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Glycerol or crude glycerol as substrates make 
Pseudomonas aeruginosa achieve anaerobic 
production of rhamnolipids
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Abstract 

Background: The anaerobic production of rhamnolipids is significant in research and application, such as foamless 
fermentation and in situ production of rhamnolipids in the anoxic environments. Although a few studies reported that 
some rare Pseudomonas aeruginosa strains can produce rhamnolipids anaerobically, the decisive factors for anaerobic 
production of rhamnolipids were unknown.

Results: Two possible hypotheses on the decisive factors for anaerobic production of rhamnolipids by P. aeruginosa 
were proposed, the strains specificity of rare P. aeruginosa (hypothesis 1) and the effect of specific substrates (hypoth-
esis 2). This study assessed the anaerobic growth and rhamnolipids synthesis of three P. aeruginosa strains using differ-
ent substrates. P. aeruginosa strains anaerobically grew well using all the tested substrates, but glycerol was the only 
carbon source that supported anaerobic production of rhamnolipids. Other carbon sources with different concentra-
tions still failed for anaerobic production of rhamnolipids by P. aeruginosa. Nitrate was the excellent nitrogen source 
for anaerobic production of rhamnolipids. FTIR spectra analysis confirmed the anaerobically produced rhamnolipids 
by P. aeruginosa using glycerol. The anaerobically produced rhamnolipids decreased air-water surface tension to 
below 29.0 mN/m and emulsified crude oil with  EI24 above 65%. Crude glycerol and 1, 2-propylene glycol also sup-
ported the anaerobic production of rhamnolipids by all P. aeruginosa strains. Prospects and bottlenecks to anaerobic 
production of rhamnolipids were also discussed.

Conclusions: Glycerol substrate was the decisive factor for anaerobic production of rhamnolipids by P. aeruginosa. 
Strain specificity resulted in the different anaerobic yield of rhamnolipids. Crude glycerol was one low cost substrate 
for anaerobic biosynthesis of rhamnolipids by P. aeruginosa. Results help advance the research on anaerobic produc-
tion of rhamnolipids, deepen the biosynthesis theory of rhamnolipids and optimize the anaerobic production of 
rhamnolipids.

Keywords: Rhamnolipids, Pseudomonas aeruginosa, Anaerobic production, Glycerol, Strain specificity

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Rhamnolipids is the most extensively studied biosur-
factants nowadays [1–3]. Due to its relatively high yield 
and good activity, rhamnolipids has great application 

potential in enhanced oil recovery, bioremediation, 
agriculture, food, cosmetic, and other fields [3–6]. The 
anaerobic production of rhamnolipids is significant in 
research and application, such as in  situ production of 
rhamnolipids in the anoxic environments and foamless 
fermentation.

Oil reservoirs, deep soil and sediments are anoxic envi-
ronments. The anaerobic production of rhamnolipids 
can achieve in  situ production of rhamnolipids in such 
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environments [7–9]. Rhamnolipids is a good oil displace-
ment agent for enhanced oil recovery due to its excellent 
emulsifying activity to crude oil and surface activity to 
reducing interfacial tension of water/oil/rock [10]. In situ 
production of rhamnolipids in oil reservoirs is more cost-
effective and easy to operate for enhanced oil recovery 
[11–13]. Producing rhamnolipids anaerobically by micro-
organisms can achieve in situ production of rhamnolipids 
in anoxic oil reservoirs.

The foam problem in aerobic fermentation has been 
perplexing the rhamnolipids production [14]. During 
the aerobic production of rhamnolipids, foam is minute 
bubbles mainly formed by rhamnolipids liquid mem-
brane filling air. Adding defoamer can just solve the foam 
problem at some extent [14, 15]. Moreover, rhamnolipids 
fermentation without aeration can avoid the foam for-
mation and develop foamless fermentation. Anaerobic 
production of rhamnolipids can achieve the foamless fer-
mentation of rhamnolipids [7].

