to biosurfactant solution respectively. Aliquots were withdrawn at regular time intervals, cooled and stability 

was investigated with respect to surface tension and emulsification index, with residual stability (%) calculated as:  

Loss (%) = [E24 control - E24  test ]/ E24 control *100 

Residual stability (%) = [100 – loss] 

Feasibility of biosurfactant production from lignocellulosic residues 

Characterization of lignocellulosic residues 

The lignocellulosic residues (rice-straw, wheat-straw and sugarcane-bagasse) were subjected to compositional 

analysis as per the national renewable energy laboratory (NREL) analytical procedures [15].  

Thermochemical pretreatment and Enzymatic hydrolysis  

The raw lignocellulosic residues (7.5% w/v) were subjected to pretreatment by aqueous ammonia (15% v/v) 

(NH3∙H2O) soaking method in a 2L PARR reactor at 70°C for 72 h without stirring. The biomass was then washed 

with distilled water, dried overnight at 60°C and further used for enzymatic hydrolysis. The enzymatic hydrolysis 

was carried out using lignocellulolytic enzyme (Advanced-sacchariSEB-enzyme, Maharashtra, India) (containing 
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cocktail of cellulase-365 FPU/g, β-glucosidase-571 CBU/g and xylanase 7000 ABXU/g ) at 10 filter paper units 

/gram of pretreated biomass keeping a solid loading of pretreated biomass at 10 % (w/v) in a stoppered conical flask 

containing sodium acetate buffer (pH 5.0) and incubated in a water bath shaker at 50°C, 120 rpm for 48 h [16]. After 

hydrolysis, the sugar hydrolysate was separated by centrifugation at 10,000 rpm, 4°C for 10 min. The sugar 

concentrations were then analyzed by HPLC (Agilent 1260, Palo Alto, CA) using a Biorad Aminex HPX-87H 

column equipped with a refractive index (RI) detector.  

The potential of each lignocellulosic hydrolysate was examined for rhamnolipid production with and without 

the addition of influential nutrients obtained from OFAT approach and the best hydrolysate was selected on the basis 

of the percentage recovery of glucan and xylan. Further, the percentage variation (w/v) of the  total sugar on 

rhamnolipid production was evaluated. 

 

Results and Discussion 

OFAT approach - Nutritional parameters 

Medium composition 

The comparative study of different chemically defined media revealed MSM medium to support rhamnolipid 

(RL) production (0.29 ± 0.09 g/L) and growth (3.42 ± 0.10 g/L) as compared to 0.06 ± 0.02 g/L RL yield and 1.48 ± 

0.14 g/L cell dry weight (CDW) in PPGASM and 0.09 ± 0.03 g/L RL yield and 1.85 ± 0.08 g/L cell dry weight in 

Kay’s medium respectively (Fig.1a). Hence, MSM was selected as a basal medium for further improvement of 

biosurfactant yield with supplementation of various nutrients.  

Carbon sources 

The production of biosurfactant from Achromobacter sp. (PS1) was found to be constitutive as the control set 

containing only 1 % (w/v) dextrose corresponding to 0.4 g equivalent carbon showed considerable growth (2.50 ± 

0.54 g/L) and rhamnolipid (RL) production (0.43 ± 0.06 g/L). Correspondingly, the (a) set containing hydrocarbons 

and (b) set containing vegetable oils with and without additional dextrose showed low RL production inspite of 

sufficient cell growth in sets supplemented with dextrose (Table 1). This constitutive mode of production can be 

well explained from the literature according to which biosurfactant production is strain dependent [17,18]. The 

surface tension and emulsification index (E24) recorded in constituent control set was 31.06 ± 0.54 mN/m and 50.89 

± 1.07 respectively. From Table 1 set (c), it is evident that dextrose supported the maximum 0.43 ± 0.06 g/L of 
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rhamnolipid production followed by fructose (0.28 g/L), galactose (0.21 g/L), xylose and cellobiose (0.20 g/L) 

respectively. Ndlovu et al. [19] also reported maximum rhamnolipid production of 0.30 ± 0.14 g/L and 0.26 ± 0.20 

g/L in dextrose and glycerol respectively from Pseudomonas aeruginosa ST5 in MSM. 

