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Abstract

When cultured in medium limited of nitrogen sources, the phytopathogen Ustilago maydis pro-
duces two amphipathic glycolipids: Ustilagic acid (UA) and Mannosylerythritol lipid (MEL), which
in addition to the hydrophilic moiety, contain di- or tri-hydroxylated C;¢ fatty acids (UA), or Cg and
C16 saturated fatty acids (MEL). We compared the growth and morphology of cells in YPD and in
minimum media containing glucose and nitrogen sources such as nitrate or urea and those de-
prived of nitrogen. Nitrogen-starved cells showed a dramatic accumulation of internal lipids iden-
tified as lipid droplets when stained with the hydrophobic probe BODIPY; these lipid droplets
were enriched in unsaturated fatty acids. Fatty acids in YPD or medium containing nitrate as ni-
trogen source showed a combination of saturated/unsaturated lipids, but when urea was the ni-
trogen source, cells only contained saturated fatty acids. The glycolipid profiles produced in the
presence or absence of nitrogen showed preferences towards the production of one kind of glyco-
lipid: cells in media containing nitrate or urea produced different proportions of UA/MEL, but un-
der nitrogen starvation cells contained only UA. The emulsification capacity of the glycolipids pro-
duced in media with or without nitrogen was similar (72% - 76%). HPLC of the glycolipids allowed
the separation of fractions with different emulsifying characteristics. Our results indicate that U.
maydis accamulates lipid droplets when deprived of nitrogen source and confirm that UA is not
under nitrogen control, but rather that MEL and lipid droplets are produced and oppositely regu-
lated by nitrogen.
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1. Introduction

The yeast of Ustilago maydis produces extracellular glycolipids with surfactant activity that enhance the availa-
bility of hydrophobic nutrients during its interaction with the host [1] [2]. These biosurfactants are derivatives of
two classes of amphiphatic glycolipids: Ustilagic acid (UA) and Mannosylerythritol lipids (MEL). They are se-
creted into the extracellular media at the stationary phase when nitrogen becomes an environmental limitation
[3]. Their surfactant properties make this type of glycolipids very promising for commercial production in cos-
metic and pharmaceutical industry [4]-[6]. In recent years, several reports described enhanced yields of these
biosurfactants when U. maydis cells are grown in yeast hydrolysates, urea and nitrate or ammonium salts, as ni-
trogen sources, and using also multiple carbon sources such as glucose, sucrose, lipids and glycerol [7]-[9]. Dif-
ferent strains have been used for the production of glycolipids and the yield of the two glycolipids may be af-
fected by the availability of nitrogen source [10]. The biosynthesis of UA and MEL depends on specific gene
clusters [1] [11] [12]. For UA, cypl and cyp2 genes are required for terminal and subterminal hydroxylation of
hexadecanoic acid [12]. Mannosylerythritol lipids (MEL) are secreted in at least four different varieties (ABCD),
depending on the number of acetyl groups attached to the disaccharide [3]-[11] and a glycosyltransferase is es-
sential for the biosynthesis of MEL,; expression of this enzyme is strongly induced by limitations on nitrogen
availability [11]. To produce these glycolipids, U. maydis requires raw materials to synthesize the lipid and car-
bohydrate moieties. Different carbon sources have been used in an effort to attain high yields of these glycoli-
pids [3]-[9], but less attention has been placed on identifying the effect of nitrogen sources on the production of
glycolipids. When cells are limited in terms of their nitrogen sources, neutral lipids are accumulated as discrete
deposits, named lipid droplets (LD) [13] [14]. Moreover, when cells are switched from a rich media to a minim-
al medium lacking of nitrogen source, autophagy is induced to cope with the starvation condition [15]. In this
work, we studied the growth and morphology of U. maydis yeasts cultured in YPD and minimal media (MM)
containing glucose as carbon source without a nitrogen source (MM-N), or glucose under nitrogen limiting
conditions using nitrate (MM+N) or Urea (MM+U) as nitrogen sources. We also reported the presence of lipid
droplets, accumulation of unsaturated fatty acids and production of the biosurfactant Ustilagic acid (UA) in cells
deprived of nitrogen. Glycolipids profile was altered by the presence of nitrogen in the culture media, with the
production of mixtures of UA and MEL, and changes in the saturated/unsaturated fatty acids ratio. The emulsi-
fying capacity of glycolipids synthesized by cells grown either under nitrogen limiting conditions (nitrate or urea)
or deprived of nitrogen was also evaluated. This study confirmed that in contrast to MEL, UA is not under ni-
trogen control, and that U. maydis is a potential microorganism for the production of lipids for biofuels and bio-
surfactants in nitrogen deprived conditions.