Rhamnolipids-producing bacteria mainly including 
Burkholderia sp. and Pseudomonas sp. [1, 3]. At present, 
Pseudomonas aeruginosa is considered to be the most 
productive rhamnolipids producer [1, 3], which makes 
P. aeruginosa become the research focus. P. aeruginosa is 
one of facultative anaerobic bacteria [7, 16, 17]. Although 
P. aeruginosa can grow at both aerobic and anaerobic 
conditions, studies on rhamnolipids production by P. 
aeruginosa were focused on the aerobic conditions [7]. 
Only a few studies reported that some rare P. aeruginosa 
strains can produce rhamnolipids anaerobically, such as 
P. aeruginosa ATCC10145, Pseudomonas sp ANBIO-
SURF-1, P. aeruginosa SG [8, 9, 13, 18–21].

Can other P. aeruginosa strains produce rhamnolipids 
anaerobically? The decisive factors for anaerobic produc-
tion of rhamnolipids were still unknown. Revealing the 
decisive factors are helpful to advance the research on 
anaerobic production of rhamnolipids.

In this study, two possible hypotheses on the decisive 
factors for anaerobic production of rhamnolipids were 

proposed, the strains specificity of P. aeruginosa (hypoth-
esis 1) and the effect of specific substrates (hypothesis 2). 
Using diverse substrates, anaerobic growth and rham-
nolipids production of different P. aeruginosa strains 
were investigated. Three P. aeruginosa strains isolated 
from different sources were used. Diverse carbon sources 
and nitrogen sources were tested for anaerobic produc-
tion of rhamnolipids. Anaerobically produced rham-
nolipids was confirmed by Fourier transform infrared 
(FTIR) spectra analysis. The physicochemical properties 
of rhamnolipids products were also evaluated. Prospects 
and bottlenecks of anaerobic production of rhamnolipids 
were also discussed. Results would deepen the biosyn-
thesis theory of rhamnolipids and guide the optimization 
process for anaerobic production of rhamnolipids.

Materials and methods
Strains and culture conditions
In this study, three P. aeruginosa strains (SG, L6-1 and 
FA1) isolated from different sources were investigated 
for rhamnolipids production. Strain P. aeruginosa SG and 
L6-1 were respectively isolated from production fluid 
of different oil reservoirs in Xinjiang Oilfield, China [8]. 
Strains P. aeruginosa FA1 were isolated from agricultural 
soil in Shandong province, China. The phylogenetic rela-
tionship of the three P. aeruginosa strains was shown in 
Fig. 1. P. aeruginosa SG was used as the positive control 
for anaerobic production of rhamnolipids using glycerol 
[8]. LB medium was used to prepare the seed culture at 
35  °C and 180 rpm. For anaerobic cultivation, P. aerugi-
nosa strains were cultured in 100 ml serum bottles con-
taining 80 ml anaerobic medium. The inoculum amount 
was 3%. Briefly, the anaerobic medium was prepared as 
follows [8]. The medium was boiled for 15 min, and then 
99.99% purity of  N2 gas was injected into the boiling 
medium for 5 min to drive out oxygen. Then medium was 
sub-packaged in serum bottles when it was hot. Press 
the rubber plug and press the aluminum cap under  N2 
gas protection. After sterilization and cooling to 30  °C, 

Fig. 1 Neighbour-joining phylogenetic tree of three P. aeruginosa strains constructed by software Mega 5.0 based on a neighbour-joining analysis 
of 1000 resampled datasets. Bar, 0.00005 nucleotide substitutions per site
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deoxidizer  Na2S·9H2O was added into the medium to 
a final concentration of 0.02% (w/v) [20]. The anaerobic 
fermentation experiments were performed at 35  °C and 
50 rpm for 10 days. Three parallel experiments were set 
for each bacterial strain. The non-inoculated medium 
was used as the negative control.

Analytical methods
Anaerobic culture samples were taken from serum bot-
tles using sterile syringes. Bacterial biomass was rep-
resented using  OD600 values of the anaerobic culture. 
Culture samples were centrifuged at 10,000g and 10 ℃ 
for 10 min. The surface tension of supernatant was meas-
ured by surface tensiometer (BZY-1, Shanghai Hengping 
Instrument and Meter Factory, Shanghai, China). The 
diameter of oil spreading circle formed by culture super-
natant was determined as previous reported [22]. The 
used crude oil (7-Middle area, Xinjiang oilfield, China) 
has the density of 0.823  g/ml and the viscosity of 8.6 
mPa·s at 30 ℃. Emulsification index  (EI24) was measured 
to evaluate the emulsifying activity of anaerobically pro-
duced rhamnolipids [20].  EI24 values were calculated as 
the height of the emulsified layer (mm) divided by the 
total height of the liquid column (mm) and multiplied by 
100.