Concentration variation of dextrose from 1% w/v (0.4 g equivalent carbon) to 4 % w/v (1.6 g equivalent carbon) 

showed a significant positive correlation in increase in rhamnolipid production from 0.43 ± 0.06 g/L to 3.31 ± 0.08 

g/L (Fig.1b). This may be due to complete exhaustion of dextrose in 1 % and 2 % concentrations within 48 h 

leaving no residual sugar to divert the cell metabolism towards rhamnolipid synthetic pathway. However in 3 % and 

4 % dextrose concentrations, sufficient amount of residual sugars 8.03 ± 2.95 g/L and 22.37 ± 2.00 g/L respectively 

beyond 48 h (Fig 1c) supported growth and normal metabolism, paving a large part of carbon towards product 

synthesis [20]. Beyond 4 % concentration, a decrease in rhamnolipid yield (2.77 ± 2.95 g/L) was observed which 

may be due to accumulation of toxic metabolites as a result of high energy demand with full oxidation via acetyl 

CoA and TCA cycle, thereby generating CO2 [21]. Since there was no significant difference in the biosurfactant 

yield in 3 % (3.06 ± 0.06 g/L) and 4 % (3.31 ± 0.08 g/L) dextrose concentrations (w/v) respectively, 3% (w/v) 

dextrose concentration was considered for further optimization studies. Radzuan et al. [21] reported considerable 

effect of varying dextrose concentrations (% w/v) on rhamnolipid yield with 0.18 g/L at 2 %, 0.35 g/L at 5 % and 

0.36 g/L at 10 % respectively. Higher dextrose concentrations of 10 %, resulted in early death phase of cells with 

significant drop in the product yield (YP/S, g/g) from 0.017 at 2 % to 0.003 at 10 % (w/v).  

 Nitrogen sources 

Monovalent nitrates of sodium, potassium and trivalent nitrates of iron and aluminium at 0.1288 g equivalent of 

total nitrogen alone were found to be influential yielding of 3.01 ± 0.17 g/L, 3.05 ± 0.02 g/L, 2.50 ± 0.20 g/L and 

3.15 ± 0.12 g/L respectively (Fig. 2a). Ferric and aluminium nitrates resulted in green pigmentation hence was not 

considered for optimization studies. Sodium nitrate was further selected for optimization studies being most 

reported, efficient and cheap. Ma et al. [18] has also reported that the use of nitrates, results in its slower 

assimilation, thereby simulating a nitrogen limited condition favorable for rhamnolipid production as nitrate first 

undergoes dissimilatory nitrate reduction to nitrite and then to ammonia followed by its assimilation via glutamine-

glutamate metabolism. The results of nutrient rich nature of organic nitrogen sources alone at 0.1288 g equivalent of 

total nitrogen on rhamnolipid production revealed beef extract to be effective with yield of 2.47 ± 0.18 g/L though 

Zhao et al. [22] reported organic nitrogen sources as unfavorable for rhamnolipid production (Fig. 2b). Cumulative 
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analysis of the best inorganic and organic nitrogen sources i.e. NaNO3 and beef extract yielded 3.89 ± 0.20 g/L RL 

at optimum C/N ratio at 8.3.  Low C/N ratio (6.2) resulted in low RL yields (2.11 ± 0.38 g/L) (Fig. 2c). This trend 

may be correlated with the activation of glutamine synthetase activity requiring higher consumption of carbon to 

meet the new energy status with the stimulation of rhamnolipid synthesis which occurs under nitrogen limiting 

conditions indicating its onset beyond C/N ratio of 6.2. However, the C/N ratio beyond 8.3 with low nitrogen levels 

showed a decrease in rhamnolipid production which may be due to the insufficient amounts of nitrates and hence 

glutamine thereby limiting the metabolism of dextrose [23].  

 Effect of iron concentration and phosphate concentrations 

Varying iron and phosphate concentrations didn’t show any significant enhancement in the rhamnolipid 

production. The optimum concentration of FeSO4 was observed at 2x10-5grams equivalent of Fe2+ and phosphate 

concentration at 1500 mM keeping carbon concentration at 3% w/v (i.e 1.2 g carbon equivalent) .   

 Physical parameters 

 Achromobacter sp. (PS1) showed maximum rhamnolipid production of 4.13 ± 0.12 g/L at optimum pH 7.0, 

temperature 30⁰C and optimum agitation rate of 120 rpm. Static condition yielded lower RL production (2.10 ± 0.14 

g/L) (Fig. 3). No significant change in the final product yield was observed on varying inoculum ratio from 0.6 - 3.0 

% (v/v).  

Physiochemical characterization  

The CMC of the partially purified rhamnolipid was determined to be 136 mg/L which lies in the range (10 - 400 

mg/L) as reported by other authors [2].  

