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ABSTRACT: Rhamnolipid biosurfactants have potential applications in the control of zoosporic plant pathogens. However,
rhamnolipids have not been closely investigated for the anti-zoospore mechanism or for developing new anti-zoospore chemicals.
In this study, RhL-1 and RhL-3 groups of rhamnolipids were used to generate the corresponding RhL-2 and RhL-4 groups and
the free diacids. Conversion of RhL-3 to RhL-1 was also accomplished in vitro with cellobiase as the catalyst. The anti-zoospore
effects of RhL-1—RhL-4 and the diacids were investigated with zoospores of Phytophthora sojae. For RhL-1—RhL-4,
approximately 20, 30, 40, and 40 mg/L, respectively, were found to be the lowest concentrations required to stop movement of
all zoospores, which indicates that the anti-zoospore effect remains strong even after RhL-1 and RhL-3 are hydrolyzed into RhL-2
and RhL-4. The free diacids required a significantly higher critical concentration of about 125 mg/L. Rhamnose can be obtained

as a co-product.
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B INTRODUCTION

Soybean is an important agricultural product. In 2010, 222
million bushels of soybeans were harvested in Ohio, which
ranked the sixth state in the U.S. for soybean production.' In
Ohio, the number one soybean disease is arguably the root
disease caused by Phytophthora sojae, which is also among the
most serious soybean diseases worldwide and causes an
estimated loss of $1—2 billion each year globally.”™*

P. sojae survives in soil and plant debris as oospores, which
germinate to form mycelia under suitable conditions.”® The
mycelia can produce sporangia and zoospores.>® Zoospores can
swim in water to reach the soybean roots, then germinate, and
infect the root tissues. Zoospores are generally considered to be
responsible for the spreading of this pathogen.” Killing the
zoospores is an efficient way to control this pathogen because
zoospores are cell-wall-less, enclosed only by a cell membrane,
while the fungus has a protective cell wall during other life
stages.s’6

Rhamnolipids are a class of sugar fatty acid biosurfactants
that are capable of damaging fungal zoospores.”® In comparison
to usual chemical surfactants, rhamnolipids have several
advantages. First, rhamnolipids can be produced from renew-
able resources by bacterial fermentation.”” "> Second, rhamno-
lipids are degradable in the soil environment.">'* Third,
rhamnolipids are less toxic; their use lowers the health threat of
remaining pesticides on food.”” Rhamnolipids are not
commercially available as anti-zoospore chemicals because the
high price to manufacture is cost-prohibitive. Production of
high-value co-products might improve the overall economics. It
should be mentioned that other biosurfactants, such as
sophorose lipid, trehalose lipid, and surfactin, were found to
have no anti-zoospore effects at concentrations lower than 1000
mg/L, while rhamnolipids could lyse zoospores at 30 mg/L.”
Understanding the relationship between the molecular
structures of rhamnolipids and their anti-zoospore effects
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might lead to the development of potent rhamnolipid-based
anti-zoospore chemicals and the production of high-value co-
products.

Rhamnolipids are produced in microbial fermentations as a
mixture of many congeners, which have one or two rhamnose
sugar residues combined with the hydrophobic moiety
composed of one or two p-hydroxyalkanoic acids.'>'®
Structures of major rhamnolipid types are shown in Figure 1,
hereinafter referred to as rhamnolipid 1 (RhL-1; compound 1),
rhamnolipid 2 (RhL-2; compound 2), rhamnolipid 3 (RhL-3;
compound 3), and rhamnolipid 4 (RhL-4; compound 4)."”'®
The fatty acid chains shown in Figure 1 all have 10 carbons in
length, but they can vary from 8 to 12 carbons and can contain
double bonds in the typical mixtures produced by Pseudomonas
aeruginosa. In the most common rhamnolipids, the rhamnose
residue is linked to a chain of two f-hydroxydecanoic acid
residues, referred to as R—C,—C,, and R—R—-C,,—C,,,
respectively, which belong to the RhL-1 and RhL-3 groups
(Figure 1)."> The rhamnolipids that have been studied for anti-
zoospore effects are mostly RhL-1 and RhL-3.7*

In the present study, free diacids and RhL-2 and RhL-4 were
generated from RhL-1 and RhL-3. Enzymatic conversion of
RhL-3 to RhL-1 was also studied to provide a way to adjust the
composition of rhamnolipid mixtures. High-performance liquid
chromatography—mass spectrometry (HPLC—MS) was the
main method used to monitor these processes. The anti-
zoospore effects of every rhamnolipid group (RhL-1—RhL-4)
and the free diacids were then individually determined. In an
attempt to quantitate the potency of rhamnolipids against
zoospores at low concentration levels, the results help advance
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Figure 1. Representative molecular structures of four main groups of
rhamnolipids, RhL-1—RhL-4.

the economic production of anti-zoospore chemicals and
potentially valuable co-products from rhamnolipids.

B MATERIALS AND METHODS

Materials. Ethanol, ethyl acetate, citric acid, sodium citrate, acetic
acid, sodium bicarbonate, sodium hydroxide, sulfuric acid, sodium
methoxide methanol solution (25%, w/w), cellulase (EC 3.2.1.4) from
Trichoderma reesei [American Type Culture Collection (ATCC)
26921], and cellobiase from Aspergillus niger were purchased from
Sigma-Aldrich (St. Louis, MO). Milli-Q water (Millipore, Billerica,
MA) was used. V8 high-fiber 100% vegetable juice from Campbell
Soup Company (Camden, NJ) was purchased from a local store. All
other reagents were of analytical grade.