P. aeruginosa strains fed with different carbon sources
In this study, the commonly used carbon sources for 
aerobic production of rhamnolipids were investigated 
for anaerobic production of rhamnolipids. The selected 
carbon sources were glucose, glycerol, palmitic acid and 
soybean oil. The concentrations of carbon sources in 
the medium were all 40 g/l. The medium except carbon 
source contained 4 g/l of  NaNO3, 4 g/l of  K2HPO4·3H2O, 
3 g/l of  KH2PO4, 0.5 g/l of  MgSO4·7H2O, 0.5 g/l of KCl, 
0.5 g/l of NaCl, and 0.2 g/l of  CaCl2·2H2O. After anaero-
bic cultivation, the  OD600, surface tension and oil spread-
ing activity were analyzed. Anaerobic production of 
rhamnolipids was defined as reducing the surface tension 
of anaerobic culture to lower than 35 mN/m and forming 
oil spreading circles with diameters greater than 15 mm.

P. aeruginosa strains cultured using carbon sources 
with different concentrations
For the tested carbon sources f, using a single concen-
tration maybe not persuasive. Glucose, glycerol, pal-
mitic acid and soybean oil with concentrations of 15 g/l 
and 60 g/l were also studied for anaerobic production of 
rhamnolipids by three P. aeruginosa strains. The medium 
except carbon source contained 4 g/l of  NaNO3, 4 g/l of 
 K2HPO4·3H2O, 3 g/l of  KH2PO4, 0.5 g/l of  MgSO4·7H2O, 
0.5 g/l of KCl, 0.5 g/l of NaCl, and 0.2 g/l of  CaCl2·2H2O. 

After anaerobic cultivation, the surface tension and oil 
spreading activity of culture samples were analyzed.

P. aeruginosa strains fed with different nitrogen sources
The common nitrogen nutrients,  NH4Cl,  NaNO3, yeast 
extract and peptone, were tested for the anaerobic pro-
duction of rhamnolipids by P. aeruginosa strains. Strains 
P. aeruginosa SG was used as the positive control. The 
concentrations of nitrogen sources in the medium were 
all 4  g/l. The complex nitrogen sources of  NaNO3 and 
yeast extract (3:7, 5:5, 7:3) were also tested for anaerobic 
production of rhamnolipids by P. aeruginosa strains. The 
amount of complex nitrogen sources was also 4 g/l. The 
medium except nitrogen source contained 40 g/l of glyc-
erol, 4 g/l of  K2HPO4·3H2O, 3 g/l of  KH2PO4, 0.5 g/l of 
 MgSO4·7H2O, 0.5 g/l of KCl, 0.5 g/l of NaCl, and 0.2 g/l 
of  CaCl2·2H2O. The  OD600 values, surface tension and oil 
spreading activity of culture samples were analyzed after 
anaerobic cultivation.

Rhamnolipids extraction from the anaerobic culture
The anaerobically produced rhamnolipids were extracted 
as previous references described [9, 23]. Briefly, the cell 
free anaerobic culture broth was heated at 80  °C for 
30  min to denature the extracellular proteins. Samples 
were centrifuged at 10,000g for 10  min. Using 6  mol/l 
of HCl-water solution, the pH value of samples was 
adjusted to 2.0. The organic solvent, chloroform and 
methanol (v/v, 2:1), was used for rhamnolipids extraction 
from aqueous phase. The rhamnolipids products were 
recovered from the organic phase using a rotary evapora-
tor (50 rpm, 45 °C).

