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A B S T R A C T   

The poultry industry experiences enormous economic losses due to microbial contamination, leading to searches 
for natural antimicrobials. Sophorolipid is a glycolipid produced by Starmerella bombicola, that acts as an 
emulsifier and antimicrobial agent. The aim of this research was to produce, characterize and apply sophorolipid 
from S. bombicola against the chicken pathogens Clostridium perfringens and Campylobacter jejuni, which are 
responsible for diseases that cause great damage to the poultry industry. The application of sophorolipid against 
these microorganisms has not yet been reported and to aggregate value to the product, sophorolipid was asso
ciated with lactic acid, a nontoxic molecule already utilized in the food industry. Sophorolipid production 
reached 69.83 g.L� 1 with a productivity of 0.24 g.L� 1.h� 1 and a yield of 46.41% at 288 h in a bioreactor. The 
structural characterization analyses confirmed the predominance of the lactonic form. Sophorolipid demon
strated antimicrobial activity against the tested bacteria and the combined treatment of sophorolipid and lactic 
acid represented an additive interaction. Therefore, this combination could be an alternative to use as a new 
natural sanitizer in the poultry industry, reducing the microbial contamination of these main pathogens.   

1. Introduction 

The poultry industry in Brazil has a great social and economic 
impact, being ranked second in the worldwide production of chicken 
meat and first in export (ABPA, 2018). In contrast to this scenario of 
economic growth, maintaining the safety of the food supply system is 
one of the major challenges faced by the poultry industry. Technological 
advances have brought conditions that are difficult to animal health, 
such as super populated production systems, which provide ideal con
ditions for the multiplication of pathogens, resulting in disease out
breaks and economic losses to poultry producers (Aranda et al., 2019; 
Wilde et al., 2019). 

Necrotic enteritis is an important chicken disease caused by Clos
tridium perfringens, an anaerobic endospore forming pathogenic bacte
rium, that accounts for annual worldwide losses of up to $6 billion 

dollars (Wade et al., 2015). This disease results in poor productivity by 
diminishing the weight of chickens, carcass condemnation and a high 
mortality rate of up to 50% (Van Immerseel et al., 2004). 

Another great concern in the poultry industry is the pathogen 
Campylobacter jejuni, which is considered the most common cause of 
human gastrointestinal infections worldwide, causing 37,600 deaths per 
year globally (World Health Organization (WHO), 2015). This species 
may colonize chicken gastrointestinal tracts in an asymptomatic form, 
leading to the spread of this microorganism during production and 
processing, which results in contamination of live animals and processed 
carcasses (Skarp et al., 2016). 

Antibiotics have been used to promote animal growth and as a pro
phylactic treatment of poultry pathogens (Lin et al., 2019). However, 
the impacts of this practice have been associated with the selection and 
dissemination of antimicrobial resistant bacteria (Aidara-Kane et al., 
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2018), resulting in restrictions, regulations and challenges regarding 
antibiotic use; therefore, the poultry industry is in search of alternative 
strategies. 

Sophorolipid is a glycolipid produced by the yeast Starmerella 
bombicola in the lactonized and acidic forms with different degrees of 
acetylation on the sophorose moiety. The hydroxy fatty acid portion can 
vary in saturation degree, hydroxylation position (terminal or subter
minal) and chain length, mostly with 16 and 18 carbons (Asmer et al., 
1988; Van Bogaert et al., 2011). 

This molecule has gained considerable importance because of its 
antimicrobial activities against a broad range of Gram positive and Gram 
negative bacteria. There are reports about its action against foodborne 
pathogens, such as Salmonella spp., Listeria spp. (Zhang et al., 2016a) and 
Escherichia coli O157:H7 (Zhang et al., 2017), and bacteria responsible 
for dental caries (Solaiman et al., 2017), acne formation (Ashby et al., 
2011) and associated with common hospital infections (Pontes et al., 
2016). Additionally, the antibiofilm activity of sophorolipid has been 
described (Banat et al., 2014; Díaz De Rienzo et al., 2015; Haque et al., 
2016). 

The antimicrobial activity of sophorolipid is characterized by plasma 
membrane disruption, causing the lysis and possible leakage of cyto
plasm contents of pathogens (Kulakovskaya et al., 2014; Silveira et al., 
2018; Zhang et al., 2016b). Additionally, the lactonic forms of this 
biosurfactant have better surface tension lowering properties and anti
microbial activities than acidic structures (Van Bogaert et al., 2007). 

The application of organic acids on meat surfaces is a common 
procedure and the use of lactic acid could reduce the initial microbial 
load of meat products by immediate bactericidal and bacteriostatic ef
fects, resulting in an extended shelf life (Prasai et al., 1992). This acid is 
also regularly utilized for the control of poultry pathogens at concen
trations up to 5% (Mani-L�opez et al., 2012). 

Considering the antimicrobial properties of sophorolipid and the 
need to use alternative and safe molecules to control these poultry 
pathogens, this work evaluated for the first time, the action of sopho
rolipid from S. bombicola against C. perfringens vegetative cells and 
C. jejuni and its association with lactic acid for potential application in 
the poultry industry. 

