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Abstract Rhamnolipids are among the best-known bio-

surfactants. Severe foaming occurs in aerobic rhamnolipid

fermentation and negatively affects operation and eco-

nomics of the biosurfactant production. In this study the

foaming properties were examined with samples taken

along a Pseudomonas aeruginosa fermentation that pro-

duced 55 g l-1 rhamnolipids with a maximum volumetric

productivity of 0.080 g l-1 h-1 and a maximum specific

productivity of 0.013 g g-1 h-1. For a better understanding

of the process, the broth samples were also centrifuged to

prepare cell-free supernatants and cell suspensions in

water, and all samples were evaluated under fixed foaming

conditions. In addition to the time profiles of foam rise, the

initial foaming rates and maximum foam volumes were

determined. Contrary to the general assumption, the cells,

not rhamnolipids, were the main foaming agents in the

fermentation. Soluble components including rhamnolipids

had secondary roles. Supernatant foaming was higher after

the culture entered the rhamnolipid-producing stationary

phase; however, the foaming appeared to decrease with

increasing rhamnolipid concentrations at high concentra-

tions ([15 g l-1). The pH effects on foaming of broths,

supernatants, and cell suspensions were also studied. Broth

foaming was 55 and 80 % less at pH 5.5 and 5.0, respec-

tively, compared to that at pH 6.5. Cell growth and

rhamnolipid production at lower pH should be included in

future studies. In addition, strain selection or genetic

engineering and medium modification to reduce cell

hydrophobicity are suggested as useful strategies to address

the foaming issue of rhamnolipid fermentation.

Keywords Rhamnolipids � Pseudomonas

aeruginosa � Foaming � Cell hydrophobicity

Introduction

During recent decades there have been increasing con-

cerns over global warming, depleting petroleum sources,

and environmental pollution. These concerns have

prompted active research in developing or modifying

technologies for improved sustainability. Replacing

petroleum-based products by ones derived from renew-

able resources is a significant part of this effort. Bio-

surfactants produced by microorganisms are potential

alternatives to synthetic surfactants [1]. With similar

surface-active properties, biosurfactants can offer advan-

tages over their synthetic counterparts in having higher

biodegradability, biocompatibility, and lower toxicity to

mammals [2, 3].

Rhamnolipids are among the most effective biosurfac-

tants [3]. Most commonly produced by Pseudomonas

aeruginosa [4], rhamnolipids have a wide range of poten-

tial applications as bioremediation enhancers [5, 6],

detergents [7], antibacterial, antifungal, and anti-biofouling

agents [8–10], and pharmaceuticals [11, 12]. The produc-

tion cost of rhamnolipids was estimated at $5–20 per kg,

varying with the fermentation scale from 20,000 to

100,000 l, whereas the production cost of synthetic sur-

factants was $1–3 per kg [13]. Reducing the production

cost is very important for improving the market competi-

tiveness of rhamnolipids. The main operational challenges

in rhamnolipid production include the extreme foaming

property of broth in aerobic fermentation and the relatively

low productivity and yield [14].
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Rhamnolipids have typically been produced by aerobic

fermentation systems with high agitation and submerged

sparging of fine oxygen or air bubbles [15–18]. Extensive

and stable foaming occurs in such systems and causes

serious operational problems such as wall growth of cells,

overflow of foams, clogging of gas outlet filters, and higher

chance of contamination [16, 19]. Adding large amounts of

antifoaming agents increases the cost and can complicate

the downstream separation and purification [15]. Müller

et al. [17] used a mechanical foam breaker in their

rhamnolipid production, but they still had to sacrifice 43 %

of the bioreactor volume (15 l out of 35 l) as the headspace

containing the heavy foams. The whole bioreactor (35 l)

was eventually filled with the culture broth expanded by

the fine bubbles trapped/emulsified as stable, high gas

holdup. To avoid the foaming problem associated with

aeration, Kronemberger et al. [19] used an extensive

membrane structure in their rhamnolipid fermentation,

relying only on the oxygen molecules permeating through

the membrane wall for oxygen supply.