FTIR spectra analysis
Anaerobically produced rhamnolipids was confirmed by 
FTIR spectra analysis. Anaerobically produced rham-
nolipids from P. aeruginosa SG was used as the posi-
tive control. Briefly, 10  mg of rhamnolipids extract and 
90 mg of KBr was mixed to make the translucent pellet 
with pressure of 25 Mpa for 25 s. A NICOLET 380 FTIR 
spectrometer was used to record the FTIR spectra of the 
translucent pellet with the wave number from 400  cm− 1 
to 4000  cm− 1 [9, 20].

Feasibility of glycerol intermediates and crude glycerol 
for anaerobic production of rhamnolipids
The possible glycerol intermediates, hydroxyacetone, 
1, 2-propylene glycol and 1, 3-propylene glycol, were 
evaluated as carbon sources for anaerobic production of 
rhamnolipids by three P. aeruginosa strains. The concen-
tration of glycerol intermediates was 40 g/l. The medium 
except carbon source contained 4 g/l of  NaNO3, 4 g/l of 
 K2HPO4·3H2O, 3 g/l of  KH2PO4, 0.5 g/l of  MgSO4·7H2O, 
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0.5 g/l of KCl, 0.5 g/l of NaCl, 0.2 g/l of and  CaCl2·2H2O. 
Crude glycerol was also attempted for anaerobic produc-
tion of rhamnolipids by P. aeruginosa strains. The tested 
crude glycerol containing 95% of glycerol. The concen-
tration of crude glycerol in the medium was 40 g/l. After 
anaerobic cultivation, the  OD600, surface tension and oil 
spreading activity of culture samples were analyzed.

Results and discussion
Anaerobic production of rhamnolipids using different 
carbon sources
Using the tested carbon sources, the biomass  (OD600), 
surface activity and oil spreading activity were shown in 
Fig. 2. Using different carbon sources, three P. aeruginosa 
strains obtained biomass with  OD600 values between 1.80 
and 4.00 under anaerobic conditions (Fig.  2a). Results 
indicated that three P. aeruginosa strains can anaero-
bically grow well using all the tested carbon sources. 
Results also confirmed that P. aeruginosa are facultative 
anaerobic bacteria [7, 16, 17]. Among the tested carbon 

sources, glucose and glycerol were more favorable to the 
anaerobic growth of P. aeruginosa. As water-soluble sub-
strates, glucose and glycerol are more conducive to be 
rapid absorbed and metabolized. As shown in Fig.  2b, 
the surface tension of anaerobic culture was decreased to 
lower than 35 mN/m only using glycerol (from 63 mN/m 
to about 32 mN/m). Using glycerol, P. aeruginosa strains 
reduced the surface tension of anaerobic culture with the 
greatest decrease (49.5%). And the surface tension val-
ues were lowest. As shown in Fig. 2c, the diameters of oil 
spreading circles formed by anaerobic culture of three 
strains were greater than 15 mm when using glycerol as 
carbon source. Using other carbon sources, the forming 
oil spreading circles with diameters smaller than 10 mm. 
The formed oil spreading circles diameters can be used to 
indirectly determine biosurfactants concentration in bac-
terial culture [22]. Using glycerol, the oil spreading circles 
diameters formed by three P. aeruginosa strains, SG, L6-1 
and FA1, were 20mm, 18mm and 21mm, respectively 
(Fig. 2c). Three P. aeruginosa strains, SG, L6-1 and FA1, 
produced 228 mg/l, 195 mg/l and 244 mg/l of rhamnolip-
ids using glycerol under anaerobic conditions. Results 
were compared with single factor analysis of variance 
using software SPSS. Regarding to all three P. aeruginosa 
strains, the effect of carbon sources on anaerobic pro-
duction of rhamnolipids was significant (P < 0.01). Using 
glucose, palmitic acid or soybean oil as carbon sources, 
the effect of strains on anaerobic production of rham-
nolipids was not significant (P > 0.1). But the effect of 
strains on anaerobic production of rhamnolipids was sig-
nificant (P < 0.05) when using glycerol as carbon sources. 
Results demonstrated that P. aeruginosa strains can pro-
duce rhamnolipids anaerobically when using glycerol as 
carbon source. Strain specificity resulted in the different 
anaerobic yield of rhamnolipids when using glycerol as 
carbon source.