2. Material and methods 

2.1. Sophorolipid production 

Starmerella (Candida) bombicola (ATCC® 22214™) was maintained 
cryopreserved in stock solution containing 25% v.v� 1 glycerol at - 80 �C. 
The inoculum was prepared by transferring 0.5 mL of the stock solution 
to 25 mL of medium containing the following in g.L� 1: glucose (100), 
yeast extract (10) and urea (0.1), and incubated with 150 rpm for 24 h at 
30 �C. The inoculum was standardized at 10% v.v� 1. The fermentation 
was conducted in a 5.0 L fed batch bioreactor (FerMac 320 Electrolab 
Biotech Ltd., United Kingdom) containing 3.5 L of working volume. The 
medium comprised the following in g.L� 1: glucose (77.5), yeast extract 
(2.5) and oleic acid (75) (Minucelli et al., 2017). Cultures were grown at 
30 �C, at 450 rpm, with the pH controlled in 3.5 and an aeration rate of 
1.0 vvm for 288 h. Oleic acid (20 g.L� 1) was added every 48 h until 
192 h, and glucose (45 g.L� 1) was added at 144 h and 192 h. Every 24 h 
and at the end of fermentation, the sophorolipid, biomass, residual sugar 
and oil were measured. Sophorolipid was extracted three times with 
ethyl acetate, forming two phases; the organic phase was roto evapo
rated, and then extracted with a methanol:water solution (4:1 v.v� 1). 
The residual oleic acid content was removed with hexane, and both 
phases were quantified by gravimetry (Minucelli et al., 2017). The 
aqueous phase was centrifuged, and the biomass was determined 
gravimetrically. Residual glucose was quantified by the Somogyi Nelson 
method (Nelson, 1944; Somogyi, 1945). 

The analysis of variance (ANOVA) was performed with the dates to 
estimate the significance differences (p < 0.05) between means by using 

the statistical software R version 3.4.1. 

2.2. Sophorolipid characterization 

Sophorolipid was detected by thin layer chromatography (TLC) by 
spotting on silica gel 60 F254, and a solvent system comprising chloro
form:methanol:water (65:15:2, v.v.v� 1) with 1% acetic acid was used. 
The plates were treated with vanillin sulfuric acid at 110 �C for 20 min 
and observed under UV light (Pekin et al., 2005). In addition, 10, 
400-Sophorolactone 60,600-diacetate (Sigma Aldrich, USA) was used as the 
sophorolipid standard. 

High performance liquid chromatography (HPLC) Shimadzu Corp. 
LC-6AD with the diode array detector SPD-M20A (λ 207 nm) and the 
Shim-pack column Shimadzu CLC-ODS (M)® C18 (4.6 � 250 mm; 
4.6 μm; 12 nm) were also used for the detection of the sophorolipid. An 
acetonitrile water gradient was used that started with acetonitrile:H2O 
(30:70, v.v� 1) for 5 min, increased to acetonitrile:H2O (80:20, v.v� 1) in 
25 min and was maintained there for the next 25 min (Wadekar et al., 
2012). 

1H and 13C nuclear magnetic resonance (NMR) spectra were used to 
confirm the sophorolipid structure, utilizing a Bruker Avance III spec
trometer operating at 400.13 MHz for 1H and equipped with a direct 
detection probe (5 mm). All NMR experiments were performed in CDCl3 
as solvent using standard pulse sequences. Chemical shifts (σ) for 1H and 
13C spectra were expressed in parts per million relative to tetra- 
methylsilane (TMS) (Minucelli et al., 2017). 

The surface tension was measured at 25 �C with a Fisher tensiometer 
(Krüss K6) in an aqueous solution of sophorolipid in the concentration 
range of 0–1 g.L� 1 (Du Nouy, 1925). Critical micelle concentration 
(CMC) was determined by relating the concentration of sophorolipid 
with the corresponding surface tension. 

2.3. Antimicrobial study 

2.3.1. Minimum inhibitory concentration (MIC) 
The antimicrobial activities of sophorolipid and lactic acid were 

tested against Clostridium perfringens (ATCC® 3624™) vegetative cells 
and Campylobacter jejuni (ATCC® 33560™) by the microdilution 
method using 96 well plates (Clinical and Laboratory Standards Institute 
(CLSI), 2012). Strains were preserved in brain heart infusion broth (BHI) 
containing 25% v.v� 1 glycerol at - 80 �C. C. perfringens was first grown in 
BHI in anaerobiosis conditions created with the anaerobic gas generator 
(Mitsubishi™ AnaeroPack) and C. jejuni in thioglycolate (TC) agar in 
microaerophilia created with the Microaerobac system (Probac) for 
48 h at 42 �C for both bacteria. 

Bacterial suspensions were adjusted to 108 CFU mL� 1 (0.9% NaCl) 
using a 0.5 McFarland scale. These suspensions were diluted in the 
respective media and plated at a density of 5.0 � 105 CFU.well� 1. 
Sophorolipid at 25% (w.v� 1) in ethanol was diluted in media to reach 
concentrations from 0.0078% to 1% for C. jejuni and from 0.0015% to 
0.2% for C. perfringens. Lactic acid ranged from 0.04% to 5%. Positive 
(untreated bacteria) and negative (only medium) controls were per
formed. A vehicle control with ethanol was also conducted since this was 
used to dissolve the sophorolipid. Bacteria were incubated for 48 h at 
42 �C, and the MIC was recorded as the lowest concentration of sopho
rolipid or lactic acid that completely inhibited microbial growth 
visually. 

2.3.2. Combined effect of sophorolipid and lactic acid 
The interaction activity of sophorolipid (SL) with lactic acid (LA) was 

evaluated by checkerboard assay, which consisted of broth dilution in a 
double-antimicrobial gradient as described by Traub and Kleber (1975). 
Sophorolipid dilutions (0.0015%–0.025% for C. perfringens and 0.5%– 
0.03% for C. jejuni) were prepared in the horizontal rows, and the lactic 
acid dilutions (0.019%–2.5%) were prepared in the vertical columns of 
the 96 well plates. The fractional inhibitory concentration (FIC) and 
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fractional inhibitory concentration index (FICI) were calculated by 
employing the MIC of the compounds alone and combined. The FICI 
classification was the following: �0.5, synergistic; >0.5 to 1, additive; 
>1 to <4; indifferent and �4, antagonistic. The FICI (

P
FICI) was 

determined using the following equation (Chin et al., 1997):  
P

FICI¼ FICSL þ FICLA                                                                         
P

FICI¼ (MIC of SL in combination) / (MIC of SL) þ (MIC of LA in com
bination) / (MIC of LA)                                                                           

3. Results and discussion 

3.1. Sophorolipid production and characterization 

Sophorolipid production reached 69.83 g.L� 1 with productivity a of 
0.24 g.L� 1.h� 1 and a yield of 46.41%. Fermentative parameters influ
ence sophorolipid production and the structures formed, affecting the 
proportions of acidic and lactonic forms (Ribeiro et al., 2015; Van 
Bogaert et al., 2011). Casas and García-Ochoa (1999), Davila et al. 
(1992) and Hu and Ju (2001) reported that the lactonic structures are 
highly produced during the stationary phase after 100–250 h of 
fermentation. Therefore, the fermentation time is a substantial param
eter to direct the production of specific sophorolipid structures, which 
define particular applications, such as antimicrobial activity (Van 
Bogaert et al., 2007; Zhang et al., 2016a). 