2. Materials and Methods
2.1. Chemicals

All reagents were reactive or HPLC grade from JT Baker or Sigma Chem Co. Surfactin from Bacillus subtilis
was purchased from Sigma. BODIPY (4, 4-difluoro-3a, 4a,-diaza-s-indacene) 483/503 was from Invitrogen and
prepared as a 10 mM stock solution in DMSO and kept at —70°C. For assay of total lipids, a clinical kit was ob-
tained from Spinreact. TLC plates of Silica-Fluorescent gel 60 were from Merck.

2.2. Strain and Culture Condition

The Ustilago maydis ATCC 201384 FB2 strain was obtained from American Type Culture Collection and kept
in 25% glycerol at —70°C. Cells were streaked in YPD plates (10 g-L * glucose, 1.5 g-L"* ammonium nitrate, 2.5
g-L* peptone, 10 g-L ! yeast extract and 62.5 ml-L * of salt solution adjusted to pH 7.0 and agarose 2%), and
incubated at 28°C for 24 h. They were subsequently transferred to 100 ml YPD media and shaken at 125 rpm at
29°C by 24 h. This pre-culture was used as inoculum for all further experiments. Minimum media with nitrate



A. Zavala-Moreno et al.

(MM+N) contained 0.3% potassium nitrate, 1% glucose and 62.5 ml-L* of salts solution [16], adjusted to pH
7.0 with 1 N NaOH. The minimum media without a nitrogen source (MM—N) contained 1% glucose and salts
solution at pH 7.0. Minimum media with urea (MM+U) contained 1% glucose, 0.06% urea and same salts solu-
tion. The growth curve was determined by inoculating 50 ODgy in 1 L and incubated for 7 days in a rotary
shaker (125 rpm) at 29°C. Aliquots of 1 ml were taken to measure the growth of cells by optical density at 600
nm and the morphology of cells was monitored by light microscopy (100x) in 6 - 12 h time intervals during the
culture period. Statistical analysis was performed using Excel 2007. Data was analyzed using overall one-way
analysis of variance (ANOVA) and the differences observed were significant at P < 0.05.

2.3. Fluorescence Microscopy of Lipid Droplets in U. maydis Cells

For the determination of lipid droplets by fluorescense microscopy, aliquots were withdrawn during growth and
immediately treated as described in [17]. Briefly, aliquots of 5 ml of cellular suspension (10 ODgq,) were fixed
with 24% formaldehyde, centrifugated at 2500 g and washed with H,O milliQ (2x). Cells were re-suspended at
10U OD and 10 pl were mixed with 200 pl of 50 mM Kl and 5 pl of BODIPY. Cells were mounted onto a po-
lylysine treated glass slide. Microscopy was performed on Olympus 1x 81 at 100x oil immersion objective. The
captured images were analyzed using Image software.