Although all the tested substrates can be used for 
rhamnolipids production by P. aeruginosa under aero-
bic conditions [23–25], only glycerol can be used for 
anaerobic production of rhamnolipids by P. aeruginosa. 
Previous studies reported that strain P. aeruginosa SG 
can anaerobically produce rhamnolipids using glycerol 
[8, 21]. In this study, except for strain SG, other P. aer-
uginosa strains, L6-1 and FA1, can also anaerobically pro-
duce rhamnolipids using glycerol. Results confirmed that 
hypothesis 2 is credible. The specific substrate, glycerol, 
make P. aeruginosa strains achieve the anaerobic produc-
tion of rhamnolipids.

The effect of carbon sources concentrations on anaerobic 
production of rhamnolipids
As shown in Fig. 3a, using glycerol with both concentra-
tions of 15 g/l and 60 g/l, all three P. aeruginosa strains 

Fig. 2 Anaerobic growth and production of rhamnolipids by P. 
aeruginosa strains using different carbon sources: a biomass  (OD600), 
b surface activity and c oil spreading activity. Strain P. aeruginosa SG 
was used as the positive control
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reduced the surface tension of anaerobic culture with 
the greatest decrease, from 63 mN/m to lower than 32 
mN/m. However, using other carbon sources at both 
concentrations of 15  g/l and 60  g/l, the surface tension 
of anaerobic culture was decreased slightly. As shown 
in Fig. 3b, the diameters of oil spreading circles formed 
by three strains were greater than 15 mm when using 
15 g/l and 60 g/l of glycerol. Using other carbon sources 
at both concentrations of 15 g/l and 60 g/l, the forming 
oil spreading circles with diameters smaller than 10 mm. 
Results once again confirmed that three P. aeruginosa 
strains can anaerobically produce rhamnolipids using 
glycerol as carbon source. Although other carbon sources 
with different concentrations were used, the tested car-
bon sources can not support anaerobic production of 
rhamnolipids by three P. aeruginosa strains yet.

Results of the present study demonstrated that glyc-
erol was the only carbon source that supported anaero-
bic production of rhamnolipids by P. aeruginosa. The 
hypothesis 2 is correct. Glycerol substrate rather than the 
strain specificity contributed to the anaerobic production 
of rhamnolipids by P. aeruginosa.

Anaerobic production of rhamnolipids using different 
nitrogen sources
Using the tested nitrogen sources, the biomass  (OD600), 
surface activity and oil spreading activity were shown in 
Fig. 4. Under anaerobic conditions and using glycerol as 
carbon source, three P. aeruginosa strains obtained bio-
mass with  OD600 values between 2.50 and 4.50 using 

different nitrogen sources (Fig.  4a). Three P. aeruginosa 
strains anaerobically grew well using different nitrogen 
sources. As shown in Fig. 4a, the organic nitrogen sources 
were more favorable to the anaerobic growth of P. aer-
uginosa strains. The small molecular peptides contained 
in yeast extract and peptone may provide abundant and 
available nutrition for cell growth of P. aeruginosa [26]. 
As shown in Fig.  4b, the surface tension of anaerobic 
culture was reduced from 63 mN/m to lower than 40 
mN/m using all tested nitrogen sources. Using glycerol 
as carbon source, P. aeruginosa strains anaerobically pro-
duced rhamnolipids using the tested nitrogen sources. 
Results also showed that glycerol is the key factor for 
anaerobic production of rhamnolipids by P. aeruginosa. 
Using  NaNO3 as nitrogen source, P. aeruginosa strains 
reduced the surface tension of anaerobic culture to the 
lowest surface tension (31 mN/m), with the greatest 
decrease (51.3%). The oil spreading activity were shown 
in Fig.  4c. Using  NaNO3 as nitrogen source, anaerobic 
culture of P. aeruginosa strains formed oil spreading cir-
cles with diameters about 20 mm. Results demonstrated 

Fig. 3 Effect of different carbon sources concentrations on anaerobic 
production of rhamnolipids by P. aeruginosa strains: a surface activity 
and b oil spreading activity

Fig. 4 Anaerobic growth and production of rhamnolipids by P. 
aeruginosa strains using different nitrogen sources: a biomass  (OD600), 
b surface activity and c oil spreading activity
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that nitrate was a favorable nitrogen source for anaerobic 
production of rhamnolipids by P. aeruginosa when using 
glycerol as carbon source.