Severe foaming routinely occurred in the studies of

aerobic rhamnolipid fermentation performed in this labo-

ratory. Despite many reports on the occurrence of foaming,

the contributions of broth components in rhamnolipid fer-

mentation were not systematically investigated or reported.

In this work, the foaming properties of broth samples taken

along rhamnolipid fermentation were examined. These

samples had different rhamnolipid concentrations, cell

concentrations, and vegetable oil contents. Contributions of

cells themselves and the cell-free supernatants were sepa-

rately determined. The effect of pH was also studied. It

should be noted that the study was performed with a P.

aeruginosa strain previously selected for its high rhamn-

olipid productivity [20]. During the selection study some

low-productivity stains were observed to produce more

non-rhamnolipid metabolites. The use of those strains, and

other cultivation conditions and substrates, can affect the

foaming behaviors of the broths. The goal of this study was

to identify the major factor(s) that caused the severe broth

foaming in the fermentation using the selected strain with

high rhamnolipid productivity. The findings would lead to

potential strategies for reduction and/or better control of

foaming, for improving productivity of aerobic rhamnoli-

pid fermentation.

Materials and Methods

Bacterial Culture Preparation

A P. aeruginosa strain E03-40 isolated from soil samples

taken near a biodiesel plant was used for the fermentation

in this study. The strain was selected because of its high

rhamnolipid productivity [20]. The cell culture was main-

tained frozen in 2-ml centrifuge tubes containing 85 % of

30 g l-1 tryptic soy broth (TSB) (Sigma-Aldrich, St. Louis,

MO) and 15 % glycerol (Sigma-Aldrich). For inoculum

preparation, the content of a tube was added to 10 ml TSB

medium and incubated for 8 h at 34 �C in a shaker

(Thermo Scientific, MAXQ 5,000) operating at 280 rpm.

The 10-ml culture was subsequently added to 90 ml TSB in

a 500-ml Erlenmeyer flask and cultured for 20 h under the

same conditions. The culture thus prepared was used as the

fermentation inoculum.

Fermentation

A 2-l New Brunswick Scientific, BIOFLO 110 fermentor

with a 1-l working volume was used for the fermentation.

The broth temperature was maintained at 32 �C. The pH

was controlled at 6.7 ± 0.2 by addition of 1 N H2SO4 or

NaOH. Agitation, with two six-blade turbines, was fixed at

the speed of 600 rpm. Pure oxygen was used for control of

dissolved oxygen concentration (DO) in the fermentation

broth. With a set point of 10 % (air saturation), DO typi-

cally fluctuated between 5 and 30 % responding to the

oxygen flow rate automatically adjusted by the primary

control unit software of the fermentor.

The medium, excluding the carbon source, contained

3 g l-1 KH2PO4, 2.86 g l-1 NH4Cl, 2.5 g l-1 yeast

extract, 2.5 g l-1 peptone, 0.75 g l-1 NaCl, 0.45 g l-1

MgSO4�7H2O, 0.05 g l-1 FeSO4�7H2O, 0.015 g l-1

CaCl2�2H2O, 0.015 g l-1 MnCl2�4H2O, and 1 ml l-1 of a

trace element solution. The trace element solution had

0.75 g l-1 MnSO4�H2O, 0.75 g l-1 ZnSO4�7H2O,

0.15 g l-1 H3BO3, 0.08 g l-1 FeCl3�6H2O, 0.08 g l-1

CoCl2�6H2O, 0.075 g l-1 CuSO4�5H2O, and 0.05 g l-1

Na2MoO4. The medium was designed to have the nitrogen

source as the limiting substrate.

Soybean oil was used as the carbon source. The initial

medium had 37 g l-1 soybean oil. Along with the fer-

mentation, soybean oil and/or other fresh medium com-

ponents were supplemented four times by different

methods, to create broth samples of different cell concen-

trations, rhamnolipid concentrations, and soybean oil con-

tents for the foaming study. As described in the ‘‘Results’’

and ‘‘Discussion’’, the different methods of oil and medium

supplementation also provided important insights into the

possible strategy of long-term rhamnolipid production at

improved productivity.