2.4. Measurement of Total Lipids and Identification by GC/MS

Cultures were grown in the media of YPD, MM+N, MM-N and MM+U and cells harvested by centrifugation at
2500 g for 10 min. 40 mg of cells from each media (wet weight) were re-suspended in 300 pl of 50 mM HEPES
buffer pH 7.0 and equal mg of glass beads (0.5 mm, Biospec) were added and lyzed by vortexing for 10 cycles
of 1 min at 4°C. Lysed cells were separated by centrifugation at 2500 g for 15 min and the glass beads were
washed with 100 pl of the same HEPES buffer and spun. The total lysate was centrifuged at the same condition
to get the supernatant. Lipids were extracted using the final supernatant and mixed with chloroform/methanol/
water (65:25:4) solution. After shaking for 5 minutes, the organic phase was separated by centrifugation and the
solvent was evaporated under vacuum. Fatty acids were weighed and re-suspended in 1 ml of methanol. Ali-
quots of 5 pl were taken to analyze by gas chromatograph with a quadruple mass spectrometer in a JEOL GC
mate with an El+ ionization mode. The total lipids were measured with a clinical kit (SPINREACT) as indicated
by the manufacturer. This method is based in sulfo-phospho-vanillin reaction [18].

2.5. Isolation and Analysis of Glycolipids

After seven days of growth, all cultures were collected and centrifuged at 2500 g at 4°C. The media free of cells
was lyophilized to dryness, weighed and kept at room temperature in desiccator until used. One fraction of the
dried material (0.3 g) was dissolved in water. Ethyl acetate was added to a 1:1 ratio [1]. The organic phase was
collected repeating the procedure to the remaining aqueous phase. The organic phase containing the glycolipids
was rotary evaporated until we obtained a brownish sticky gum. A thin layer chromatography on silica plates
(Silica-Fluorescent gel 60, Merck) was used to separate the glycolipids present using a mobile phase of chloro-
form-methanol-water (65:25:4 v/v/v). Detection of glycolipids was done with a UV lamp at short wavelength, or
using a p-Anisaldehyde spray prepared by mixing 50 ml acetic acid, 1 ml of sulfuric acid and 0.5 ml of p-any-
saldehide. HPLC separation of the glycolipids was performed with a HPLC LC-10ATVP Shimadzu apparatus
and 10 um, 4.6 mm x 30 cm C18 p Bondapak column. A linear gradient was applied at a flow rate of 1 mL-
min™?, from 0% to 100% of solvent B (acetonitrile) in 5 min and then holding 15 min at 100% solvent B. Eluted
fractions were detected at 240 nm and analyzed for emulsifying capacity.

2.6. Emulsification Index Determination

The emulsification capacity was estimated according the emulsification index (E,4) as described in [19] with the
following modifications. One ml of kerosene was mixed (v/v) with 100 mg of the dried sample dissolved in 1 ml
of water in a flat bottom test tube and shaken at high speed for 2 minutes. After 24 hours, the height of the stable
emulsion layer was measured. The emulsion index E,, was calculated as the ratio of the height of the emulsion
layer and the total height of the liquid. As negative and positive controls, we used H,O/kerosene and 1 mg-mL ™
Surfactin/kerosene respectively. All data were expressed as percentages by the formula:
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Emulsion high (cm)

= - - 100
Total high of the solution (cm)

3. Results

The growth of U. maydis cells in different nitrogen media was followed for seven days and compared to a com-
plete rich YPD media. The case of MM media with no added nitrogen was also considered (MM—N). Significant
differences in the growth followed by optical density at 600 nm of the four cultures were observed when the ni-
trogen source was limiting or the cells were nitrogen-starved (Figure 1). Cells grown in YPD showed an expo-
nential phase during the first 24 h of incubation followed by a stationary phase that was reached slowly at 108 -
120 h of the growth curve. A similar behavior was observed for cells grown in MM containing nitrate as nitro-
gen source: cells reached the stationary phase around 144 h of the culture with an initial exponential phase
within the first 24 h of the growth. In the case of MM+U, the exponential growth rate was dilatory smaller than
the rates found for the other culture conditions, and this was associated with a low yield as well as the stationary
stage. Cells grown under nitrogen starvation (MM—N) show a short exponential phase followed by an early sta-
tionary phase; as expected, in this growth condition there was a smaller yield in biomass production. Biomass
was calculated using the ODggo and translated into cells mL™* (1 OD corresponds to 5 x 10° cells mL™). The
following values were obtained for the 5™ day of culture: YPD 11.6 x 10°, MM+N 8.7 x 10°, and MM-N (or
MM-+U) 6.5 x 10°. These results indicated that urea is a poor source of nitrogen for U. maydis and the stress
produced in the fungus is similar to the one observed in the absence of nitrogen source.