Although P. aeruginosa strains obtained higher biomass 
using the complex nitrogen sources of  NaNO3 and yeast 
extract (Fig. 4a), the anaerobic production of rhamnolip-
ids were relatively less (Fig.  4c). The organic nitrogen 
source may provide abundant and available nutrition for 
cell growth [26]. But studies also reported that organic 
nitrogen sources were not conducive to synthesize rham-
nolipids [27]. Rhamnolipids is one secondary metabo-
lite. Nitrate was reported to be the best nitrogen source 
for aerobic production of rhamnolipids [28, 29]. In this 
study, nitrate was also the excellent nitrogen source for 
anaerobic production of rhamnolipid. P. aeruginosa 
can grow and metabolize at both aerobic and anaerobic 
conditions [16, 17]. Because P. aeruginosa can use other 
electron acceptors except oxygen, such as nitrate [7, 18]. 
Nitrate was one good electron acceptors for anaerobic 
metabolism of P. aeruginosa.

FTIR spectra analysis of anaerobically produced 
rhamnolipids
The anaerobically produced rhamnolipids from P. aer-
uginosa strains using glycerol were confirmed by FT-IR 
spectra analysis, respectively. Rhamnolipids produced 
by P. aeruginosa SG was used as the positive control. 
As shown in Fig.  5, the FTIR spectra of the anaerobi-
cally produced rhamnolipids from P. aeruginosa L6-1 
and FA1 were similar to that of rhamnolipids produced 
from strain SG. The FTIR spectra of the anaerobically 
produced rhamnolipids from P. aeruginosa strains were 
also similar to that of reported rhamnolipids [30, 31]. All 
the FTIR spectra had the characteristic absorption bands 
of rhamnolipids. Absorption bands around 2927   cm− 1, 

2858   cm− 1 and 1465   cm− 1 were caused by the C-H 
stretching vibrations of aliphatic groups. The absorp-
tion bands around 1735   cm− 1 was caused by the ester 
groups. All the FTIR spectra also had the absorption area 
between 1452  cm− 1 and 1045  cm− 1 causing by the C–H 
and O–H vibrations. These are typical vibrations for car-
bohydrates. Results showed that P. aeruginosa strains did 
anaerobically produce rhamnolipids when using glycerol 
as carbon source.

Activity of anaerobically produced rhamnolipids using 
glycerol
The rhamnolipids-water solutions (200  mg/l) were pre-
pared using the extracted rhamnolipids products. All 
the anaerobically produced rhamnolipids using glyc-
erol decreased the air-water surface tension from 72.6 
mN/m to lower than 29 mN/m. Studies reported the 
aerobically produced rhamnolipids can decrease the air-
water surface tension to lower than 27 mN/m [32]. The 
anaerobically produced rhamnolipids from P. aeruginosa 
exhibited excellent surface activity as well. Good surface 
activity helps to change contact angle, increase wetting 
activity and even facilitate wetting reversal. The excellent 
surface activity can also improve the capillary effect and 
facilitate the flow of groundwater or oil in porous media. 
These are of great significance for enhanced oil recovery 
and pollution remediation [33]. Anaerobically produced 
rhamnolipids using glycerol also showed better emulsify-
ing activity to crude oil with  EI24 values higher than 65%. 
Studies reported the aerobically produced rhamnolipids 
can emulsified crude oil with  EI24 values ranging from 53 
to 90% [32, 34]. The anaerobically produced rhamnolipids 
from P. aeruginosa also exhibited good emulsifying activ-
ity, which would be significant for enhanced oil recovery 
and pollution remediation [4, 35, 36]. The good emulsi-
fying activity of biosurfactants can assist oil dispersion 
in oil reservoir and reduce oil viscosity [37]. Besides, the 
excellent emulsification effect can increase the solubility 
and the bioavailability of hydrophobic pollutants [36, 38].