TLC showed the presence of acidic structures with Rf values of 0.21 
and 0.26, whereas the spots with higher Rf values of 0.3, 0.37, 0.43, and 
0.51 were attributed to lactonic forms, as expected considering their 
lower polarity (Fig. 1) (Asmer et al., 1988; Mousavi et al., 2014; Pekin 
et al., 2005). The HPLC analysis in comparison with the standard 
showed that the main structure detected in the chromatographic profile 
was lactonic C18:1 diacetylated (retention time of 43.39 min) (Fig. 2). 

These results were confirmed by the combined analysis of one- and 
two-dimensional 1H NMR experiments (Fig. 3). The one-dimensional 1H 
NMR spectrum showed signals assigned to the two anomeric protons 
from the sophorose moiety resonating at 4.56 and 4.46 ppm. The HSQC 
spectrum showed correlations for these proton signals with their 
anomeric carbons at 104.0 and 102.3 ppm, respectively. Another seven 
glucose CH protons were observed between 3.40 and 3.80 ppm as 

Fig. 1. Thin layer chromatograph (TLC) analysis of sophorolipid by Starmerella 
bombicola with developing solvent system chloroform: methanol: water 
(65:15:2, v/v/v) with 1% acetic acid. (1) Standard 10,400-Sophorolactone 60,600- 
diacetate and (2) sophorolipid. 

Fig. 2. High performance liquid chromatograph (HPLC) analysis of sophorolipid in comparison with standard. (1) Standard 10,400-Sophorolactone 60,600-diacetate and 
(2) sophorolipid. 
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positive phased HSQC signals, while the H-400 proton resonates at higher 
frequency (4.97 ppm) due to its proximity to the lactone carboxyl. 
Moreover, the corresponding HMBC signal showed a multiple bond 
correlation for H-400 and the carbonyl carbon at 173.4 ppm, evidencing 
the continuous connectivity throughout H-400 and C-1. The carbon sig
nals of the two cetyl carbonyls were observed at slightly higher fields at 
171.7 and 170.6 ppm. 

Both CH2 groups of the glucose units were easily identified by 
negative phased HSQC signals at 4.32 and 4.15 ppm. In particular, 
methylene bound to the lactone carbonyl was identified at 2.35 ppm (H- 
2). The HSQC signal at δH 5.35/δC 129.9 confirmed the presence of the 
vinyl group (–CH––CH–). 

The sophorolipid structural analyses using TLC, HPLC and NMR in 
combination with literature reports (Daverey and Pakshirajan, 2010; 
Kaur et al., 2019; Minucelli et al., 2017; Price et al., 2012) determine 
that the produced sophorolipid was mainly lactonic in structure. 

Sophorolipid surface tension reduction of water is demonstrated in 
Fig. 4. A gradual decrease from 70 mN m� 1 to 34 mN m� 1 was observed 
at 25 �C with an increase in sophorolipid concentration at a CMC of 
65 mg.L� 1, which then remained constant. These results are in accor
dance with the literature (Develter and Lauryssen, 2010; Jadhav et al., 
2019; Minucelli et al., 2017; Otto et al., 1999). 

Sophorolipid antimicrobial activity is also related to antiadhesive 
properties due to their amphiphilic nature. This glycolipid can reduce 
the interfacial and superficial tension of compounds and surfaces, thus 

promoting alterations in the adhesion of microorganisms (Pontes et al., 
2016; Valotteau et al., 2017). Lactonic sophorolipid exhibits lower CMC 
than acidic forms, being more hydrophobic and less soluble in water 
molecules (Kulakovskaya et al., 2014), which could also explain the 
better antimicrobial action reported involving this type of sophorolipid. 

Fig. 3. NMR experiments of the sophorolipid from Starmerella bombicola. (1) 1H, (2) HMQC and (3) HMBC spectra.  

Fig. 4. Relationship between the surface tension and the concentration of 
sophorolipid. 
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3.2. Antimicrobial activity 

The results of the antibacterial tests with sophorolipid and lactic acid 
are demonstrated in Table 1. Although there are many works describing 
the antimicrobial action of sophorolipid in a broad range of bacteria, the 
susceptibility of the tested pathogens with great importance in the 
poultry industry has never been assessed. This novel discovery brings 
new possibilities for the implementation of sophorolipid as a natural 
sanitizer during the processing steps of the poultry industry, enhancing 
the safety of food products. Sophorolipid could be incorporated in the 
washing/rinsing cabinet, known as inside/outside bird wash (IOBW) or 
in the immersion chiller tank systems, where the carcasses remain for 
long periods of 45–110 min (Blevins et al., 2018). 

The mechanisms of action of sophorolipid antimicrobial activity are 
related to their surfactant effect, which involves synergistic interactions 
between the sophorose and the fatty acid moieties, resulting in the 
destabilization and alteration of the membrane permeability of patho
gens, characterized by plasma membrane disruption and extravasation 
of the cellular content (Dengle-Pulate et al., 2013; Fracchia et al., 2015; 
Oliveira et al., 2015; Valotteau et al., 2017). In this work, C. perfringens 
was more susceptible to sophorolipid action than C. jejuni. This could be 
explained by the differences in cell wall structures since C. perfringens is 
a Gram positive bacterium and C. jejuni is a Gram negative bacterium. 