Column chromatography for rhamnolipid purification 

Neutral lipids were observed at Rf value 0.96 in the first two CHCl3 eluted fractions, CHCl3/ CH3OH (50:3) 

eluted fraction no. (3 - 12) (F1) showed a mono-rhamnolipid spot at Rf value of 0.84 and fractions (13 – 25) (F2) 

showed di-rhamnolipid spot at Rf 0.61. Other elution of CHCl3/ CH3OH (50:5; 50:25 and 50:50) did not show any 

spot.  

Structural characterization  

The TLC result of the biosurfactant suggested a glycolipid nature of the biosurfactant with two prominent spots 

of mono and di-rhamnolipid moieties. The FT-IR spectrum of the biosurfactant showed characteristic absorption 

bands (3423 cm-1 of O–H stretching vibrations of free hydroxyl groups, 916 cm-1 and 848 cm-1 of –O–C/ =C–H 
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stretching of glycosidic linkage) corresponding to specific functional groups present in the glycolipid biosurfactant.  

The GC-MS results showed the presence of 3-hydroxydecanoic acid (C10:0) as the most abundant fatty acid. The 

results of TLC, FT-IR and GCMS of fatty acids of the biosurfactant is reported in our previous research paper [1].  

The mass spectrometric analysis of rhamnolipid structures produced by Achromobacter sp. (PS1) showed the 

presence of six different types of sodium adducts [M + Na] + and their corresponding potassium adducts [M + K] + 

under positive ionization mode, a characteristic which is typical for samples containing carbohydrate derivatives 

[24]. Six-different type of congeners were observed with mono-rhamnolipids Rha-C10-C10, followed by the di-

rhamnolipid Rha-Rha-C10-C10 as the most abundant congeners. Similar results of rhamnolipid congeners were 

reported by Gudina et al. [3] and Moya-Ramirez et al. [25]. 

To determine the structures of rhamnolipids with respect to fatty acid chain lengths and its position and 

presence of rhamnose sugar, the samples were subjected to tandem MS. Based on the relative abundance, [M + Na] 

+ adduct of mono-rhamnolipid (Rha-C10-C10) and di-rhamnolipid (Rha-Rha-C10-C10) corresponding to m/z of 527.5 

and 673.4 were used for interpretation of the structures.  [M + Na] + mono-rhamnolipid adduct of m/z of 527.5 

exhibited daughter ions at m/z of 381, 357, 211, 187 and 169. The mass peak at m/z 169 and 187 corresponded to 

the rhamnose residue [Rha res + Na] + and rhamnose unit [Rha + Na] +, m/z at 357 is attributed due to the loss of 

terminal fatty acyl chain [Rha-C10 + Na] +, m/z of 381 corresponded to middle and terminal fatty acyl chain (C10-

C10) whereas m/z of 211 is attributed to single fatty acyl chain (C10H20O3) (Fig. 4a). 

The [M + Na] + adduct of di-rhamnolipid (Rha-Rha-C10-C10) corresponding to m/z of 673.4 further fragmented 

to m/z of 527, 503, 381, 315, 211 and 169. Ions at m/z 527 and 381 reveal the loss of one and two rhamnose residue 

from the parent molecule respectively. Further the product ion at m/z 315, was identified as [Rha-Rha + Na] + 

confirming that both rhamnose units are linked together. Other daughter (pseudo-molecular) ion with m/z 503 is due 

to the loss of a terminal fatty acyl chain [Rha-Rha-C10 + Na] + and the ion at m/z 211 corresponds to fatty acyl chain 

(Fig. 4b).  

The structure of the purified rhamnolipid fractions (F1) mono and (F2) di-rhamnolipid was further confirmed by 

1D (1H-NMR) and 2D [13C,1H] HSQC analysis. In 1H-NMR, the proton of the methyl group (-CH3) of two main 

composition of the biosurfactant (L-rhamnose moiety and aliphatic moiety) were detected at chemical shifts δ 

1.28/1.29 and δ 0.88/0.87 respectively. The methylene (-CH2-) proton attached to the ˃C=O group in the aliphatic 
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chain resonated at δ 2.41/2.35 ppm along with typical signals of oxymethine (-O-CH-) protons at δ 4.17/4.16 and δ 

5.25/5.08 (Table 2).  