Cells were observed by light microscopy during the period of culture. Figure 2 shows cells at the fifth day.
Cells grown in YPD showed the characteristic cylindrical shape of U. maydis (Figure 2(A)). Yeasts cultured in
MM with nitrate presented multiple transversal dark septa along the main axis of the cell (Figure 2(B)). In
MM+U, cells showed irregular vesicles (Figure 2(C)) that increased in size when cells were incubated for long-
er times (data not shown).

Cells grown in glucose without nitrogen source showed round refractive bodies under light microscopy
(Figure 2(D)). Those cells were stained with the molecular probe BODIPY 493/503 which is specific for
cellular lipid droplets and stain-neutral lipids. Figure 3 shows cells cultured in MM-N (C, D) compared to
YPD grown cells (A, B) viewed under normal and fluorescence microscopy (100x magnifications). There was
a remarkable difference of accumulated neutral lipids in nitrogen starved and normal cells (Figure 3(B), Fig-
ure 3(D)). Discrete lipid deposits were more defined in starved cells than in YPD grown cells. The lipids
were extracted and measured as total lipids.
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Figure 1. U. maydis cells were grown in rich medium (YPD) and under
either nitrogen limitation or starvation, with glucose as carbon source.
All cultures were inoculated with 50 OD /L and shaked at 125 rpm for 7
days at 29°C. Yeast peptone dextrose medium (YPD ). Minimum
medium with nitrate (MM=—®). Minimum medium with urea (MM+U
——), Minimum medium without a nitrogen source (MM-N—4""),
Each culture was performed by triplicate. Significance value (P < 0.05).
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Figure 2. U. maydis cells micrographics taken at the fifth day of growth.
Light microscopy was performed at 100x with oil immersion objective.
A) Cells in YPD Medium. B) Cells growing in Minimum media with ni-
trate (MM). C) Minimum media with urea. D) Cells grown in Minimum
media without a nitrogen source (MM—N). All cells were cultured at
29°C, 125 rpm during 7 days.

Figure 3. Light and fluorescence microscopy of U. maydis cells. (A)-(C)
Cells cultured in YPD (upper panel) or MM-N (Lower panel) for 3 days
were viewed under light microscopy. (B)-(D) Same preparations showing
the accumulation of lipids (upper panel YPD; lower panel MM-N). For
light microscopy a 100x oil immersion objective was used. For fluores-
cence microscopy, BODYPI 495/593 was used as a probe for lipid bodies.

The amount of lipids accumulated by cells were: MM—N with 0.381 mg'mL %, followed by YPD cells (0.26
mg-mL ™), MM+N (0.19 mg'mL ') and MM+U with the lowest value (0.047 mg-mL ™) (Figure 4). Composition
of the fatty acids extracted from U. maydis grown in the four cultured media is presented in Table 1. Unsatu-
rated fatty acids C18:1 and C24:3 from cells cultured in YPD were around 64%, in MM+N only C18:1 was de-
tected in 54.9% and in cells deprived of nitrogen source, C16:1 and C18:1 overtake the 66.9%. The saturated li-
pids in all these cases corresponded to C16:0 and C18:0 in different proportions. Interestingly, in cells grown in
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MM+U the lipids were all saturated (99%). In all conditions a short fatty acid (C5:0) was present.
The glycolipids produced under nitrogen limitation or starvations were separated by TLC. As shown in Figure 5,
very few UA molecules and one band of MEL were produced in MM+N with 0.3% of potassium nitrate as a
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Figure 4. Total lipid concentration in cell extracts of U. maydis in the
different media, taken at the fifth day of growth. Bars show the mean + SD.