The cell wall of Gram positive bacteria is made of one membrane 
layer surrounded by a thick peptidoglycan layer. While in Gram negative 
bacteria, the cell wall is composed of a thin peptidoglycan layer and two 
membranes, making it more difficult for sophorolipid to interact with 
the cell envelope of Gram negative organisms than that of Gram positive 
organisms (Dengle-Pulate et al., 2014; Zhang et al., 2016a). These dif
ferences in the cell envelope also confer different charges to the bacteria. 
Gram negative species have less hydrophobic and more negative char
acteristics, making them less affected by the surface changes promoted 
by sophorolipid, possibly explaining the lower antibacterial potential 
obtained for C. jejuni. 

The combined treatment of sophorolipid and lactic acid was capable 
of keeping the antibacterial efficiency at only ½ MIC of each compound, 
representing an additive interaction. Lactic acid is a natural antimicro
bial largely used in the decontamination of meat products (Anang et al., 
2007; Chaine et al., 2013; Cil et al., 2019; Liu et al., 2016). This action is 
related to intracellular acidification and disruption of the trans
membrane proton motive force, causing depletion of cellular energy 
(Alakomi et al., 2000; Mani-L�opez et al., 2012; Ricke, 2003). 

Latic acid has a low molecular mass (90.08 Da) and water soluble 
nature; thus, this molecule can easily penetrate the outer membrane of 
bacteria and modify its integrity, increasing the permeability of mem
branes and enabling other compounds (macromolecules and hydro
phobic components) to penetrate (Alakomi et al., 2000; Nikaido, 1996; 
Stanojevi�c-Nikoli�c et al., 2016). The presence of lactic acid may also 
maximize the effect of other antimicrobial agents, as shown in this study 
in combination with sophorolipid. 

Although the use of organic acids in the poultry industry is very 
common and effective, their use is limited since they may affect sensory 
aspects of the product (color changes and negative flavor) (Mani-L�opez 

et al., 2012; Nagel et al., 2013). Organic acids have been associated with 
other antimicrobials agents, enabling a lower concentration of the acid 
to a sensory acceptable level (Hulankova et al., 2013; Nagel et al., 2013). 
Thus, the sophorolipid association with lactic acid could be advanta
geous because of the lower concentration achieved in combination, 
possibly resulting in fewer impacts on the sensory characteristics of the 
product with the same antimicrobial efficacy. 

4. Conclusions 

Sophorolipid produced by S. bombicola in a fed batch bioreactor 
achieved 69.83 g.L� 1, a productivity of 0.24 g.L� 1.h� 1 and a yield of 
46.41% at 288 h. Structural analyses demonstrated the predominance of 
the lactonic form, and HPLC detected lactonic C18:1 diacetylated in 
comparison with the standard. Sophorolipid presented antibacterial 
activity against the poultry pathogens C. perfringens and C. jejuni. The 
combination of this biosurfactant with lactic acid resulted in an additive 
interaction, keeping the same antibacterial efficacy with half concen
tration of each compound. This study suggests that sophorolipid and its 
combination with lactic acid have the potential to be a new natural 
sanitizer for applications in the poultry industry. 

Conflicts of interest 

The authors declare no competing interests. 

Acknowledgements 

This work was supported by the National Council for Scientific and 
Technological Development (CNPq) and Coordination for the Improve
ment of Higher Education Personnel (CAPES). 

References 

ABPA, 2018. Relat�orios anuais da Associaç~ao Brasileira de Proteína Animal. http://abpa 
-br.com.br/setores/avicultura/publicacoes/relatorios-anuais. (Accessed 15 May 
2019). 

Aidara-Kane, A., Angulo, F.J., Conly, J., Minato, Y., Silbergeld, E.K., McEwen, S.A., 
Collignon, P.J., 2018. World Health Organization (WHO) guidelines on use of 
medically important antimicrobials in food-producing animals. Antimicrob. Resist. 
Infect. Contr. 7, 1–8. https://doi.org/10.1186/s13756-017-0294-9. 

Alakomi, H., Skytt€a, E., Saarela, M., Helander, I.M., 2000. Lactic acid permeabilizes 
Gram-negative bacteria by disrupting the outer membrane. Appl. Environ. 
Microbiol. 66, 2000–2005. https://doi.org/10.1128/aem.66.5.2001-2005.2000. 

Anang, D.M., Rusul, G., Bakar, J., Ling, F.H., 2007. Effects of lactic acid and lauricidin on 
the survival of Listeria monocytogenes, Salmonella enteritidis and Escherichia coli O157: 
H7 in chicken breast stored at 4 �C. Food Control 18, 961–969. https://doi.org/10 
.1016/j.foodcont.2006.05.015. 

Aranda, M.I.R., G�omez, G.A.T., de Barros, M., dos Santos, M.H., de Oliveira, L.L., Pena, J. 
L., Moreira, M.A.S., 2019. Antimicrobial and synergistic activity of 2,20,4- 
trihydroxybenzophenone against bacterial pathogens of poultry. Front. Microbiol. 
10, 490. https://doi.org/10.3389/fmicb.2019.00490. 

Ashby, R.D., Zerkowski, J.A., Solaiman, D.K., Liu, L.S., 2011. Biopolymer scaffolds for 
use in delivering antimicrobial sophorolipids to the acne-causing bacterium 
Propionibacterium acnes. N. Biotech. 28, 24–30. https://doi.org/10.1016/j.nbt. 
2010.08.001. 

Asmer, H.J., Lang, S., Wagner, F., Wray, V., 1988. Microbial production, structure 
elucidation and bioconversion of sophorose lipids. J. Am. Oil Chem. Soc. 65, 
1460–1466. https://doi.org/10.1007/BF02898308. 

Table 1 
Minimum inhibitory concentration and fractional inhibitory concentration of sophorolipid and lactic acid against Clostridium perfringens and Campylobacter jejuni.  