HPLC—MS Analysis. HPLC analysis was performed with the
Hewlett-Packard LC1100 series equipment (Agilent Technologies,

Santa Clara, CA). The column used was a 250 X 4.6 mm inner
diameter, S pm, Supelcosil LC-18 (Supelco, Bellefonte, PA). The
column temperature was controlled at 24 °C. Several mobile-phase
solvents were used in this study for different sample groups. For
clarity, they are described with the specific samples in later sections.
The mobile phase flow rate used was always the same at 0.4 mL/min.
All chromatographic peaks were confirmed to appear during the
retention time period of 5—45 min. MS analysis was made with a
Bruker Esquire-LC system. Compounds were ionized by electrospray
ionization (ESI). The detection was made in the “smart mode” with
the following conditions: gas flow pressure, 40 psi; gas flow rate, 8
mL/min; drying gas temperature, 365 °C; target m/z, 750; trap drive,
60%; compound stability, 75%; and under the wide-mode
optimization.

Production and Purification of Rhamnolipids. Rhamnolipids
were produced by P. aeruginosa fermentation. Inoculum was grown for
8 hin a 30 g/L tryptic soy broth (TSB) medium in a shaker operating
at 34 °C and 250 rpm. A total of 10 mL inoculum was added to 90 mL
of TSB solution and similarly grown for 18 h to prepare the preculture.
The entire (100 mL) preculture was added to a 3 L fermentor
(BIOFLO 110, New Brunswick Scientific, Edison, NJ) with 1 L of
medium and agitated at 600 rpm with two six-blade turbines. The pH
was maintained at 6.2 + 0.1 by automatic addition of 1 N H,SO, or
NaOH. The dissolved oxygen concentration was kept at 10% (+3%)
by controlled bubbling of pure oxygen; the temperature was controlled
at 320 + 0.1 °C. The fermentation medium contained 100 g/L
glycerol, 6 g/L KH,PO,, 5.73 g/L NH,Cl, 5 g/L yeast extract, 5 g/L
peptone, 1.5 g/L NaCl, 0.9 g/L MgSO,-7H,0, 0.1 g/L FeSO,7H,0,
0.03 g/L CaCl,-2H,0, 0.03 g/L MnCl,-4H,0, and 2 mL/L of a trace
element solution. The trace element solution had 0.75 g/L MnSO,:
H,0, 0.75 g/L ZnSO,7H,0, 0.15 g/L H,BO,, 0.08 g/L FeCl,-6H,0,
0.08 g/L CoCl,-6H,0, 0.075 g/L CuSO,-SH,0, and 0.05 g/L
Na,MoO,.

The rhamnolipids produced in the fermentation broth were mainly
RhL-1 and RhL-3. A glass chromatography column (600 X S0 mm
inner diameter) was used for separation of RhL-1 and RhL-3. The
height of silica gel in the column was about 500 mm. The mobile
phase was a chloroform/methanol/water (100:23:3, v/v/v) mixture.
The column was flushed with about 1.4 L mobile phase. The eluate
was collected in 40 consecutive fractions of 25 mL. The 40 fractions
were air-dried separately. RhL-1 was in the fractions 3—15, and RhL-3
was in the fractions 17—35, which was confirmed with HPLC—MS
analysis.

Generation of Free Diacids from Rhamnolipids. Free diacids
were generated in two steps: ethyl diacids were first formed and then
hydrolyzed to free diacids, according to the route shown in Figure 2.
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Figure 2. Reaction scheme for generating ethyl diacids from RhL-3, illustrated with R—R—C,(—C, as the structural example.
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Figure 3. Total ion chromatograms from HPLC—MS analysis of samples during the generation of ethyl diacids from RhL-3.

For the production of ethyl diacids, 100 mg of RhL-3 and S mL of
ethanol were charged into a 20 mL glass vial. Then, 0.2 mL of sulfuric
acid was added dropwise. The mixture was reacted for 4 h in a 70 °C
shaking water bath operating at 150 rpm. The reaction progress was
followed by taking samples (typically SO uL) at 0.5, 1.0, 1.5, 2.0, and
4.0 h. The sulfuric acid in these samples was neutralized by the
addition of 100 uL of saturated aqueous solution of sodium
bicarbonate. The neutralized samples were dried and extracted with
ethyl acetate. The ethyl acetate phase was collected and dried, and the
residue was redissolved in 95% methanol in water and then subjected
to HPLC—MS analysis, which was performed with an isocratic flow
(0.4 mL/min) of the following mobile phase: methanol/4 mM
aqueous ammonium acetate (95:5).

Free diacids were then obtained in the second reaction step, by
hydrolysis of the ethyl diacids with an aqueous sodium hydroxide
solution. Typically, 2.5 mL of ethyl diacid solution (10 mg/mL in
ethanol) was mixed with 1.5 mL of water. Then, 1 mL of sodium
hydroxide stock solution (10 mg/mL in water) was added. The
reaction mixture was shaken at 150 rpm and 25 °C for 2 h. The
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mixture was then neutralized with acetic acid, dried, and extracted with
ethyl acetate to remove the remaining salt. The synthesized free
diacids in the ethyl acetate extract were characterized by MS analysis
with the following conditions: positive mode; gas flow pressure, 10 psi;
gas flow rate, 8 mL/min; drying gas temperature, 310 °C; target m/z,
381; trap drive, 100%; compound stability, 100%; and under the
normal-mode optimization.