The four different supplementation methods used are

described in the following: (1) Batch addition of soybean

oil only—At 24 h, a batch of 37 g soybean oil, with no

other medium components, was added into the fermentor.

(2) Batch replacement of part of the broth with fresh

medium and soybean oil—At 321 h, all carbon substrates,
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including soybean oil and the glycerol and fatty acids

released from oil hydrolysis, were consumed. About

200 ml broth was removed from the fermentor and 200 ml

fresh medium plus 37 g soybean oil were added in a single

step. (3) Continuous slow feeding of soybean oil only—at

583 h, all added carbon substrates were again depleted.

Soybean oil, without other medium components, was this

time continuously added with a peristaltic pump at a slow

rate of 0.13 g h-1. (4) Batch replacement of part of the

broth with fresh medium and continuous slow feeding of

soybean oil—At 922 h, 250 ml broth was again removed

and replaced by the same amount of fresh medium without

soybean oil, followed by the same slow feeding of soybean

oil at 0.10 g h-1 till the end of the study (at almost

1,300 h).

Foaming Study

The foaming study was done with 30-ml liquid samples in

a 100-ml graduated cylinder (PYREX no. 3,046). Air was

introduced by a metered pump (BioChem Technology,

Malvern, PA) at 100 ml h-1 through silicone tubing con-

nected to an air diffuser stone. The air flow rate was

selected to give a volume of gas per volume of liquid per

minute (VVM) similar to that in the fermentor. The air

diffuser stone was placed at the bottom of the graduated

cylinder. After the air flow was started, the foam volume

was recorded as a function of time. Multiple samples were

taken at different fermentation times for the foaming study,

as shown in Table 1. The cell and rhamnolipid

concentrations and soybean oil amounts present in these

samples are also given in the table. To evaluate the

foaming properties of cells and broth supernatant sepa-

rately, some fermentation broth samples were centrifuged

(Thermo Scientific, Sorvall Legend X1R centrifuge) at

7,000 rpm (5,700 g) for 15 min to separate the supernatant

from the cells. The cells were resuspended in deionized

water with the same volume as the original broth sample

volume. Then the cell suspension and the broth supernatant

were separately evaluated for the foaming properties. In

some cases the same sample was evaluated at multiple pH

values, adjusted with 1 N HCl, to study the pH effect.

Analysis

Intracellular Protein Concentration and Cell Dry-Weight

Concentration

Broth samples taken along the fermentation were centri-

fuged (Eppendorf, Centrifuge 5415D) at 8,000 rpm

(5,900 g) for 10 min. Supernatant was collected and frozen

for further analysis. The cells were resuspended in deion-

ized water and centrifuged again. The cell pellet was then

resuspended in 4 ml 0.2 N NaOH and cooked for 20 min at

100 �C for cell lysis. Then the intracellular protein con-

centration was analyzed by using the standard Bradford

method. Absorbance was measured at 595 nm by a UV/Vis

spectrophotometer (model 1,601, Shimadzu). The intra-

cellular protein concentration was divided by 0.32 for

conversion to an approximate cell dry-weight

Table 1 Samples taken at different fermentation times for foaming study and the corresponding cell concentration, rhamnolipid concentration,

and soybean oil amount

Sample number Fermentation time (h) Cell concentration (g l-1) Rhamnolipid concentration (g l-1) Soybean oila

1 23 9.6 ± 0.6b 3.6 ± 0.3b High

2 47 8.0 ± 0.3b 7.1 ± 0.5b High

3 174 6.1 ± 0.1 15.7 ± 1.3b Low–medium

4 321 6.7 ± 0.1 17.9 ± 4.7 0

5 341 7.6 ± 0.4 20.5 ± 4.8 High

6 633 6.1 ± 0.2 28.9 ± 2.8 Very low

7 922 4.6 ± 0.8 33.2 ± 2.3 Low

8 923 4.1 ± 0.2 25.1 ± 1.9 Low

9 1,179 6.6 ± 0.5 40.6 ± 2.5 Low

a The complex mixture of soybean oil could not be easily measured. But it was observed that while soybean oil was still present in the broth, the

glycerol concentration would slowly increase toward a plateau value (about 4 g l-1). When soybean oil was (or nearly) depleted, the glycerol

concentration would decrease. Accordingly, the soybean oil content was assigned as ‘‘high’’ when the sample was taken shortly (\24 h) after a

batch of soybean oil was added and the glycerol concentration was rapidly increasing. The soybean oil content in sample 3 was assigned as