Bacteria Sophorolipid (%) Lactic acid (%) FICI Interaction 

MIC MICC FIC MIC MICC FIC   

Clostridium perfringens 0.003 0.0015 0.5 0.07 0.03 0.43 0.93 Additive 
Campylobacter jejuni 1 0.5 0.5 0.07 0.03 0.43 0.93 Additive 

MIC - minimum inhibitory concentration. 
MICC – minimum inhibitory concentration in combination. 
FIC – Fractional inhibitory concentration. 
FICI – Fractional inhibitory concentration index: �0.5, synergistic; >0.5 to 1, additive; >1 to <4; indifferent and �4, antagonistic. 

V.A.I. Silveira et al.                                                                                                                                                                                                                            

http://abpa-br.com.br/setores/avicultura/publicacoes/relatorios-anuais
http://abpa-br.com.br/setores/avicultura/publicacoes/relatorios-anuais
https://doi.org/10.1186/s13756-017-0294-9
https://doi.org/10.1128/aem.66.5.2001-2005.2000
https://doi.org/10.1016/j.foodcont.2006.05.015
https://doi.org/10.1016/j.foodcont.2006.05.015
https://doi.org/10.3389/fmicb.2019.00490
https://doi.org/10.1016/j.nbt.2010.08.001
https://doi.org/10.1016/j.nbt.2010.08.001
https://doi.org/10.1007/BF02898308


Biocatalysis and Agricultural Biotechnology 21 (2019) 101287

6

Banat, I.M., De Rienzo, M.A.D., Quinn, G.A., 2014. Microbial biofilms: biosurfactants as 
antibiofilm agents. Appl. Microbiol. Biotechnol. 98, 9915–9929. https://doi.org/10. 
1007/s00253-014-6169-6. 

Blevins, R.E., Kim, S.A., Park, S.H., Rivera, R., Ricke, S.C., 2018. Historical, current, and 
future prospects for food safety in poultry product processing systems. In: Ricke, S. 
C., Atungulu, G.G., Rainwater, C.E., Park, S.H. (Eds.), Systems, Food and Feed Safety 
Systems and Analysis, 1ed. Elsevier Inc., pp. 323–345 

Casas, J.A., García-Ochoa, F., 1999. Sophorolipid production by Candida bombicola: 
medium composition and culture methods. J. Biosci. Bioeng. 88, 488–494. 
https://doi.org/10.1016/S1389-1723(00)87664-1. 

Chaine, A., Arnaud, E., Kondjoyan, A., Collignan, A., Sarter, S., 2013. Effect of steam and 
lactic acid treatments on the survival of Salmonella enteritidis and Campylobacter 
jejuni inoculated on chicken skin. Int. J. Food Microbiol. 162, 276–282. https://doi. 
org/10.1016/j.ijfoodmicro.2013.01.012. 

Chin, N.X., Weitzman, I., Della-Latta, P., 1997. In vitro activity of fluvastatin, a 
cholesterol-lowering agent, and synergy with fluconazole and itraconazole against 
Candida species and Cryptococcus neoformans. Antimicrob. Agents Chemother. 41, 
850–852. 

Cil, G.I., Ozdemir, H., Onaran, B., Cengiz, G., Sen, E., 2019. Effect of lactic acid and 
steam treatments on Campylobacter jejuni on chicken skin. Emir. J. Food Agric. 31, 
143–147. https://doi.org/10.9755/ejfa.2019.v31.i2.1915. 

Clinical and Laboratory Standards Institute (CLSI), 2012. Methods for Dilution 
Antimicrobial Susceptibility Tests for Bacteria that Grow Aerobically (M07-A9); 
Approved Standard, ninth ed. CLSI, Wayne, PA https://doi.org/10.4103/0976-2 
37X.91790.  

Daverey, A., Pakshirajan, K., 2010. Sophorolipids from Candida bombicola using mixed 
hydrophilic substrates: production, purification and characterization. Colloids 
Surfaces B Biointerfaces 79, 246–253. https://doi.org/10.1016/j.colsurfb.2010 
.04.002. 

Davila, A.M., R�emy, M., Vandecasteele, J.P., 1992. Kinetics and balance of a 
fermentation free from product inhibition: sophorose lipid production by Candida 
bombicola. Appl. Microbiol. Biotechnol. 38, 6–11. https://doi.org/10.1007/ 
BF00169410. 

Dengle-Pulate, V., Chandorkar, P., Bhagwat, S., Prabhune, A.A., 2013. Antimicrobial and 
SEM studies of sophorolipids synthesized using lauryl alcohol. J. Surfactants Deterg. 
17, 543–552. https://doi.org/10.1007/s11743-013-1495-8. 

Dengle-Pulate, V., Joshi, J., Bhagwat, S., Prabhune, A., 2014. Application of 
sophorolipids synthesized using lauryl alcohol as a germicide and fruit-vegetable 
wash. World J. Pharm. Pharm. Sci. 3, 1630–1643. 

Develter, D.W.G., Lauryssen, L.M.L., 2010. Properties and industrial applications of 
sophorolipids. Eur. J. Lipid Sci. Technol. 112, 628–638. https://doi.org/10.1002/ 
ejlt.200900153. 

Díaz De Rienzo, M.A., Banat, I.M., Dolman, B., Winterburn, J., Martin, P.J., 2015. 
Sophorolipid biosurfactants: possible uses as antibacterial and antibiofilm agent. 
Nat. Biotechnol. 32, 720–726. https://doi.org/10.1016/j.nbt.2015.02.009. 

Du Nouy, L.P., 1925. An interfacial tensiometer for international use. J. Gen. Physiol. 7, 
625–632. https://doi.org/10.1085/jgp.7.5.625. 

Fracchia, L., Banat, J.J., Cavallo, M., Ceresa, C., Banat, I.M., 2015. Potential therapeutic 
applications of microbial surface-active compounds. AIMS Bioeng. 2, 144–162. htt 
ps://doi.org/10.3934/bioeng.2015.3.144. 