Conversion of RhL-1 and RhL-3 to RhL-2 and RhL-4. A total of
100 mg of RhL-3 (or RhL-1) and S mL of aqueous NaOH solution
(40 g/L) were reacted in a 20 mL glass vial for 4 h at 25 °C in a shaker
operating at 150 rpm. Samples (S0 uL each) were taken at 0.5, 1.0, 1.5,
2.0, and 4.0 h and neutralized with 50 yL of anhydrous acetic acid. The
samples were dried and then dissolved with 40% methanol in water for
HPLC—MS analysis. The mobile phase used for these samples was a
gradient of (A) methanol and (B) 4 mM aqueous ammonium acetate
according to the following: a S min isocratic hold at 40% A, a 20 min
gradient to increase A from 40 to 95%, a 10 min isocratic hold at 95%
A, a 15 min gradient to decrease A from 95 to 40%, and a S min
isocratic hold at 40% A. The total run time was 55 min for each
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Figure 4. MS spectra for some isolated peaks shown in Figure 3, confirming the structures of the RhL-3 reactants and the five ethyl diacid products.

sample. MS analysis was in the negative mode, while other operating
parameters were as described previously.

Enzymatic Conversion of RhL-3 to RhL-1. Into a 20 mL glass
vial, S mL of RhL-3 solution (0.5 mg/mL in water) and S mL of
enzyme solution (cellulase or cellobiase in 0.05 M citrate buffer at pH
4.8) were added. For cellulase, the concentration was 1 mg/mL (8.9
units/mL), assayed with cellulose as the substrate at pH 5.0 and 37 °C
for 2 h of incubation time; 1.0 unit liberates 1.0 ymol/min glucose
from cellulose. For cellobiase, the enzyme solution was prepared by
adding SO uL of cellobiase to 5 mL of citrate buffer. The reaction
mixture was shaken at 150 rpm and 37 °C for 24 h. Samples (1 mL)
were taken at 6 and 24 h. The samples were dried and redissolved in
acetonitrile/water (40:60) for HPLC—MS analysis. The mobile phase
used for these samples was a gradient of (A) acetonitrile and (B) 4
mM aqueous ammonium acetate according to the following: a 3 min
isocratic hold at 40% A, a 17 min gradient to increase A from 40 to
95%, and a 10 min isocratic hold at 95% A. MS analysis was conducted
in the negative mode as described previously.

Anti-zoospore Test. P. sojae was cultured on V8 juice agar.
Zoospores were obtained by washing a 7-day-old plate culture with tap
water, once every 30 min for a total of 6 h. Multiple 2 mL plastic tubes
were used for the anti-zoospore test. Each tube was filled with 100 uL
of rhamnolipid solution that had a concentration varying among 20,
40, 60, 80, 100, 120, 160, and 250 mg/L. A total of 50 yL of water and
50 uL of zoospore suspension were added to the tubes. The zoospore
suspension had about 1 X 10° zoospores/mL as measured by counting
with a hemocytometer under a light microscope coupled with a DP71
digital camera (Olympus America, Inc., Center Valley, PA).
Immediately after the addition of zoospores, the tube was gently
swirled for mixing for 5 s, followed by extraction of one drop of the
mixture and placement on a glass slide for observation of zoospore
motility under the microscope. The critical anti-zoospore concen-
tration was defined in this study as the lowest rhamnolipid
concentration at which the motility of all observed zoospores was
stopped.
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B RESULTS AND DISCUSSION

Generation of Free Diacids from Rhamnolipids. There
are several hypotheses as to why bacteria produce rhamnoli-
pids."”~>' None assumes that rhamnolipids are specifically
produced to kill fungal zoospores.'*">' The mechanism of the
anti-zoospore effects of rhamnolipids is poorly understood.
There have been no studies on the correlation of rhamnolipid
molecular structures with their anti-zoospore effects. It was
recognized at an early stage of this study that the structures of
the diacid residue of RhL-1 and RhL-3 are somewhat similar to
another class of biosurfactants, corynomycolic acids, which also
have branched p-hydroxyl fatty acid structures.”>”>* On the
other hand, other well-known biosurfactants, such as
sophorolipids and surfactin, which have no strong anti-
zoospore properties,” do not have the diacid structure. It was
therefore hypothesized that, upon initial breakdown of
rhamnolipids in natural environments, the free diacids
generated may play a role in lysing zoospores (and/or other
biological activities). If so, the anti-zoospore and/or other
biological activities of the diacids may offer some longer term
benefits to the rhamnolipid-producing bacteria, such as P.
aeruginosa. Free diacids were therefore synthesized from
rhamnolipids for the later anti-zoospore evaluation.

The reaction scheme for production of ethyl diacids from
RhL3 precursors is shown in Figure 2. The total ion spectra
from HPLC—MS analysis of the samples taken along the
reaction of ethyl diacid production are shown in Figure 3. In
the negative detection mode, RhL-3, with the free carboxyl
group, is expected to give a strong signal. This is seen with the 0
h sample, as the large peak at the retention time of 4.5—5.5
min. The isolated mass spectrum for this large RhL-3 peak is
given in Figure 4, showing three major structures: R—R—C—
Cg R—R—Cy—C,(, and R—-R—C,y—C,. In fact, five groups of