‘‘low–medium’’ because the glycerol concentration already stopped increasing and was close to the point of declining. The soybean oil content of

sample 4 was ‘‘0’’ because the culture pH was noticed to be increasing and the culture respiration demand had dropped significantly, both

indicating the condition of depletion of carbon sources. The soybean oil content was assigned as ‘‘low’’ for the samples taken during the periods

of slow continuous oil addition; the glycerol concentrations were low and did not increase, indicating that the oil was consumed as it was added
b These values are estimated by interpolation between two measured values at nearby times
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concentration. The conversion ratio 0.32 had been obtained

from a separate study performed to establish the correlation

between cell dry-weight measurement and intracellular

protein concentration analysis (details not reported).

Glycerol Concentration

The concentration of glycerol was determined by using

high-performance liquid chromatography (HPLC; Shima-

dzu, LC-10A with a refractive index detector, RID-10A).

The mobile phase was 0.1 % phosphoric acid at the flow

rate of 0.14 ml min-1. The column used was a Supelcogel

H column (25 cm 9 4.6 mm, Supelco).

Rhamnolipid Concentration

The broth supernatant collected by centrifugation was dilu-

ted to the range of 3–90 mg l-1 rhamnolipids, suitable for

the anthrone analysis. The supernatant pH was then adjusted

to 2–3 by addition of 1 N HCl. The acidified supernatant

was extracted by fourfold volume of ethyl acetate. The ethyl

acetate extract (5 ml) was collected and vaporized to remove

the solvent. A 1.7-ml aliquot of a 0.05 M NaHCO3 solution

was then added to redissolve the extracted material includ-

ing rhamnolipids. An anthrone reagent (3.3 ml), composed

of 2 g l-1 of anthrone in concentrated H2SO4, was added

into the solution and reacted for 16 min at 95 �C. The

solution was then cooled to room temperature and the

absorbance was measured at 625 nm. Pure rhamnose solu-

tions of known concentrations were similarly analyzed to

establish the calibration equation for converting the absor-

bance values to rhamnose concentrations. Finally, the

rhamnolipid concentrations were estimated by multiplying

the measured rhamnose concentrations by 2.73. The value

2.73 was determined as follows: The sample was analyzed

by a mass spectrometer (MS) (HP Bruker Esquire LC) fol-

lowing the procedures used in previous work by this group

for MS characterization of rhamnolipids [20, 21]. The

rhamnolipid structures detected are summarized in Table 2,

together with their molecular weights (MW) and the per-

centages of total ion intensity (TIC) peak areas (out of the

summed area of all peaks). The sample was found to contain

predominantly (about 81.6 %) monorhamnolipids. By

assuming that the molar percentages were the same as the

TIC percentages, the average MW could be estimated as

531.7 for the rhamnolipid mixtures. Similarly, it could be

estimated that 1.18 (=0.816 9 1 ? 0.184 9 2) moles

(194.4 g) of rhamnose would be released from each mole of

the rhamnolipid mixture during the anthrone analysis.

Accordingly, for this rhamnolipid mixture the measured

rhamnose concentration (grams per liter) could be multiplied

by the ratio of 531.7/194.4 = 2.73 for conversion to the

rhamnolipid concentration (grams per liter).

Ammonium Concentration

Ammonium concentrations in fermentation broths were

measured as ammonia–nitrogen (NH3–N) by using HACH

water quality test strips (no. 2755325) after dilution to

measurable concentrations of no more than 6 mg l-1.

Results

Fermentation

As described in the ‘‘Materials and Methods’’ section, to

provide broth samples of different properties, this fer-

mentation experiment was done with four different strate-

gies of supplementation of soybean oil and fresh medium

components. The observed profiles of cell, glycerol, and

rhamnolipid concentrations are shown in Fig. 1.