Haque, F., Alfatah, M., Ganesan, K., Bhattacharyya, M.S., 2016. Inhibitory effect of 
sophorolipid on Candida albicans biofilm formation and hyphal growth. Sci. Rep. 6, 
1–11. https://doi.org/10.1038/srep23575. 

Hu, Y., Ju, L.K., 2001. Sophorolipid production from different lipid precursors observed 
with LC-MS. Enzym. Microb. Technol. 29, 593–601. https://doi. 
org/10.1016/S0141-0229(01)00439-2. 

Hulankova, R., Borilova, G., Steinhauserova, I., 2013. Combined antimicrobial effect of 
oregano essential oil and caprylic acid in minced beef. Meat Sci. 95, 190–194. 
https://doi.org/10.1016/j.meatsci.2013.05.003. 

Jadhav, J.V., Pratap, A.P., Kale, S.B., 2019. Evaluation of sunflower oil refinery waste as 
feedstock for production of sophorolipid. Process Biochem. 78, 15–24. In: https:// 
doi.org/10.1016/j.procbio.2019.01.015. 

Kaur, G., Wang, H., To, M.H., Roelants, S.L.K.W., Soetaert, W., Lin, C.S.K., 2019. Efficient 
sophorolipids production using food waste. J. Clean. Prod. 232, 1–11. https://doi. 
org/10.1016/j.jclepro.2019.05.326. 

Kulakovskaya, E., Baskunov, B., Zvonarev, A., 2014. The antibiotic and membrane- 
damaging activities of cellobiose lipids and sophorose lipids. J. Oleo Sci. 63, 
701–707. https://doi.org/10.5650/jos.ess14037. 

Lin, E.-R., Cheng, Y.-H., Hsiao, F.S.-H., Proskura, W.S., Dybus, A., Yu, Y.-H., 2019. 
Optimization of solid-state fermentation conditions of Bacillus licheniformis and its 
effects on Clostridium perfringens-induced necrotic enteritis in broilers. Rev. Bras. 
Zootec. 48, e20170298. https://doi.org/10.1590/rbz4820170298. 

Liu, A., Peng, Z., Zou, L., Zhou, K., Ao, X., He, L., Chen, S., Liu, S., 2016. The effects of 
lactic acid-based spray washing on bacterial profile and quality of chicken carcasses. 
Food Control 60, 615–620. https://doi.org/10.1016/j.foodcont.2015.09.015. 

Mani-L�opez, E., García, H.S., L�opez-Malo, A., 2012. Organic acids as antimicrobials to 
control Salmonella in meat and poultry products. Food Res. Int. 45, 713–721. https:// 
doi.org/10.1016/j.foodres.2011.04.043. 

Minucelli, T., Ribeiro-Viana, R.M., Borsato, D., Andrade, G., Cely, M.V.T., de Oliveira, M. 
R., Baldo, C., Celligoi, M.A.P.C., 2017. Sophorolipids production by Candida 
bombicola ATCC 22214 and its potential application in soil bioremediation. Waste 
Biomass Valorization 8, 743–753. https://doi.org/10.1007/s12649-016-9592-3. 

Mousavi, F., Maal, K.B., Massah, A.R., 2014. Isolation of yeasts from bee bread of honey 
bees, Apis mellifera, and evaluation of its ability to produce sophorolipid 
biosurfactant. Iran. J. Med. Microbiol. 8, 44–53. 

Nagel, G.M., Bauermeister, L.J., Bratcher, C.L., Singh, M., McKee, S.R., 2013. Salmonella 
and Campylobacter reduction and quality characteristics of poultry carcasses treated 
with various antimicrobials in a post-chill immersion tank. Int. J. Food Microbiol. 
165, 281–286. https://doi.org/10.1016/j.ijfoodmicro.2013.05.016. 

Nelson, N., 1944. A fotometric adaptaion of Somogyi method for the determination of 
glucose. J. Biol. Chem. 153, 375–380. 

Nikaido, H., 1996. Outer membrane. In: Neidhart, F.C., Curtiss III, R., Ingraham, I.L., 
Lin, E.C.C., Low, K.B., Magasanik, B., Reznikoff, W.S., Riley, M., Schaechter, M., 
Umbarger, M.E. (Eds.), Escherichia coli and Salmonella: Cellular and Molecular 
Biology, 2ed. ASM Press, Washington, pp. 29–47. 

Oliveira, M.R., Magri, A., Baldo, C., Camilios-Neto, D., Minucelli, T., Pedrine Colabone 
Celligoi, M.A., 2015. Review: sophorolipids a promising biosurfactant and it’s 
applications. Int. J. Adv. Biotechnol. Res. 6, 161–174. 

Otto, R.T., Daniel, H.J., Pekin, G., Müller-Decker, K., Fürstenberger, G., Reuss, M., 
Syldatk, C., 1999. Production of sophorolipids from whey: II. Product composition, 
surface active properties, cytotoxicity and stability against hydrolases by enzymatic 
treatment. Appl. Microbiol. Biotechnol. 52, 495–501. https://doi.org/10.1007/s002 
530051551. 

Pekin, G., Vardar-Sukan, F., Kosaric, N., 2005. Production of sophorolipids from Candida 
bombicola ATCC 22214 using Turkish corn oil and honey. Eng. Life Sci. 5, 357–362. 
https://doi.org/10.1002/elsc.200520086. 

Pontes, C., Alves, M., Santos, C., Ribeiro, M.H., Gonçalves, L., Bettencourt, A.F., 
Ribeiro, I.A.C., 2016. Can sophorolipids prevent biofilm formation on silicone 
catheter tubes? Int. J. Pharm. 513, 697–708. https://doi.org/10.1016/j.ijpharm.20 
16.09.074. 