Glycerol intermediates and crude glycerol for anaerobic 
production of rhamnolipids
Glycerol is water soluble and easy to be absorbed by 
microorganisms. In the present study, only glycerol sup-
port P. aeruginosa to anaerobically produce rhamnolipids. 
Did the possible glycerol intermediates, hydroxyacetone, 
1, 2-propylene glycol and 1, 3-propylene glycol, support 
for the anaerobic production of rhamnolipids by P. aer-
uginosa? As shown in Fig.  6, P. aeruginosa strains can 
anaerobically grow well using the possible glycerol inter-
mediates. These substrates are involved in the glycolysis 
and gluconeogenesis pathways, which may be conducive 
to be rapidly absorbed and anaerobically metabolized by 

Fig. 5 Fourier Transform infrared (FTIR) spectra analysis of 
anaerobically produced rhamnolipids from P. aeruginosa strains using 
glycerol and nitrate. Anaerobically produced rhamnolipids by strain 
SG was used as the positive control
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P. aeruginosa [39]. P. aeruginosa strains obtained the bio-
mass with  OD600 values between 2.00 and 3.00 (Fig. 6a). 
Merely 1, 2-propylene glycol supported P. aeruginosa 
strains to anaerobically produce rhamnolipids, reduc-
ing the surface tension of anaerobic culture to about 
31 mN/m (Fig.  6b). Using 1, 2-propylene glycol, the oil 
spreading circles diameters formed by anaerobic culture 
were about 20 mm (Fig. 6c).

Results demonstrated that 1, 2-propylene glycol, simi-
lar to glycerol, can make P. aeruginosa to anaerobically 
biosynthesize rhamnolipids. Hauser and Karnovsky cul-
tured P. aeruginosa strain using 14C-labeled glycerol-
α-14C and glycerol-β-14C under aerobic conditions. 
And they found that the  C6 unit of rhamnose group in 
rhamnolipids product was directly condensed from the 
two molecules glycerol  (C3 unit) without carbon chain 
rearrangement [40]. The polyol can be oxidized into 
dihydroxyacetone (DHA). DHA can be converted into 
dihydroxyacetone phosphate (DHAP) which is involved 

in glycolysis and gluconeogenesis pathways [39, 41]. Then 
glycolysis and gluconeogenesis pathways are connected 
with the de novo synthesis of fatty acids. Therefore, P. 
aeruginosa can metabolize glycerol and 1, 2-propylene 
glycol to biosynthesize both the two precursors of rham-
nolipids, TDP-L-rhamnose and β-hydroxy fatty acids. 
Glycerol metabolism facilitate the anaerobic biosynthesis 
of rhamnolipids in P. aeruginosa.

As shown in Fig.  7, three P. aeruginosa strains anaer-
obically produced rhamnolipids using crude glycerol. 
The surface tension of anaerobic culture was decreased 
to below 35 mN/m. The oil spreading circles diameters 
formed by anaerobic culture using crude glycerol were 
about 15 mm. Results showed that crude glycerol can 
be used for anaerobic production of rhamnolipids by P. 
aeruginosa strains as well. Previous studies reported aer-
obic production of rhamnolipids by P. aeruginosa using 
crude glycerol as low-cost substrate [42, 43]. In the pre-
sent study, three P. aeruginosa strains achieved producing 
rhamnolipids anaerobically when using crude glycerol as 
substrates.

Prospects and bottlenecks to anaerobic production 
of rhamnolipids
Although P. aeruginosa and its rhamnolipids have been 
extensively studied, studies on anaerobic production 
of rhamnolipids by P. aeruginosa are relatively less. 
Only a few studies reported that some rare P. aerugi-
nosa strains can produce rhamnolipids anaerobically. 
The decisive factors for anaerobic production of rham-
nolipids were unknown. Two possible hypotheses on 
the decisive factors for anaerobic production of rham-
nolipids were proposed, the strains specificity of rare 

Fig. 6 Anaerobic production of rhamnolipids by P. aeruginosa strains 
using crude glycerol