DOI: 10.1021/acs jafc.5b00033
J. Agric. Food Chem. 2015, 63, 3367—3376


http://dx.doi.org/10.1021/acs.jafc.5b00033

Journal of Agricultural and Food Chemistry

Table 1. Components of RhL-1—RhL-4 and the Free Diacids Detected in this Study

RhL-1 from fermentation
R—Cy—C; or R—C4—C
R—C;4—Cygq or R—Cyp,—Cyp
R—-C,—Cyo
R—Cyp—Cjy or R=Cy,;—Cy or R—C,(,;—C,, or R—C(,—Cy
R-C,y—C,, or R—-C,—C,,

RhL-3 from fermentation

R—R—-C,y—C;s or R—-R—C3;—C,,

R—R—-C,;—C,y,; or R—R—C,,,,—C,

R—R-Cy—C,y

R—R-C,,—C,,,; or R-R—C,,,,—C,, or R—R—C,(,,—C,, or R—-R—C},—C,,,
R-R-C,,—C,, or R-R—-C,,—C,,

RhL-4 (produced from

RhL-2 (produced from RhL-1)
R—C,
R-Cyo
R-C),

diacids (produced from RhL-3 and RhL-1/RhL-3

RhL-3) mixture)
R—R-C4 Co—Cy or Cg—Cyy
R—-R-C,y Ci9=Cioa or Cy01=Cyo
R-R-Cj, C10—Cuo

C1o=Cia o1 Cip,—Cyg 0r Cyp,—Cyp 0r C1;—Cy,
Cjp—Cyy or Cp,—Cyy
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Figure 5. Total ion chromatograms from HPLC—MS analysis of samples from the hydrolysis reaction of (A) RhL-3 to RhL-4 and (B) RhL-1 to
RhL-2.
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Figure 6. (A—F) MS spectra for the isolated product peaks, shown in Figure S.

structures have been detected in RhL-3 produced in our
laboratory, as given in Table 1. They are more clearly shown in
Figures 5 and 7 in later sections. The two smaller groups of
congeners are not apparent in this spectrum for the isolated
peak.

In the negative-mode spectrum for the sample taken after 0.5
h of reaction, a group of new signals, labeled as 1—4 in Figure 3,
appears in the retention time range of 8.5—11.5 min. According
to their mass spectra, the new signals correspond to the
ethylated rhamnolipids: (1) ethyl R—R—C,,—Cg, (2) ethyl R—
R—C,;—Cyy, (3) ethyl R—-R—C,(—C,,,, and (4) ethyl R—R—
C,o—Cy,. Among the five detectable structures in RhL-3, the
group of R—R—C;;—C,y,, and R—R—-C,,,,—C, is present in
the smallest quantity; the ethylated rhamnolipid of this group is
not seen in the negative-mode spectra in Figure 3.

The above four new peaks are seen to decrease in intensity
with a longer reaction time and nearly disappear after 4.0 h.
The results indicate that rhamnolipid ethylation is a fast
reaction and the ethyl rhamnolipids formed are further
converted to other products. These final products are more
clearly seen in the positive-mode spectra in Figure 3. In the
positive-mode spectrum for the 0 h sample, the signal of RhL-3
is much weaker than the signal in the negative-mode spectrum.
However, more new peaks appear in the positive-mode
spectrum for the 0.5 h sample. These peaks correspond to
not only the ethyl rhamnolipids, which give strong signals at
both negative and positive modes, but also the ethyl diacids
formed by the reaction. For the 4.0 h sample, five peaks, labeled
as a—e, remain in the positive-mode spectrum. These peaks are
from the five synthesized ethyl diacids, as confirmed by the
corresponding mass spectra shown in Figure 4 for the five
isolated peaks.

Structures of the free diacids subsequently obtained by
hydrolysis of the ethyl diacids with sodium hydroxide are
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summarized in Table 1. The synthesized free diacids were used
in the later anti-zoospore study.

Besides ethyl diacids, rhamnose can be obtained as a
byproduct. The production of rhamnose by sulfuric acid
hydrolysis of rhamnolipids has been reported***° and is not
investigated in detail here. Currently, the commercial rhamnose
is obtained through an extraction and hydrolysis process.***°
Rhamnose-containing materials are first extracted from plant
materials, such as oak bark and citrus peels. Rhamnose is then
produced by hydrolyzing these extracts. This labor-intensive
process needs toxic, corrosive chemicals and produces
undesirable waste products. The co-production of rhamnose
from rhamnolipids represents an alternative route.

RhL-3 was used as the starting material to generate free
diacid for easier tracking of the progress of reactions involving
more manageable numbers of rhamnolipids and ethyl
rhamnolipids. However, RhL-1 and RhL-3 have the same
fatty acid residue (Table 1), and the diacids can be obtained
from the mixture of RhL-1 and RhL-3. This process of
generating diacids directly from the rhamnolipid mixture
collected from fermentation, without the preceding chromato-
graphic separation into RhL-1 and RhL-3, was also carried out
in this study. The ethyl diacids obtained have the same final
HPLC—MS positive-mode spectrum as that in Figure 3 (data
not shown).