The 2D analysis showed almost similar chemical shifts in (F1) mono and (F2) di-rhamnolipid fractions with the 

carbon atom of the methyl group (-CH3) of L-rhamnose moiety/ aliphatic chain of the rhamnolipid resonating at δ 

17.30/17.39 and 13.94/ 14.12 ppm respectively. Carbon atoms of (-CH2-)n group of the aliphatic chain in mono-

rhamnolipid  (F1) and di-rhamnolipid (F2) resonated in the range from δ 22.50 – 32.50 ppm and 22.40 – 34.70 ppm 

respectively. The HSQC analysis showed a single anomeric signal in the C-1 region at δ 4.89/96.9, suggesting a β-

L-Rha (1ʹ↔1)-hydroxy fatty acid linkage. In contrast, in (F2) di-rhamniolipid the HSQC cross peaks in the C-1 

region showed two signals at δ 4.91/94.18 and 4.90/102.40 suggesting a β-L-Rha (1ʹ↔1)-hydroxy fatty acid and β-

L-Rha (1ʺ↔2 ʹ)- β-L-Rha linkages respectively. NMR observations with similar chemical shifts for rhamnolipid 

biosurfactant were reported by Varjani and Upasani [5] and Monteiro et al. [26].  

Biosurfactant stability 

Applicability of glycolipid biosurfactants in several fields depends on their stability at different temperature, pH 

and salinity ranges. The biosurfactant was found to be thermostable at broad temperature range with sufficient 

stability of approx 93% in term of emulsification index at 100°C and 121°C even after 2h of incubation compared to 

control (100%) . At varying temperature, pH and salinity,  no significant change in the surface tension values was 

observed. However, stable emulsions formed over the pH range 6 – 12, while at acidic pH ranges of 2- 5 a 

coalescence in emulsion was observed. This stability in emulsion above pH 5.0 may be due the ionized form of the 

rhamnolipids with negative charge (pKa for rhamnolipis 5.6) which is counter balanced by Na+ ions leading to an 

enhancement of repulsive double layer forces between micelles and thereby reducing the tendency to aggregate and 

favouring emulsification and emulsion stability [27]. The salinity effect on the biosurfactant emulsion showed a 

decrease in emulsion stability, with increase in NaCl concentration from 82% at 5% (w/v) to 54% at 20% (w/v). This 

decrease in stability on increasing NaCl concentration may be due to the salting-out phenomenon resulting in the 

preferential movement of water molecules, which immobilize and quench their role as solvents from coordination 

shells of biosurfactant molecules to those of salts along with the gradual decrease in the hydrophobicity of the 

rhamnolipid biosurfactant [28]. Zhao et al. [29]  also reported E24 values higher than 60% of the rhamnolipid after 

treatment at temperatures (4–121 °C), pH values (2–10) and 0–90 g/L of NaCl . 

Feasibility of biosurfactant production from lignocellulosic residues 
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The solid recovery on AAS pretreatment varied with the composition of the raw lignocellulosic residues.  The 

highest solid recovery was obtained in RS (80.00%) followed by WS (78.60%) and SB (74.70%) respectively from 

cellulose and hemicellulose released after delignification involving the cleavage of C-O-C bonds in lignin and other 

ester/ether bonds in the lignin carbohydrate complex [10]. The enzymatic saccharification of the pretreated biomass 

resulted in maximum recovery of both glucan (73.10%) and xylan (91.13%) in RS, followed by WS and SB 

respectively with highest total sugar concentration of 4.55% (w/v) in RS .  

The lignocellulosic-hydrolysate medium of each - RS, WS and SB containing approximately 4 % total sugars 

with no nutrient supplementation resulted in low cell dry weight of 3.55 ± 0.18 g/L (WS), 3.45 ± 0.12 g/L (RS) and 

2.80 ± 0.11 g/L (SB) with corresponding lower biosurfactant yield of 1.22 ± 0.06 g/L, 1.54 ± 0.11 g/L and 0.92 ± 

0.07 g/L respectively (Fig. 5a). However, both cell growth and biosurfactant yield showed better results in 

hydrolysate medium supplemented with nutrients with a maximum of 3.55 ± 0.06 g/L biosurfactant and 5.0 ± 0.11 

g/L cell dry weight in RS (Fig. 5b). Prabhu et al. [30] also reported enhanced rhamnolipid production in wheat-straw 

hydrolysate supplemented with basic salts from Pseudomonas sp in comparison to medium with no nutrients 

supplemented. From Table 3, it is evident that the value of YBS/CDW (g/g) is almost similar in RS (0.71 g/g) and in 

WS (0.65 g/g) while SB showed 0.54 g/g yield.  Similarly, YBS/S (g/g) value was observed same in both RS and WS 

(0.08g/g) with a slight lower yield (0.06 g/g) in SB-hydrolysate.  