Table 2 Structures of rhamnolipids detected by mass spectrometry

with their molecular weights and the percentages of total ion intensity

peak areas

Rhamnolipids Molecular weight Total ion intensity

peak area (%)

RC8C8 448.6 1.9

RRC8C10 622.7 5.6

RC8C10 476.6 16.0

RRC10C10 650.8 12.8

RC10C10 504.7 36.7

RC10C12:1 530.7 17.5

RC10C12 532.7 9.5

Each R stands for one rhamnose residue; C8, C10, and C12 for sat-

urated b-hydroxyalkanoic acid residues with the numbers of carbons

(C) in the residue specified; and C12:1 for the acid residue with 1

double bond
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Cell Concentration

After the first day, all the nitrogen sources provided in the

fresh medium were depleted and the cell concentration

(based on intracellular protein measurements) peaked at

approximately 10 g l-1. The intracellular protein concen-

tration decreased in the stationary phase to give an apparent

cell concentration of about 6 g l-1 during 100–320 h. At

321 and 922 h, portions of the broth (200 and 250 ml,

respectively) were replaced with fresh medium. The cell

concentration dropped immediately owing to dilution and

then quickly grew back (to about 7.5–8.0 g l-1) with the

nitrogen sources (and other components) introduced in the

fresh medium. Once the supplemented nitrogen sources

were depleted, the cell concentration would decrease again.

Glycerol Concentration

P. aeruginosa cells are known to produce lipase for

hydrolyzing triglycerides (soybean oil in this case) to fatty

acids and glycerol for assimilation and metabolism [22]. In

this study the glycerol concentration was followed as an

indication of carbon source availability and soybean oil

depletion. It was observed that when a batch of soybean oil

was added to the broth, the glycerol concentration would

increase as a result of faster generation (by soybean oil

hydrolysis) than consumption (by cells). The increase

would then slow down as the glycerol concentration

approached and remained at about 4 g l-1, suggesting the

existence of feedback inhibition of soybean oil hydrolysis

[23]. When soybean oil was (nearly) depleted, the glycerol

concentration would decrease (as consumption became

faster than generation). This profile allowed a rather easy

way of detecting the depletion of soybean oil, without the

need to follow the concentrations of many glycerides and

fatty acids associated with soybean oil metabolism.

Rhamnolipid Concentration

Rhamnolipid concentration increased along the entire fer-

mentation, except on the two occasions when the broth was

diluted with the fresh medium replacement. The maximum

rhamnolipid concentration reached 48.9 g l-1 (without

adjustment for dilution). During the first two stages of

fermentation, the rhamnolipid volumetric productivity was

similar at 0.056 and 0.054 g l-1 h-1. During the third

stage, when soybean oil was made available to cells by

slow feeding at 0.13 g h-1, the rhamnolipid production

reduced significantly to 0.010 g l-1 h-1. The volumetric

productivity, however, recovered to 0.072 g l-1 h-1 during

the final stage, when the soybean oil was still fed slowly at

0.1 g h-1 but a portion of the broth was first replaced with

fresh medium (at 922 h). The lower productivity observed

during the third stage was therefore unlikely to be caused

by the slow feeding of soybean oil. Instead, it appears that

the rhamnolipid production would be negatively affected

by long-term maintenance under nitrogen source-limited

stationary phase and/or by depletion of certain other

nutrient(s). Which of the two potential causes were actually

responsible is yet to be determined. Nonetheless, both

could be remediated by fresh medium replacement as

shown by the results of this study. This finding can be very

important. Rhamnolipids are typically overproduced by

non-growing cells. If the productivity can be maintained in

a prolonged stationary phase, the downtime and operations

between short batches are eliminated; the time and sub-

strates consumed for growing the cells in every batch are

also avoided. The rhamnolipid productivity and yield and

the overall process economics may be significantly

improved. Future studies to identify the limiting fac-

tor(s) and demonstrate the improved fermentation design

are warranted.