Generation of RhL-2 and RhL-4 from RhL-1 and RhL-3.
RhL-2 and RhL-4, with one f-hydroxyalkanoic acid as the
hydrophobic moiety, have been reported to be produced in the
bacterial fermentation but typically make up very small fractions
of the rhamnolipid mixtures.'”'® In the rhamnolipids produced
in our laboratory, the contents of RhL-2 and RhL-4 are very
low, not observed in our MS analysis. RhL-1 and RhL-3, with
two ester-linked f-hydroxyalkanoic acids as the hydrophobic

moiety, are the most common groups of rhamnolipids. These
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Figure 7. Total ion chromatograms from HPLC—MS analysis of samples from the cellobiase-catalyzed conversion of RhL-3 to RhL-1.

were the groups studied for rhamnose production and anti-
zoospore effects in previous literature reports.7’25 It was
desirable to evaluate the anti-zoospore effect of RhL-2 and
RhL-4, as compared to that of RhL-1 and RhL-3. The results
might provide some insights into the potential importance of
the unique diacid structure in rhamnolipids to the biological
activities of the biosurfactants. In addition, if RhL-2 and RhL-4
would be found to have superior anti-zoospore property, there
might be advantages to tailor the bacterial strain and
fermentation conditions to produce RhL-2 and RhL-4, instead
of RhL-1 and RhL-3. For example, RhL-2 and RhL-4 have
smaller molecular weights than RhL-1 and RhL-3. The molar
yield of RhL-2 and RhL-4 can be higher from the same amount
of substrate.

RhL-1 and RhL-3 were hydrolyzed with sodium hydroxide to
produce RhL-2 and RhL-4. The progress of the hydrolysis
reaction is illustrated by the HPLC—MS results shown in
Figure 5 for the samples taken at 0, 0.5, 1.0, 2.0, and 4.0 h. For
the 0 h samples, the peaks numbered as 1—5 correspond to the
five major structures in RhL-3 and those numbered as 6—10
correspond to the five structures in RhL-1. These structures are
summarized in Table 1. As shown in Figure SA, with increasing
reaction time, peaks 1—5 of RhL-3 all decrease in intensity
simultaneously and three new peaks, labeled as a—c, appear in
the spectrum for the 4.0 h sample. The mass spectra
corresponding to peaks a—c are shown in panels A—C of
Figure 6, confirming that these new peaks formed are
dirhamnolipids with the RhL-4 structure, i.e, R—R—Cgz R—
R—-C,p, and R—R—C,,. Similarly, three new peaks d—f are

3373

formed from hydrolysis of RhL-1, as shown in Figure SB, and
their corresponding mass spectra are shown in panels D—F of
Figure 6, confirming that the new compounds produced are
monorhamnolipids with the RhL-2 structure, i.e, R—Cg R—
C,p and R—C,,. There are other possible RhL-2 and RhL-4
structures (i.e., R—C,o,;, R—Cy5,;, R—R—C,,;, and R—R—Cj,,;)
in addition to the three RhL-2 rhamnolipids formed from
hydrolysis of RhL-1 and the three RhL-4 rhamnolipids from
RhL-3. However, these structures are not seen in the product
spectra. It should be noted that the broad signal appearing
around 16—18 min of retention time in both panels A and B of
Figure S (except for the 0 h starting reactants of RhL-3 and
RhL-1) is from the sodium acetate present in the reaction
mixture samples. The final reaction mixture required further
purification techniques to collect only the RhL-2 and RhL-4
produced. Purification was performed by silica column
chromatography, to remove the salt and hydroxyl fatty acids
(see part 3 of the Supporting Information). The hydroxyl fatty
acids collected were analyzed, and their structures were
confirmed by MS (see part 3 of the Supporting Information).
RhL-2 and RhL-4 thus produced were used in the later anti-
zoospore tests. Industrial uses of the hydroxyl fatty acids
obtainable from this simple base-catalyzed hydrolysis poten-
tially improve the overall process economics of rhamnolipid
production and applications.

Enzymatic Conversion of RhL-3 to RhL-1. Rhamnolipids
mostly include RhL-1 and RhL-3, and the ratio of RhL-1/RhL-
3 affects the rhamnolipid mixture physical properties. The
monorhamnose RhL-1 is less hydrophilic than its dirhamnose
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Figure 8. MS spectra for the isolated product peaks a and b in Figure 7.

RhL-3 counterpart with the same fatty acid residue.
Accordingly, the critical micelle concentration (cmc) of RhL-
1 is usually lower than that of RhL-3. For example, at pH 7, the
cmc of RhL-1 is about 0.035 mM, while that of RhL-3 is about
0.110 mM.***’"*° These different properties might make
different rhamnolipid mixtures more suitable for different
applications. There are several ways to alter the ratio of RhL-1/
RhL-3. This ratio varies with the fermentation conditions.>*"
For example, mixtures of higher RhL-1 contents can be
produced using vegetable oil as the carbon source in the
fermentation.>® The disadvantage is that the total yield of
rhamnolipids also changes significantly with different fermenta-
tion substrates and/or conditions. A second approach is to first
separate RhL-1 and RhL-3 and then blend them at different
ratios, but the initial separation cost is high, usually relying on
silica column chromatography. In current work, an enzymatic
method was studied to convert RhL-3 to RhL-1. The enzymatic
method not only suggests a way to tailor this ratio but also
provides valuable information on the breakage of the glycosidic
bond in RhL-3 in vitro with an enzyme as the catalyst. The
latter is helpful to the understanding of the degradation of
rhamnolipids in nature.