The variation of total hydrolysed sugars (1.5% - 4.5%) in the best hydrolysate (RS) showed a maximum 

biosurfactant production of 3.59 ± 0.09 g/L in 4.5 % closely followed by 3.18 ± 0.11 g/L in 3.5% respectively (Fig. 

6). The yield of rhamnolipid (3.59 g/L) in RS-lignocellulosic hydrolysate was almost similar to chemically defined 

medium (3.78g/L) having same composition of respective sugars (total-sugars 4.55% -glucose 2.8%, cellobiose 

0.14%, xylose 1.5 %, arabinose 0.11 %).  

Conclusion  

The maximum xylan and glucan sugars recovered from rice-straw using mild aqueous-ammonia soaking (AAS) 

pretreatment yielded 3.59 g/L of biosurfactant in minimal salt medium (MSM) in presence of optimum parameters 

obtained through OFAT approach. The biosurfactant was confirmed as rhamnolipid using tandem-MS and NMR 

with broad range stability at different temperature, pH and salinity. Thus, the rhamnolipid produced from 

hydrocarbonoclastic bacteria Achromobacter sp. (PS1) with promising tensioactive properties may find applications 

in various industries.  



14 
 

Acknowledgements 

This work was supported by a grant provided by the Department of Science and Technology (DST), Science 

and Engineering Board (SERB), Govt. of India under a project file no. SB/YS/LS-83/2013. We also acknowledge 

with thanks the support extended by Dr. Prem. K. Gupta, Ionics clinical laboratory, Gurugram, Haryana for mass 

spectrometric analysis and Department of Biotechnology(DBT), Government of India for the High Field NMR 

spectrometer facility at the ICGEB, New Delhi. Authors wish to thank Dr Mathew Sawyer for his critical comments 

during manuscript preparation. 

List of Abbreviations 

OFAT: One-factor-at-a-time; RS: Rice-straw; WS: Wheat-straw; SB: Sugarcane-bagasse; AAS: Aqueous ammonia 

soaking; MSM: Minimal salt medium; CMC: Critical micelle concentration; CDW: Cell dry weight; RL: 

Rhamnolipid; ASTM: American Society for Testing and Materials 

 

References  

[1] Joy S, Rahman PKSM, Sharma S (2017) Biosurfactant production and concomitant hydrocarbon degradation 

potentials of bacteria isolated from extreme and hydrocarbon contaminated environments. Chem Eng J 

317:232 – 241 

[2] Klosowska-Chomiczewska IE, Medrzycka K, Hallmann E, Karpenko E,Pokynbroda T, Macierzanka A, 

Jungnickel C (2017)  Rhamnolipid CMC prediction. J Colloid Interface Sci 488:10 – 19 

[3] Gudina EJ, Rodrigues AI, De Freitas V, Azevedo Z, Teixeira JA, Rodrigues LR (2016) Valorization of agro-

industrial wastes towards the production of rhamnolipids. Bioresour Technol 212:144 – 150 

[4] Zambry NS, Ayoib A, Noh NA, Yahya AR (2017) Production and partial characterization of biosurfactant 

produced by Streptomyces sp. R1. Bioprocess Biosyst Eng 40:1007-1016. 

[5]  Varjani SJ, Upasani VN (2017) Critical review on biosurfactant analysis, purification and characterization 

using rhamnolipid as a model biosurfactant. Bioresour Technol 232:389 – 397 

[6] Grand market insights Research, Biosurfactants Market worth over $2.7 bn by 2024. [Online]. Global Market 

Insights, Inc. (2018). (Accessed 8 July 2018). Available: 

https://www.gminsights.com/pressrelease/biosurfactants-market-size 

https://www.gminsights.com/pressrelease/biosurfactants-market-size/


15 
 

[7] Singh R, Srivastava M, Shukla A (2016) Environmental sustainability of bioethanol production from rice 

straw in India: A review Renew Sustain Energy Rev 54:202 – 216 

[8] Capolupo L, Faraco V (2016) Green methods of lignocellulose pretreatment for biorefinery development. 

Appl Microbiol Biotechnol 100:9451–9467. 

[9] Thompson DN, Campbell T, Bals B, Runge T, Teymouri F, Ovard LP (2013) Chemical preconversion: 

application of low-severity pretreatment chemistries for commoditization of lignocellulosic feedstock. 

Biofuels 4:323-40. 