Foaming of Fermentation Broth

Figure 2 shows the profiles of increasing foam volume

(=total volume - original liquid volume) with time in the

foaming study for the broth samples taken along the fer-

mentation. For presentation clarity not all the samples

studied are included in the figure. Similar profiles were

seen for the samples of supernatants and cell suspensions

prepared as described in the ‘‘Materials and Methods’’

section. The fermentation broths were complex. Effects of

different broth components on foaming are described in the

following sections.
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Effects of Cells

Figure 3 shows the foaming profiles observed for the broth

samples taken from the fermentation at 23 and 47 h. Pro-

files for the (cell-free) supernatant of the 23-h sample and

the cell suspension of the 47-h sample were included for

comparison. It is clear that in this early stage of rhamn-

olipid fermentation, the supernatant was not very foamy

while the hydrophobic P. aeruginosa cells [24] were the

primary cause of broth foaming. Note that rhamnolipid

concentrations were low (about 4 g l-1 at 23 h and 7 g l-1

at 47 h) and soybean oil contents were high in these

samples. Later the supernatant became more foamy, as

shown in Fig. 4 where the foaming profiles are compared

for broth, supernatant, and cell suspension of the sample

taken from the fermentation at 174 h. At that point soybean

oil had been consumed to a much lower content (glycerol

concentration started to decrease at about 220 h, Fig. 1)

and rhamnolipid concentration was higher at about

15 g l-1. Nonetheless, the cells remained the stronger

foaming factor than the supernatant throughout the

fermentation.

From the time profiles of foaming (as those shown in

Figs. 2, 3, 4), the maximum foam volumes attainable and

the initial foaming rates could be derived; the latter from

the initial periods showing approximately linear increase of

foam volume. These two foaming properties are summa-

rized in Fig. 5 for all the samples of broths, supernatants,

and cell suspensions evaluated (except those with pH being

adjusted for studying the pH effect on foaming). As a group

the cell suspensions clearly contributed more than the cell-

free supernatants to the foaming of whole broth samples, in

both initial foaming rates and maximum foam volumes.

Effects of Fresh Medium Addition

Some observations made in the foaming study gave

insights into the effects of non-cell medium components on

foaming. First we describe the effect of medium nutrients

(except soybean oil) on foaming. This effect could be best

seen from the comparison of foaming properties of the

respective samples taken at 922 and 923 h of fermentation.

At 922 h the cells had been without fresh medium nutrients

for 600 h; the last fresh medium addition was done at

321 h (Fig. 1). The 922-h sample was taken right before a

medium replacement: 250 ml broth was removed and

replaced with 250 ml fresh medium without soybean oil.

The 923-h sample was taken about 30 min after the med-

ium replacement was completed. Owing to the dilution

effect, both cell and rhamnolipid concentrations were lower

at 923 h (Table 1).

The foaming profiles of these samples were followed

and compared for broths, supernatants, and cell suspen-

sions. Instead of showing these six profiles, the corre-

sponding initial foaming rates and maximum foam
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volumes are summarized in Fig. 6. The two broth samples

showed similar foaming rates but the 923-h sample reached

a much larger foam volume (32 ml as compared with

18 ml for the broth at 922 h). Given that the foaming dif-

ference was caused by a medium replacement, one might

expect the difference to come more from different foaming

properties of the two supernatants than from those of the

two cell suspensions. Rather surprisingly, the results

showed the opposite. The foaming profiles, and thus the

foaming rates and maximum foam volumes, of the two

supernatants were almost the same. On the other hand, the

cell suspension of the 923-h sample showed significantly

faster foaming and higher foam volume than that of the

922-h sample. Apparently, the cells responded rapidly to

the medium replacement and were responsible for the

higher foaming observed with the broth of 923 h. Because

the change occurred in a very short time (\1 h), it is

hypothesized that the higher foaming was due to changed

cell surface properties (e.g., increased hydrophobicity) as a

result of rapid adsorption or other interactions of some

fresh medium components on/with the cell surface. Future

study is needed to evaluate this hypothesis.

It should be mentioned that the immediate increase in

broth foaming following fresh medium addition or

replacement was reproducibly observed in many rhamn-

olipid fermentations performed in this laboratory. The

results of this study provided a better understanding of the

phenomenon.