Both cellulase and cellobiase (f-glucosidase, EC 3.2.1.21)
were tested for converting RhL-3 to RhL-1. No RhL-3
conversion could be detected with the cellulase alone. It is
possible that the f-glucosidase activity was too low in the
cellulase preparation used for this study. Note that j-
glucosidase activity is mainly responsible for the intended
hydrolysis of R—R disaccharide in RhL-3. On the other hand,
RhL-3 hydrolysis was observed to take place with the cellobiase
as the catalyst, as shown in Figure 7, in which RhL-3
rhamnolipids appear as a group of peaks 1 (and 1’)—S, similar
to those in earlier figures. However, here, peak 1, which in
earlier figures was described as the structure R—R—C;,—Cq
without differentiation of the order of the two fatty acid
residues C;y and Cg, can clearly be seen to consist of two
overlapping peaks. Peak 1’, which appears slightly earlier, has
the structure of R—R—C(—Cg, and the following peak 1 is R—
R—C3—Cy as confirmed by MS analysis. With increasing
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reaction time, up to 24 h, the intensities of peaks 1 and 1’ are
seen to clearly decrease but not the intensities of other peaks
2—S. Furthermore, two new peaks a and b appear and increase
in intensity with the progress of reaction. The mass spectra for
these new peaks a and b are shown in Figure 8, indicating that
peak a is a combination of R—C;;—Cgz and R—Cg—C,, and peak
b is R—C(—C,(. According to the product peaks formed, R—
R-C,,—Cs R—R—-C4—C,;, and R—R—C,;—C,, were hydro-
lyzed by cellobiase to their corresponding monorhamnolipid
counterparts, while no conversion was detected for R—R—C,—
Cyy,q and R—R—C,,—C;,. The conversions of R—R—Cg—C,,
and R—R—C(—C; appear to be the most significant, with the
R—R—Cy—C, conversion likely being faster. This is supported
by two observations: the intensity of fragment R—Cg—C,, (m/z
305) is stronger than that of fragment R—C,,—Cg (m/z 329) in
Figure 8A, and peak 1 intensity decreases faster than peak 1’
intensity in Figure 7. It is possible that the enzymatic
conversion is related to the fatty acid chain length. R—R—
C4—C, and R—R—C;,—C; have the shortest chain length and
are hydrolyzed the most. R—R—C,(—C, is also hydrolyzed.
The longest fatty acid chains in R—R—C,y—C},,; and R—R—
C,o—C,, might have affected the affinity of these rhamnolipids
for the active site of the enzyme. Cellobiase is supposed to act
on the cellobiose released during enzymatic breakdown of
cellulose. Rhamnose is not present in usual cellulose. The
observed results of RhL-3 conversion with cellobiase suggest
that the enzyme can also hydrolyze the dirhamnose residue of
RhL-3 but not those with fatty acid residues longer than C,y—
Cuo

Anti-zoospore Tests. RhL-1-RhL-4 and the synthesized
diacids were investigated for their anti-zoospore effects. The
results are shown in Table 2. RhL-1—RhL-4 have similar anti-
zoospore effects, although RhL-1 appears to be most potent.
This is inconsistent with the previous reg)ort that RhL-3 has
better anti-zoospore property than RhL-1.”* The discrepancies
might arise from different choices for zoospores and different
rhamnolipid compositions used in the various studies. More
importantly, RhL-2 and RhL-4 are found to have anti-zoospore
effects similar to RhL-1 and RhL-3. This finding sheds some
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Table 2. Anti-zoospore Effects of RhL-1—RhL-4 and the
Diacids Evaluated at Different Concentrations”

concentration (mg/L) 20 30 40 SO 125

RhL-1
RhL-2
RhL-3
RhL-4
diacids (e.g,, C,q—Cy)

a«_»

* ¥ ¥ ¥
* ¥ ¥ ¥
* ¥ ¥ ¥
* % ¥ ¥
* % X ¥ ¥

, moving zoospores were observable; “x”, all zoospores ceased
moving; most were lysed.

light on the anti-zoospore mechanism of rhamnolipids. It does
not support the hypothesis that the unique diacid structure of
rhamnolipids plays a critical role in the anti-zoospore effect.

A wide range of cmc has been reported for rhamnolipid
mixtures, because of the varying structures, e.g., 5—40 mg/L for
RhL-1 and RhL-3 with two hydrophobic tails and around 200
mg/L for RhL-2 and RhL-4 with only one hydrophobic tail.**
In this study, the critical anti-zoospore concentrations to stop
movement of all zoospores for RhL-1—RhL-4 are found to be
in the range of 20—40 mg/L (Table 2), which are much lower
than the cmc of about 200 mg/L for RhL-2 and RhL-4.
Therefore, while micelles might be present in the test solutions
of RhL-1 and RhL-3 at their critical anti-zoospore concen-
trations, micelles were unlikely to be formed in the test
solutions of RhL-2 and RhL-4 at those concentrations (30 and
40 mg/L). The finding implies that micelle formation and the
associated solubilization of membrane lipids or other hydro-
phobic cell components are not an essential mechanism
responsible for the anti-zoospore effect.

The diacids also exhibit the anti-zoospore effect (Table 2).
The diacids are more effective against zoospores than most of
the other biosurfactants tested in the literature;’ more than
1000 mg/L of those biosurfactants (sophorolipids, trehalose
lipid, and surfactin) are required to totally cease zoospore
movement,” while approximately 125 mg/L diacids are
required. Diacids are more hydrophobic and less soluble than
RhL-1—-RhL-4. The diacids make a clear solution in water at
100 mg/L but form a slightly white, turbid suspension at 1000
mg/L. The hydrophobicity of the diacids might affect their
interactions with the surface of zoospores; the rhamnose
residue in rhamnolipids lowers this hydrophobicity and
significantly enhances the anti-zoospore effect of the bio-
surfactants. Overall, the results indicate that rhamnolipids are
very effective against the zoospores of P. sojae and that, when
applied to natural environments, the degradation intermediates,
including RhL-2 and RhL-4 (which have lost one fatty acid
residue) and the free diacids separated from the rhamnose
residue, can continue to exert the anti-zoospore effect.