[10] Salvi DA, Aita GM, Robert D, Bazan V (2010) Dilute ammonia pretreatment of sorghum and its 

effectiveness on enzyme hydrolysis and ethanol fermentation. Appl Biochem Biotechnol 161:67 – 74 

[11] Rahman PKSM, Pasirayi G, Auger V, Ali Z (2010) Production of rhamnolipid biosurfactants by 

Pseudomonas aeruginosa DS10‐129 in a microfluidic bioreactor. Biotechnol Appl Biochem 55:45 – 52 

[12] George S, Jayachandran K (2012) Production and characterization of rhamnolipid biosurfactant from waste 

frying coconut oil using a novel Pseudomonas aeruginosa D. J Appl Microbiol 114:373 – 383 

[13] Rikalovic MG, Gojgic-Cvijovic G, Vrvic MM, Karadzic I (2012) Production and characterization of 

rhamnolipids from Pseudomonas aeruginosa san ai. J Serb Chem Soc 77:27 – 42 

[14] Gunther NW, Nunez A, Fett W, Solaiman DK (2005) Production of rhamnolipids by Pseudomonas 

chlororaphis, a nonpathogenic bacterium. App Enviro Microbiol 71:2288 – 2293 

[15] Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, Crocker D (2008) Laboratory analytical 

procedure (LAP) : determination of structural carbohydrates and lignin in biomass,  National Renewable 

Energy Laboratory- NREL/TP-510-42618, 1617: 1 – 16.  

[16] Selig M, Weiss N, Ji Y (2008) Laboratory analytical procedure (LAP): enzymatic saccharification of 

lignocellulosic biomass. National Renewable Energy Laboratory- NREL/TP-510-42629  

[17] Banat IM, Satpute SK, Cameotra SS, Patil R, Nyayanit NV (2014) Cost effective technologies and renewable 

substrates for biosurfactants production. Front microbiol 5:697 

[18] Ma KY, Sun MY, Dong W, He CQ, Chen FL, Ma YL (2016) Effects of nutrition optimization strategy on 

rhamnolipid production in a Pseudomonas aeruginosa strain DN1 for bioremediation of crude oil. Biocatal 

Agric Biotechnol 6 :144 – 151 



16 
 

[19] Ndlovu T, Rautenbach M, Khan S, Khan W (2017) Variants of lipopeptides and glycolipids produced by 

Bacillus amyloliquefaciens and Pseudomonas aeruginosa cultured in different carbon substrates. AMB Exp 

7:109 

[20] Mukherjee S, Das P, Sivapathasekaran C, Sen R (2008) Enhanced production of biosurfactant by a marine 

bacterium on statistical screening of nutritional parameters. Biochem Eng J 42:254 – 260 

[21] Radzuan MN, Banat IM, Winterburn J (2017) Production and characterization of rhamnolipid using palm oil 

agricultural refinery waste. Bioresour Technol 225:99 – 105 

[22] Zhao F, Zhou J, Han S, Ma F, Zhang Y (2016) Medium factors on anaerobic production of rhamnolipids by 

Pseudomonas aeruginosa SG and a simplifying medium for in situ microbial enhanced oil recovery 

applications. World J Microbiol Biotechnol 32: 54  

[23] Santos DKF, Rufino RD, Luna JM, Santos VA, Sarubbo LA (2016) Biosurfactants: multifunctional 

biomolecules of the 21st Century. Int J Mol Sci 3: 401 

[24] Pereira JF, Gudina EJ, Doria ML, Domingues MR, Rodrigues LR, Teoxeira JA, Coutinho JA (2012) 

Characterization by electrospray ionization and tandem mass spectrometry of rhamnolipids produced by two 

Pseudomonas aeruginosa strains isolated from Brazilian crude oil. Eur J Mass Spectrom 18:399 – 406 

[25] Moya-Ramirez I, Tsaousi K, Rudden M, Marchant R, Jurado-Alameda E, Garcia M Roman, Banat IM (2015) 

Rhamnolipid and surfactin production from olive oil mill waste as sole carbon source. Bioresour Technol 

198:231 – 236 

[26] Monteiro SA, Sassaki GL,  De Souza LM, Meira JA, De Araujo JM, Mitchell DA, Ramos LP, Krieger N 

(2007) Molecular and structural characterization of the biosurfactant produced by Pseudomonas aeruginosa 

DAUPE 614. Chem Phys Lipids 147:1 – 13  

[27] Lovaglio RB, Dos Santos FJ, Junior MJ, Contiero J (2011) Rhamnolipid emulsifying activity and emulsion 

stability: pH rules. Colloids Surf B Biointerfaces 85:301 – 305 

[28] Zolfaghari R, Fakhru’l-Razi A, Abdullah LC, Elnashaie SS, Pendashteh A (2016) Demulsification techniques 

of water-in-oil and oil-in-water emulsions in petroleum indusry. Sep Purif  Technol 170:377– 407 