Fig. 7 Anaerobic growth and production of rhamnolipids by P. 
aeruginosa strains using the possible metabolic intermediates and 
analogues of glycerol as carbon sources: a biomass  (OD600), b surface 
activity and c oil spreading activity. Glycerol was used as the positive 
control
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P. aeruginosa (hypothesis 1) and the effect of specific 
substrates (hypothesis 2). This study answered hypoth-
esis 2 is credible. Glycerol substrate rather than the 
strain specificity contributed to the anaerobic produc-
tion of rhamnolipids by P. aeruginosa. P. aeruginosa 
strains achieved producing rhamnolipids anaerobically 
when using glycerol or crude glycerol as substrates. 
Strain specificity resulted in the different anaerobic 
yield of rhamnolipids. Results are helpful to advance 
the research on anaerobic production of rhamnolipids, 
deepen the rhamnolipids biosynthesis theory and guide 
the optimization process for anaerobic production of 
rhamnolipids.

Anaerobic production of rhamnolipids can meet 
the in  situ applications in anoxic environments, such 
as oil reservoirs, deep soil, sediments [7–9]. Based on 
anaerobic production of rhamnolipids, fermentation 
without aeration can avoid the foam problem in rham-
nolipids production [14, 15]. The anaerobic production 
of rhamnolipids has important research and application 
significance.

But the anaerobic yield of rhamnolipids from P. aer-
uginosa using glycerol were lower than the aerobic yield 
of rhamnolipids [9]. The low anaerobic yield of rham-
nolipids would limit its applications. Enhancing the 
anaerobic production of rhamnolipids is in demand. 
The anaerobic biosynthesis mechanism of rhamnolipids 
is significant for metabolic engineering of P. aeruginosa 
to enhance anaerobic yield. The biosynthesis path-
ways and key genes involved in anaerobic production 
of rhamnoipids have been revealed [44]. The anaerobic 
yield of rhamnolipids by P. aeruginosa can be enhanced 
by medium optimization, pathways regulation and 
genes modification.

Compared with anaerobic conditions, aerobic con-
ditions are conducive to biosynthesize reducing power 
(NADPH or  NADH2), which promotes fatty acid syn-
thesis and ultimately enhances rhamnolipids syn-
thesis. Increasing the reducing power (NADPH or 
 NADH2) level will also probably enhance the anaer-
obic production of rhamnolipids by P. aeruginosa. 
β-hydroxy fatty acids are one of two key precursors in 
rhamnolipids biosynthesis. β-hydroxy fatty acids are 
derived from the de novo synthesis of fatty acids and 
β-oxidation of fatty acids [45]. Fatty acids metabolism 
requires a lot of reducing power. The reducing power 
maybe a limiting factor for anaerobic metabolism of 
fatty acids. In this study, glycerol is a more reductive 
carbon source than other tested glucose. Using glyc-
erol as carbon source is conducive to reducing power 
synthesis for P. aeruginosa, which promotes fatty 
acids metabolism and rhamnolipids production under 
anaerobic conditions.

Conclusions
In this study, two possible hypotheses on the decisive 
factors for anaerobic production of rhamnolipids were 
proposed, the strains specificity of rare P. aeruginosa 
(hypothesis 1) and the effect of specific substrates (hypoth-
esis 2). Glycerol supported all tested P. aeruginosa strains to 
produce rhamnolipids anaerobically. Hypothesis 2 is cred-
ible. Glycerol substrate rather than the strain specificity 
contributed to the anaerobic production of rhamnolipids 
by P. aeruginosa. Strain specificity resulted in the different 
anaerobic yield of rhamnolipids. Nitrate was the excellent 
nitrogen source for anaerobic production of rhamnolipids. 
FTIR spectra analysis confirmed the anaerobically pro-
duced rhamnolipids by three P. aeruginosa strains using 
glycerol. Anaerobically produced rhamnolipids exhibited 
good surface activity and emulsifying activity. P. aerugi-
nosa also produced rhamnolipids anaerobically using 1, 
2-propylene glycol and crude glycerol. Prospects and bot-
tlenecks to anaerobic production of rhamnolipids were also 
discussed. Results are helpful to advance the research on 
anaerobic production of rhamnolipids.
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