Prasai, R.K., Acuff, G.R., Lucia, L.M., Morgan, J.B., May, S.G., Savell, J.W., 1992. 
Microbiological effects of acid decontamination of pork carcasses at various 
locations in processing. Meat Sci. 32, 413–423. https://doi.org/10.1016/0309-1740 
(92)90083-G. 

Price, N.P.J., Ray, K.J., Vermillion, K.E., Dunlap, C.A., Kurtzman, C.P., 2012. Structural 
characterization of novel sophorolipid biosurfactants from a newly identified species 
of Candida yeast. Carbohydr. Res. 348, 33–41. https://doi.org/10.1016/j.carres.20 
11.07.016. 

Ribeiro, I.A.C., Faustino, C.M.C., Guerreiro, P.S., Frade, R.F.M., Bronze, M.R., Castro, M. 
F., Ribeiro, M.H.L., 2015. Development of novel sophorolipids with improved 
cytotoxic activity toward MDA-MB-231 breast cancer cells. J. Mol. Recognit. 28, 
155–165. https://doi.org/10.1002/jmr.2403. 

Ricke, S., 2003. Perspectives on the use of organic acids and short chain fatty acids as 
antimicrobials. Poult. Sci. 82, 632–639. https://doi.org/10.1093/ps/82.4.632. 

Silveira, V.A.I., Queiroz, C.A.U., Celligoi, M.A.P.C., 2018. Antimicrobial applications of 
sophorolipid from Candida bombicola: a promising alternative to conventional drugs. 
J. Appl. Biol. Biotechnol. 6, 87–90. https://doi.org/10.7324/jabb.2018.60614. 

Skarp, C.P.A., H€anninen, M., Rautelin, H.I.K., 2016. Campylobacteriosis : the role of 
poultry meat. Clin. Microbiol. Infect. 22, 103–109. https://doi.org/10.1016/j.cmi. 
2015.11.019. 

Solaiman, D.K.Y., Ashby, R.D., Uknalis, J., 2017. Characterization of growth inhibition of 
oral bacteria by sophorolipid using a microplate-format assay. J. Microbiol. Methods 
136, 21–29. https://doi.org/10.1016/j.mimet.2017.02.012. 

Somogyi, M., 1945. A new reagent for determination of sugars. J. Biol. Chem. 160, 
61–68. 

Stanojevi�c-Nikoli�c, S., Dimi�c, G., Mojovi�c, L., Pejin, J., Djuki�c-Vukovi�c, A., Koci�c- 
Tanackov, S., 2016. Antimicrobial activity of lactic acid against pathogen and 
spoilage microorganisms. J. Food Process. Preserv. 40, 990–998. https://doi.org 
/10.1111/jfpp.12679. 

Traub, W.H., Kleber, I., 1975. In vitro additive effect of polymyxin B and rifampin against 
Serratia marcescens. Antimicrob. Agents Chemother. 7, 874–876. https://doi.org/ 
10.1128/aac.7.6.874. 

Valotteau, C., Banat, I.M., Mitchell, C.A., Lydon, H., Marchant, R., Babonneau, F., 
Pradier, C.M., Baccile, N., Humblot, V., 2017. Antibacterial properties of 
sophorolipid-modified gold surfaces against Gram positive and Gram negative 
pathogens. Colloids Surfaces B Biointerfaces 157, 325–334. https://doi.org/10.101 
6/j.colsurfb.2017.05.072. 

Van Bogaert, I.N.A., Saerens, K., De Muynck, C., Develter, D., Soetaert, W., 
Vandamme, E.J., 2007. Microbial production and application of sophorolipids. Appl. 
Microbiol. Biotechnol. 76, 23–34. https://doi.org/10.1007/s00253-007-0988-7. 

Van Bogaert, I.N.A., Zhang, J., Soetaert, W., 2011. Microbial synthesis of sophorolipids. 
Process Biochem. 46, 821–833. In: https://doi.org/10.1016/j.procbio.2011.01.010. 

Van Immerseel, F., De Buck, J., Pasmans, F., Huyghebaert, G., Haesebrouck, F., 
Ducatelle, R., 2004. Clostridium perfringens in poultry: an emerging threat for animal 
and public health. Avian Pathol. 33, 537–549. https://doi.org/10.1080/03079450 
400013162. 

Wade, B., Keyburn, A.L., Seemann, T., Rood, J.I., Moore, R.J., 2015. Binding of 
Clostridium perfringens to collagen correlates with the ability to cause necrotic 
enteritis in chickens. Vet. Microbiol. 180, 299–303. https://doi.org/10.1016/j. 
vetmic.2015.09.019. 

Wadekar, S., Kale, S., Lali, A., Bhowmick, D., Pratap, A., 2012. Sophorolipid production 
by Starmerella bombicola (ATCC 22214) from virgin and waste frying oils, and the 
effects of activated earth treatment of the waste oils. J. Am. Oil Chem. Soc. 89, 
1029–1039. https://doi.org/10.1007/s11746-011-1986-6. 

Wilde, S., Jiang, Y., Tafoya, A.M., Horsman, J., Yousif, M., Vazquez, L.A., Roland, K.L., 
2019. Salmonella-vectored vaccine delivering three Clostridium perfringens antigens 
protects poultry against necrotic enteritis. PLoS One 14, 1–18. https://doi.org 
/10.1371/journal.pone.0197721. 

World Health Organization (WHO), 2015. WHO Estimates of the Global Burden of 
Foodborne Diseases. http://www.who.int/foodsafety/publications/foodborne_dis 
ease/fergreport/en/. (Accessed 30 May 2019). 