[29] Zhao F, Shi R, Ma F, Han S, Zhang Y (2018) Oxygen effects on rhamnolipids production by Pseudomonas 

aeruginosa. Microb Cell Fact 17 :39 



17 
 

[30] Prabu R, Kuila A, Ravishankar R, Rao PV, Choudary NV, Velankar HR (2015) Microbial rhamnolipid 

production in wheat straw hydrolysate supplemented with basic salts. RSC Adv 5: 51642 – 51649 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

Legends of figure 

 
Fig. 1 (a) Effect of different media on rhamnolipid production 
          (b) Effect of varying dextrose concentration in chemically defined media on rhamnolipid yield. 
          (c) Effect of varying dextrose concentration in chemically defined media on rhamnolipid yield with respect to 

growth (straight lines) and residual sugar (dotted lines) 
 

Fig. 2 (a) Effect of inorganic nitrogen sources on rhamnolipid production  
(1. NaNO2; 2. NaNO3; 3. KNO3; 4. NH4NO3; 5. NH4Cl; 6. (NH4)2SO4; 7. Mg(NO3)2; 8. Ca(NO3)2; 9. 
Fe(NO3)3; 10. Al(NO3)3; 11.  Nitrogen deficient) 

       (b) Effect of organic nitrogen sources and (c) Effect of varying C/N ratio 
 
Fig. 3 Effect of (a) pH (b) temperature (⁰C) and (c) agitation (rpm) on rhamnolipid yield  

Fig. 4 Tandem-Ms spectrum and fragmentation pattern of (a) [M +Na] + ion at m/z 527 corresponding to mono-
rhamnolipid Rha-C10-C10 and (b) [M +Na] + ion at m/z 673 corresponding to di-rhamnolipid Rha-Rha-C10-
C10 

Fig. 5 Rhamnolipid production (straight lines) and growth (dotted lines) in different lignocellulosic hydrolysates (a) 
nutrient deficient (b) supplemented with influential nutrients 

Fig. 6 Rhamnolipid production in different concentrations of RS-lignocellulosic hydrolysates supplemented with 
nutrients 
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Table 1. Effect of different carbon sources on biosurfactant production from Achromobacter sp. (PS1) in MSM  

 

(a). Hydrocarbon (1% v/v) 
 Without Dextrose With Dextrose (1% w/v) 

 ST (mN/m) RL (g/L) CDW (g/L) ST (mN/m) RL (g/L) CDW (g/L) 

Paraffin 53.85± 1.06 0.10 ± 0.03 1.70 ± 0.04 34.63 ± 0.31 0.20 ±0.03 3.15 ± 0.07 

Hexadecane 46.51 ± 1.05 0.05 ± 0.02 0.85 ± 0.07 33.62 ± 0.24 0.13 ± 0.02 3.35 ±0.08 

Diesel 47.58 ± 0.91 0.07 ± 0.02 1.30 ± 0.04 33.48 ± 0.82 0.34 ±0.06 3.40 ±0.07 

 

(b). Vegetable oil (1% v/v) 

 Without Dextrose With Dextrose (1% w/v) 

 ST (mN/m) RL (g/L) CDW (g/L) ST (mN/m) RL (g/L) CDW (g/L) 

Palm oil 56.89 ±0.92 0.06 ± 0.02 2.05 ± 0.05 34.87 ± 1.02 0.18 ± 0.08 3.25 ± 0.09 

Coconut oil 58.57 ± 0.84 0.08 ± 0.02 1.90 ± 0.03 34.33 ± 0.78 0.22 ± 0.06 3.39 ± 0.05 

Sunflower oil 58.15 ±0.73 0.05 ± 0.02 1.35 ± 0.09 45.19 ± 0.69 0.19 ± 0.04 2.85 ± 0.09 

Mustard oil 49.30 ± 0.98 0.04 ± 0.01 1.05 ± 0.04 35.45 ± 1.31 0.18 ± 0.07 2.65 ± 0.05 

 

(c). Sugars (0.4g w/v equivalent carbon) 
Monosaccharide Disaccharide 

 ST (mN/m) RL (g/L) CDW (g/L)  ST (mN/m) RL (g/L) CDW (g/L) 

Xylose 37.43 ±1.13 0.20 ±0.05 1.85 ± 0.07 Lactose 45.54 ± 1.15 0.11 ± 0.06 1.35 ± 0.04 

Dextrose 

(control) 
31.06 ± 0.54 0.43 ±0.06 2.54 ± 0.08 Cellobiose 42.77 ± 1.04 0.20± 0.05 2.23± 0.06 