In summary, although RhL-1 and RhL-3 are produced in
large quantities in P. aeruginosa fermentation, RhL-2 and RhL-4
and the free diacids can be synthesized from RhL-1 and RhL-3
using the methods developed in this study. Rhamnose, a
valuable co-product, can be obtained from some of the
conversion reactions developed. f-Hydroxy fatty acids can
also be produced when generating RhL-2 and RhL-4 from RhL-
1 and RhL-3. The possibility of adjusting the ratio of RhL-1/
RhL-3 in the rhamnolipid mixture to better suit the specific
application is further demonstrated using the cellobiase enzyme
as a catalyst, and the enzyme is shown to have higher selectivity
toward dirhamnolipids with shorter fatty acid chains. RhL-1—
RhL-4 and the free diacids are all found to be very eftective in
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damaging the zoospores of P. sojae, with RhL-1 being the most
effective and the diacids the least effective among them. The
results indicate that the combined structure of S-hydroxy fatty
acid and sugar significantly enhances the anti-zoospore effect.
This finding may be helpful to the further development of anti-
zoospore chemicals. These results also indicate that, when
applied to natural environments, the degradation intermediates,
including the RhL-2 and RhL-4 that have lost one fatty acid
residue (from RhL-1 and RhL-3) and the free diacids separated
from the rhamnose residue, can all continue to exert the anti-
zoospore effect.

B ASSOCIATED CONTENT

© Supporting Information

Mass spectra of ethyl rhamnolipids (part 1), proton nuclear
magnetic resonance ("H NMR) of ethyl diacids and free diacids
(part 2), and mass spectra of hydroxyl fatty acids (part 3). This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Telephone: 330-972-7252. Fax: 330-972-5856. E-mail:
lukeju@uakron.edu.

Funding

This work was supported by grants from the U.S. Department
of Agriculture under the Biomass Research and Development
Initiative (Award 2009-10001-05112), the U.S. Department of
Transportation, Office of the Secretary (Grant DTOS59-07-G-
00050), and the Ohio Soybean Council (Project 13-2-17).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are very grateful to Dr. Paul F. Morris of Bowling
Green State University (Bowling Green, OH) for providing the
P. sojae seed culture and the detailed instructions and
demonstration on culturing and forming zoospores. The
authors thank Krutika Invally and Jacob Kohl for helping to
take zoospore photos.

B REFERENCES

(1) Ohio Soybean Industry Overview; http://www.soyohio.org
(accessed March 3, 2015).

(2) Canaday, C.; Schmitthenner, A. Effects of chloride and
ammonium salts on the incidence of phytophthora root and stem
rot of soybean. Plant Dis. 2010, 94, 758—765.

(3) Lee, S.; Mian, M. R; Mchale, L. K; Wang, H.; Wijeratne, A. J;
Sneller, C. H.; Dorrance, A. E. Novel quantitative trait loci for partial
resistance to Phytophthora sojae in soybean PI 398841. Theor. Appl.
Genet. 2013, 126, 1121-1132.

(4) Yousef, L. F.; Wojno, M.; Dick, W. A,; Dick, R. P. Lipid profiling
of the soybean pathogen Phytophthora sojae using fatty acid methyl
esters (FAMEs). Fungal Biol. 2012, 116, 613—619.

(5) Dorrance, A. E; Mills, D.; Robertson, A. E.; Draper, M. A;
Giesler, L.; Tenuta, A. Phytophthora root and stem rot of soybean.
Plant Health Instr. 2007, DOI: 10.1094/PHI-I-2007-0830-07.

(6) Tyler, B. M. Phytophthora sojae: Root rot pathogen of soybean
and model oomycete. Mol. Plant Pathol. 2007, 8, 1-8.

(7) Stanghellini, M. E.; Miller, R. M. Biosurfactants, their identity and
potential efficacy in the biological control of zoosporic plant
pathogens. Plant Dis. 1997, 81, 4—12.

DOI: 10.1021/acs jafc.5b00033
J. Agric. Food Chem. 2015, 63, 3367—3376


http://pubs.acs.org
http://pubs.acs.org
mailto:lukeju@uakron.edu
http://www.soyohio.org
http://dx.doi.org/10.1021/acs.jafc.5b00033

Journal of Agricultural and Food Chemistry

(8) Sha, R; Jiang, L.; Meng, Q.; Zhang, G.; Song, Z. Producing cell-
free culture broth of rhamnolipids as a cost-effective fungicide against
plant pathogens. J. Basic Microb. 2012, 52, 458—466.

(9) Foley, P.; Beach, E. S; Zimmerman, ]J. B. Derivation and
synthesis of renewable surfactants. Chem. Soc. Rev. 2012, 41, 1499—
1518.

(10) Heyd, M.; Franzreb, M.; Berensmeier, S. Continuous
rhamnolipid production with integrated product removal by foam
fractionation and magnetic separation of immobilized Pseudomonas
aeruginosa. Biotechnol. Prog. 2011, 27, 706—716.

(11) Banat, I. M.; Makkar, R. S.; Cameotra, S. Potential commercial
applications of microbial surfactants. Appl. Microbiol. Biotechnol. 2000,
53, 495-508.

(12) Wu, J.-Y; Yeh, K-L; Lu, W.-B; Lin, C.-L; Chang, J.-S.
Rhamnolipid production with indigenous Pseudomonas aeruginosa
EM1 isolated from oil-contaminated site. Bioresour. Technol. 2008, 99,
1157—-1164.