V.A.I. Silveira et al.                                                                                                                                                                                                                            

https://doi.org/10.1007/s00253-014-6169-6
https://doi.org/10.1007/s00253-014-6169-6
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref9
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref9
https://doi.org/10.1016/S1389-1723(00)87664-1
https://doi.org/10.1016/j.ijfoodmicro.2013.01.012
https://doi.org/10.1016/j.ijfoodmicro.2013.01.012
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref12
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref12
https://doi.org/10.9755/ejfa.2019.v31.i2.1915
https://doi.org/10.4103/0976-237X.91790
https://doi.org/10.4103/0976-237X.91790
https://doi.org/10.1016/j.colsurfb.2010.04.002
https://doi.org/10.1016/j.colsurfb.2010.04.002
https://doi.org/10.1007/BF00169410
https://doi.org/10.1007/BF00169410
https://doi.org/10.1007/s11743-013-1495-8
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref18
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref18
https://doi.org/10.1002/ejlt.200900153
https://doi.org/10.1002/ejlt.200900153
https://doi.org/10.1016/j.nbt.2015.02.009
https://doi.org/10.1085/jgp.7.5.625
https://doi.org/10.3934/bioeng.2015.3.144
https://doi.org/10.3934/bioeng.2015.3.144
https://doi.org/10.1038/srep23575
https://doi.org/10.1016/S0141-0229(01)00439-2
https://doi.org/10.1016/S0141-0229(01)00439-2
https://doi.org/10.1016/j.meatsci.2013.05.003
https://doi.org/10.1016/j.procbio.2019.01.015
https://doi.org/10.1016/j.procbio.2019.01.015
https://doi.org/10.1016/j.jclepro.2019.05.326
https://doi.org/10.1016/j.jclepro.2019.05.326
https://doi.org/10.5650/jos.ess14037
https://doi.org/10.1590/rbz4820170298
https://doi.org/10.1016/j.foodcont.2015.09.015
https://doi.org/10.1016/j.foodres.2011.04.043
https://doi.org/10.1016/j.foodres.2011.04.043
https://doi.org/10.1007/s12649-016-9592-3
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref33
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref33
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref33
https://doi.org/10.1016/j.ijfoodmicro.2013.05.016
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref35
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref36
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref37
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref37
https://doi.org/10.1007/s002530051551
https://doi.org/10.1007/s002530051551
https://doi.org/10.1002/elsc.200520086
https://doi.org/10.1016/j.ijpharm.2016.09.074
https://doi.org/10.1016/j.ijpharm.2016.09.074
https://doi.org/10.1016/0309-1740(92)90083-G
https://doi.org/10.1016/0309-1740(92)90083-G
https://doi.org/10.1016/j.carres.2011.07.016
https://doi.org/10.1016/j.carres.2011.07.016
https://doi.org/10.1002/jmr.2403
https://doi.org/10.1093/ps/82.4.632
https://doi.org/10.7324/jabb.2018.60614
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1016/j.cmi.2015.11.019
https://doi.org/10.1016/j.mimet.2017.02.012
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref48
http://refhub.elsevier.com/S1878-8181(19)30913-2/sref48
https://doi.org/10.1111/jfpp.12679
https://doi.org/10.1111/jfpp.12679
https://doi.org/10.1128/aac.7.6.874
https://doi.org/10.1128/aac.7.6.874
https://doi.org/10.1016/j.colsurfb.2017.05.072
https://doi.org/10.1016/j.colsurfb.2017.05.072
https://doi.org/10.1007/s00253-007-0988-7
https://doi.org/10.1016/j.procbio.2011.01.010
https://doi.org/10.1080/03079450400013162
https://doi.org/10.1080/03079450400013162
https://doi.org/10.1016/j.vetmic.2015.09.019
https://doi.org/10.1016/j.vetmic.2015.09.019
https://doi.org/10.1007/s11746-011-1986-6
https://doi.org/10.1371/journal.pone.0197721
https://doi.org/10.1371/journal.pone.0197721
http://www.who.int/foodsafety/publications/foodborne_disease/fergreport/en/
http://www.who.int/foodsafety/publications/foodborne_disease/fergreport/en/


Biocatalysis and Agricultural Biotechnology 21 (2019) 101287

7

Zhang, X., Ashby, R., Solaiman, D., Liu, Y., Fan, X., 2017. Antimicrobial activity and 
inactivation mechanism of lactonic and free acid sophorolipids against Escherichia 
coli O157:H7. Biocatal. Agric. Biotechnol. 11, 176–182. https://doi.org/10.1016/j. 
bcab.2017.07.002. 

Zhang, X., Ashby, R., Solaiman, D., Uknalis, J., Fan, X., 2016. Inactivation of Salmonella 
spp. and Listeria spp. by palmitic, stearic, and oleic acid sophorolipids and thiamine 

dilauryl sulfate. Front. Microbiol. 7, 1–11. https://doi.org/10.3389/fmicb.2016.02 
076. 

Zhang, X., Fan, X., Solaiman, D., Ashby, R., Liu, Z., Mukhopadhyay, S., Yan, R., 2016. 
Inactivation of Escherichia coli O157:H7 in vitro and on the surface of spinach leaves 
by biobased antimicrobial surfactants. Food Control 60, 158–165. https://doi. 
org/10.1016/j.foodcont.2015.07.026. 

V.A.I. Silveira et al.                                                                                                                                                                                                                            

https://doi.org/10.1016/j.bcab.2017.07.002
https://doi.org/10.1016/j.bcab.2017.07.002
https://doi.org/10.3389/fmicb.2016.02076
https://doi.org/10.3389/fmicb.2016.02076
https://doi.org/10.1016/j.foodcont.2015.07.026
https://doi.org/10.1016/j.foodcont.2015.07.026

	Production and antimicrobial activity of sophorolipid against Clostridium perfringens and Campylobacter jejuni and their ad ...
	1 Introduction
	2 Material and methods
	2.1 Sophorolipid production
	2.2 Sophorolipid characterization
	2.3 Antimicrobial study
	2.3.1 Minimum inhibitory concentration (MIC)
	2.3.2 Combined effect of sophorolipid and lactic acid


	3 Results and discussion
	3.1 Sophorolipid production and characterization
	3.2 Antimicrobial activity

	4 Conclusions
	Conflicts of interest
	Acknowledgements
	References