Fructose 36.43 ± 0.79 0.28 ± 0.04 1.37 ± 0.05 Maltose 51.05 ± 1.16 0.11 ± 0.06 0.93 ± 0.05 

Galactose 44.01 ± 1.05 0.21± 0.05 1.25 ± 0.09 Sucrose 47.13 ± 1.05 0.18 ± 0.03 1.40 ± 0.04 

Arabinose 38.02 ± 0.76 0.19 ± 0.03 1.37± 0.09     

Sugar alcohol Polysaccharide 

 ST (mN/m) RL (g/L) CDW (g/L)  ST (mN/m) RL (g/L) CDW (g/L) 

Glycerol 35.45 ± 1.12 0.19 ± 0.06 2.70 ± 0.05 Cellulose 53.87± 0.95 0.08± 0.04 1.30± 0.05 

Mannitol 50.46 ± 1.13 0.14 ± 0.03 1.05 ± 0.04 Starch 53.81 ± 1.13 0.08± 0.02 1.20± 0.07 

Sorbitol 50.37 ± 1.07 0.08 ± 0.07 1.10 ± 0.06     

Xylitol 51.18 ± 1.32 0.09± 0.03 0.95± 0.03     

ST= Surface tension, RL= Rhamnolipid yield, CDW=Cell dry weight 
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Table 2. 1H and 13C NMR spectroscopic data of glycolipids from fractions F1 (mono-rhamnolipid) and F2 (di-

rhamnolipid) fractions produced from Achromobacter sp. (PS1) 

  

Carbon 

F1 

(Mono-

rhamnolipid) 

δ 1H 

F2  

(Di-rhamnolipid) 

δ 1H 

F1 

(Mono-

rhamnolipid) 

δ 13C 

F2 

(Di-rhamnolipid) 

δ 13C  

  

R
h

a
m

n
o
se

-1
 C-1 ʹ 4.89*  4.91* 96.9 94.18 

C-2 ʹ 3.86 3.71 71.29 79.71 

C-3 ʹ 3.73 3.69 71.45 70.41 

C-4 ʹ 3.40 3.61 73.71 70.45 

C-5 ʹ 3.80 3.93 71.66 70.30 

C-6 ʹ 1.28 1.28 17.30 17.39 

  

R
h

a
m

n
o
se

-2
 C-1 ʺ - 4.90* - 102.40 

C-2 ʺ - 3.70 - 70.25 

C-3 ʺ - 3.71 - 70.23 

C-4 ʺ - 3.59 - 70.38 

C-5 ʺ - 3.94 - 71.88 

C-6 ʺ - 1.29 - 17.39 

  

L
ip

id
 

C-1 4.17 4.16 72.74 70.21 

C-2 2.41 2.35 39.52 34.25 

C-3 5.48 - - - 

-CH3- 0.88 0.87 13.94 14.12 

C-4 5.25 5.08 70.07 72.15 

C-5 2.54 2.35 39.01 36.19 

-(CH2)n- 1.25 - 1.36 1.28 - 1.33 22.50 - 32.5 22.40 - 34.70 

              * HSQC cross-peaks 

 



3 
 

 

 

Table 3. Results of biosurfactant production (8thday) from different lignocellulosic hydrolysates supplemented 

with influential nutrients 

Ligno- 

cellulosic 

hydrolysate 

Initial 

Surface 

Tension 

(mN/m) a 

Final 

Surface 

Tension 

(mN/m) b 

E24 (%) Biosurfactant 

concentration 

[BS] 

(g/L)  

Total 

sugar 

consumed  

[S] 

(g/L)  

Cell dry 

wt.  

[CDW] 

(g/L)  

YBS/

CDW 

(g/g)  

Y 

BS/S 

(g/g)  

RS 63.30 ± 0.18 31.12 ± 0.05 58.33 ± 1.96 3.55 ± 0.06 42.0   5.0 ± 0.11 0.71 0.08 

WS 63.32 ± 0.22 31.16 ± 0.89 56.94 ± 2.02 3.16 ± 0.04 40.93 5.0 ± 0.16 0.65 0.08 

SB 65.50 ± 0.52  33.24 ± 0.10 50.00 ± 0.97 2.61 ± 0.03 41.39 4.8 ± 0.14 0.54 0.06 

                  a Initial Surface tension (0 day); b Final Surface tension (8th day); YBS/CDW = Biosurfactant yield per gram of cell biomass; 

YBS/S =Biosurfactant yield per gram of sugar consumed 
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