Effects of Soybean Oil Content

Soybean oil content is expected to affect foaming. It is

common to use oils to decrease the foam formation in

fermentation processes [25, 26]. According to Rols and

Goma, the oils would increase the gas bubble size and

make the foam less stable [27]. In this study the soybean oil

effect was seen most clearly when the foaming properties

were compared for the samples taken at 321 and 341 h of

fermentation. After the 321-h sample was taken, 200 ml

broth was removed and replaced with 200 ml fresh med-

ium plus 37 g soybean oil. The two broth samples showed

similar initial foaming rates (0.9–1 ml min-1) but very

different maximum foam volumes: 47 ml for the broth at

321 h but only 24 ml for the broth at 341 h (foaming

profiles not shown). As described in the previous section,

the addition of only fresh medium (without oil) at 922 h

also did not change the initial foaming rate much but

increased the maximum foam volume. The results of this

study indicated that the primary effect of soybean oil on

foaming was to reduce the maximum foam volume, pre-

sumably by destabilizing the foams.

Effects of Rhamnolipid Concentration

The effects of non-cell broth components such as rhamn-

olipids could be more clearly seen from the foaming of

cell-free supernatants collected by centrifugation. The

maximum foam volumes and initial foaming rates of

supernatants are plotted in Fig. 7 against the rhamnolipid

concentrations. Rhamnolipids are well-known foaming

agents [18, 28]. It is rather surprising to find that, except for

the supernatant with a very low rhamnolipid concentration

(from the sample taken at 23 h when the culture just

entered the stationary phase), the supernatant foaming

mostly decreased with increasing rhamnolipid concentra-

tions. This observation did not mean rhamnolipids were

non-foaming or antifoaming. The responsible mechanisms

remain to be elucidated. Presence of different concentra-

tions of soybean oil in the cell-free supernatants could be a

reason. The higher viscosity in supernatants with higher

rhamnolipid concentrations might be a factor. The other
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possibility is that rhamnolipids at higher concentrations

formed larger and different forms of micelles or physical

aggregates [29] that had lower foaming effects.

Effects of pH on Foaming

The study of the pH effect was perfomed with the broth

sample taken at 1,179 h of fermentation. The broth sample

was centrifuged to create the supernatant and cell suspen-

sion samples. The three groups of samples were adjusted to

several pH values and then subjected to the foaming study.

The maximum foam volumes obtained with these samples

are summarized in Fig. 8 to show the effect of pH on

foaming. It is clearly shown that the foaming decreased

significantly as the pH was lowered from 6.5 to 5.0 for all

three groups of samples (broth, supernatant, and cell sus-

pension). At pH 5.0 the maximum foam volume of the

broth sample was only about 20 % of that of the original

sample at pH 6.5. The foam sizes were larger and less

uniform at pH 5.0 (up to 4 mm in diameter) when com-

pared with the foams at higher pH (all about 2 mm in

diameter).

The pH dependency could be attributed to the changes

of electrostatic repulsion due to the charged foaming agents

(cells, rhamnolipids, and others) adsorbed on bubble sur-

faces; stronger electrostatic repulsion would deter coales-

cence and cause faster and more stable foaming. Bacterial

cells are charged owing to the presence of biomolecules

such as peptidoglycan, lipopolysaccharides, and lipopro-

teins on their cell wall [30]. As the pH was lowered from

neutrality, the net negative charge of the cells decreased

[30, 31], exerting lower repulsion between the bubbles. The

foaming of pure rhamnolipid solutions has also been

reported to decrease with decreasing pH [28]. The pKa of a

monorhamnolipid mixture in water was reported to be

about 4.8 or 5.5 (measured by two different methods) at

concentrations above the critical micelle concentration

(about 40 mg l-1) [32]. Smaller fractions of rhamnolipids

would be present as negatively charged ions as the pH was

lowered from neutrality.

It may be worth noting that the foaming of supernatants

was higher at pH 5.9 than at pH 6.5, which was inconsistent

with the foaming properties reported for pure rhamnolipid

solutions at lower concentrations (0.1 g l-1) [28]. The

discrepancy could be related to the observation described

in the previous section, i.e., certain foam-affecting mech-

anism(s) might be associated with the high rhamnolipid

concentrations involved in this study.