(13) Wen, J; Stacey, S. P.; Mclaughlin, M. J; Kirby, J. K.
Biodegradation of rhamnolipid, EDTA and citric acid in cadmium
and zinc contaminated soils. Soil Biol. Biochem. 2009, 41, 2214—2221.

(14) Frank, N.; Lifiner, A.; Winkelmann, M.; Hiittl, R.; Mertens, F.
O.; Kaschabek, S. R;; Schlémann, M. Degradation of selected (bio-)
surfactants by bacterial cultures monitored by calorimetric methods.
Biodegradation 2010, 21, 179—191.

(15) Heyd, M.; Kohnert, A.; Tan, T.-H.; Nusser, M.; Kirschhofer, F.;
Brenner-Weiss, G.; Franzreb, M.; Berensmeier, S. Development and
trends of biosurfactant analysis and purification using rhamnolipids as
an example. Anal. Bioanal. Chem. 2008, 391, 1579—1590.

(16) Haba, E.; Pinazo, A.; Jauregui, O.; Espuny, M.; Infante, M. R;;
Manresa, A. Physicochemical characterization and antimicrobial
properties of rhamnolipids produced by Pseudomonas aeruginosa
47T2 NCBIM 40044. Biotechnol. Bioeng. 2003, 81, 316—322.

(17) Trummler, K; Effenberger, F.; Syldatk, C. An integrated
microbial/enzymatic process for production of rhamnolipids and L-
(+)-rhamnose from rapeseed oil with Pseudomonas sp. DSM 2874. Eur.
J. Lipid Sci. Technol. 2003, 105, 563—571.

(18) Lang, S; Waullbrandt, D. Rhamnose lipids—Biosynthesis,
microbial production and application potential. Appl. Microbiol.
Biotechnol. 1999, S1, 22—32.

(19) Ron, E. Z; Rosenberg, E. Natural roles of biosurfactants.
Environ. Microbiol. 2001, 3, 229—236.

(20) Abdel-Mawgoud, A. M.; Lépine, F.; Déziel, E. Rhamnolipids:
Diversity of structures, microbial origins and roles. Appl. Microbiol.
Biotechnol. 2010, 86, 1323—1336.

(21) Maier, R. M. Biosurfactants: Evolution and diversity in bacteria.
Adv. Appl. Microbiol. 2003, 52, 101—121.

(22) Gastambide-Odier, M.; Lederer, E. Biosynthesis of corynomy-
colic acid from two molecules of palmitic acid. Nature 1959, 184,
1563—1564.

(23) Wang, H. Solution and interfacial characterization of
rhamnolipid biosurfactants and their synthetic analogues. Ph.D.
Thesis, Department of Chemistry and Biochemistry, University of
Arizona, Tucson, AZ, 2011.

(24) Rosenberg, E.; Ron, E. High-and low-molecular-mass microbial
surfactants. Appl. Microbiol. Biotechnol. 1999, 52, 154—162.

(25) Linhardt, R. J.; Bakhit, R;; Daniels, L.; Mayer], F.; Pickenhagen,
W. Microbially produced rhamnolipid as a source of rhamnose.
Biotechnol. Bioeng. 1989, 33, 365—368.

(26) Giani, C.; Wullbrandt, D.; Rothert, R.; Meiwes, J. Pseudomonas
aeruginosa and its use in a process for the biotechnological preparation
of L-rhamnose. U.S. Patent 5,658,793, 1997.

(27) Sanchez, M.; Aranda, F. J.; Espuny, M. J.; Marqués, A.; Teruel, J.
A; Manresa, A; Ortiz, A. Aggregation behaviour of a dirhamnolipid
biosurfactant secreted by Pseudomonas aeruginosa in aqueous media. J.
Colloid Interface Sci. 2007, 307, 246—253.

(28) Parra, J.; Guinea, J.; Manresa, M.; Robert, M.; Mercade, M.;
Comelles, F.; Bosch, M. Chemical characterization and physicochem-
ical behavior of biosurfactants. J. Am. Oil Chem. Soc. 1989, 66, 141—
14S.

3376

(29) Lebrén-Paler, A. Solution and interfacial characterization of
rhamnolipid biosurfactant from P. aeruginosa ATCC 9027. Ph.D.
Thesis, Department of Chemistry, University of Arizona, Tucson, AZ,
2008.

(30) Lotfabad, T. B.; Abassi, H.; Ahmadkhaniha, R.; Roostaazad, R;
Masoomi, F.; Zahiri, H. S.; Ahmadian, G.; Vali, H,; Noghabi, K. A.
Structural characterization of a rhamnolipid-type biosurfactant
produced by Pseudomonas aeruginosa MROI: Enhancement of di-
rhamnolipid proportion using gamma irradiation. Colloids Surf, B
2010, 81, 397—40S.

(31) Abalos, A,; Pinazo, A; Infante, M.; Casals, M.; Garcia, F,;
Manresa, A. Physicochemical and antimicrobial properties of new
rhamnolipids produced by Pseudomonas aeruginosa AT10 from
soybean oil refinery wastes. Langmuir 2001, 17, 1367—1371.

(32) Nitschke, M.; Costa, S. G.; Contiero, J. Rhamnolipid surfactants:
An update on the general aspects of these remarkable biomolecules.
Biotechnol. Prog. 2005, 21, 1593—1600.

DOI: 10.1021/acs jafc.5b00033
J. Agric. Food Chem. 2015, 63, 3367—3376


http://dx.doi.org/10.1021/acs.jafc.5b00033