Discussion

Rhamnolipids or precursors to rhamnolipids had been

thought to be responsible for the highly foaming nature of

rhamnolipid fermentation broths. The results of this study

showed that, at least for the productive strain of P. aeru-

ginosa used, the cells themselves were the most important

foaming factor. The contribution of cells to foaming was

particularly overwhelming during the phase of active cell

growth. This finding is important to process design and

productivity. The actively growing cells have much higher

specific oxygen consumption rates than the cells in the

stationary phase [19]. The maximum concentration of

actively growing cells whose respiration needs could be

met by aeration was the maximum cell concentration

employable in the fermentation design. And in the highly

foaming rhamnolipid fermentation, the maximum aeration

rate usable was limited by the controllable foaming of the

broth.

It had been reported that hydrophobic cells could con-

centrate at the gas/liquid interface and stabilize the foams

[25]. In our previous study, the relative hydrophobicity of

various bacterial cells was measured by the partitioning of

cells to the water–hexadecane interface [24]. Briefly, the

pregrown cultures were washed twice with pH 7 phosphate

buffer and diluted to the same concentration, with an

optical density (OD) of 0.40 ± 0.01 at 400 nm. The cell

suspension (3.2 ml) was then vortexed with hexadecane

(6 ml) for 2 min. The mixture was allowed to stand for

30 min for phase separation. The OD400 of the aqueous

phase was measured again. The percentage of OD reduc-

tion, due to partitioning of the cells to the interface, was an

indicator of cell hydrophobicity. The % reduction was

36.7 ± 4.5 for P. aeruginosa but only 5.1 ± 4.7 and

10.8 ± 2.8 for two other common Gram-negative bacteria

Escherichia coli and Pseudomonas putida. P. aeruginosa

cells were clearly more hydrophobic and could have pro-

moted the foaming of fermentation broths.

In the current study the foaming of cell suspensions was

not done with washed cells. Therefore, the possibility
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exists that the strong foaming was associated with the

hydrophobicity imparted by rhamnolipids or other metab-

olites bound to the cell surface. Nonetheless, from the

process point of view, the bound materials are part of the

cells in the fermentation. This possibility does not affect

the conclusion that the cells are the dominant foaming

agents in the fermentation.

The study results clearly indicated the value of reducing

the cell hydrophobicity and/or other unidentified properties

causing severe cell-associated foaming. This reduction may

be achieved by several approaches. One approach is to

select or genetically engineer productive species or strains

with lower surface hydrophobicity. Adjustment of growth

medium may also be helpful, particularly because the

addition of fresh medium to the broth sample taken at

922 h was shown to significantly increase the foaming of

cell suspension. It is worthwhile to identify the responsible

medium component(s) and then evaluate the effects on

foaming, cell growth, and rhamnolipid production when

the component(s) was reduced, substituted, or provided in

batches of low concentrations. Yet another approach sug-

gested by the results of this study is to control the fer-

mentation at lower pH values such as 5.5 or 5. Future

studies are warranted to evaluate the cell growth rate and

rhamnolipid yield and productivity at lower pH. Success-

fully addressing the foaming issue will have a significant

impact on the process economics of rhamnolipid

production.

The most important conclusion obtained in the study is

that the P. aeruginosa cells themselves were the dominant

foaming agents in the rhamnolipid fermentation investi-

gated in this study. This finding is contrary to the

assumption of rhamnolipids being responsible in the pre-

vious literature reports. Other important factors for con-

trolling foaming were the presence of sufficient contents of

oil and the use of low enough pH (5.5 or 5). Soluble

components in broth supernatants including rhamnolipids

played secondary roles in foaming, such as increasing foam

stability. The study results clearly showed the value of

understanding and reducing the directly cell-associated

foaming. Future studies are suggested: (1) to select or

genetically engineer the productive species or strains with

less hydrophobic cell surface, (2) to identify the medium

component(s) that promoted cell-associated foaming and

modify the supply strategy of the nutrient(s), and (3) to find

the lower fermentation pH for reduced foaming without

negative effects on cell growth or rhamnolipid production.
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