Table 1. Fatty acids (FA) detected by GC/MS.

YPD MM MM-N MM+U
R.T (min) FA % R.T (min) FA % R.T (min) FA % R.T (min) FA %
14.66 C5:0 75 14.66 C5:0 17.8 14.66 C5:0 6.3 14.65 C5:0 35.7
20.76 C16:0 137 20.84 C16:0 273 20.56 C16:1 7.5 20.67 C16:0 315
22.87 C18:1 313 22.96 C18:1 549 20.93 C16:0  26.7 22.98 C18:0 327
23.09 C18:0 131 23.08 C18:1 59.4
29.44 C24:3 325

Lipids were extracted with organic solvents from cells grown in each culture media as mentioned in methods.

Figure 5. Thin layer chromatography (TLC) of organic extract from cells cultured in different media. Minimum me-
dium with nitrate (MM). Minimum medium without a nitrogen source (MM—N). Minimum medium with urea as a ni-

trogen source (MM+U).
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nitrogen source. For cells grown in nitrogen-starved media (MM—N), high content of one class of UA molecules
was identified as a lower band, and in MM+U a mix of UA in lower concentration and different bands of MEL
were found.

The emulsification capacity of the glycolipids produced by nitrogen limitation or starved cells was evaluated
with kerosene and compared to emulsification by surfactin. As shown in Figure 6, the emulsification capacity of
the glycolipids produced in these three media gave an average of 72% with respect to the control.

The HPLC separation of glycolipids showed different distributions of hydrophobic compounds (Figure 7).
Fractions were collected and analyzed in terms of their emulsifying capacity. Next, HPLC fractions containing
glycolipids with emulsifying capacity were pooled.

For cells grown in MM+N, two main batches containing F4-5-6 and F10-11-12-13 were selected (Figure
8(A)). Glycolipid from MM—N was obtained just in one fraction (F7), although F14 also showed a small emul-
sifying capacity (Figure 8(B)). Surfactants produced during the growth in MM+U were pooled as F1-2, F5-6,
and F7-8 (Figure 8(C)). The emulsifying capacity of all fractions pooled from HPLC purification still remained
at the same average value of 72% as indicated in the bottom of Figure 8.

El= 0% El=100% El=72.41% FEI=76.66% El=72.41%

Negative Positive MM MM-N MM
CONTROLS - U

Figure 6. Emulsification capacity of glycolipids isolated from cells grown in different mimimal media. With nitrate
(MM+N); without a nitrogen source (MM—N); with urea (MM+U). Emulsification capacity of the glycolipids extracted
was compared to the capacity of Surfactin. All glycolipids from U. maydis gave an average emulsification of 72% - 76%.
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Figure 7. Elution profiles of the organic extracts separated by reverse phase HPLC. (A) Minimum medium with
nitrate. (B) Minimum medium without a nitrogen source. (C) Minimum medium with urea as nitrogen source.
Eluted fractions were followed by 240 nm absorption.
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Figure 8. Emulsification index of the fractions obtained by reverse phase HPLC. (A) Minimum medium with
nitrate. (B) Minimum medium without a nitrogen source. (C) Minimum medium with urea as nitrogen source.

4. Discussion

U. maydis is a phytopathogen basidiomycete that grows at the expenses of the nutrients given by the host. Al-
though it is not an oily yeast, U. maydis is able to grow on oily substrates such as free fatty acids, and produce
glycolipids upon nitrogen limitation [9] [11] [20] [21]. Our study confirms that under nitrogen-limitation U.
maydis produced glycolipids differentially and that nitrogen starvation increases the accumulation of neutral li-
pids favoring the production of a single type of glycolipid (UA) as reported in the study of Nit2 control which is
involved in nitrogen catabolite repression [22]. Additionally, we demonstrated that the glycolipid and fatty acid
profile differs in each culture media containing low nitrogen or absence of it. Lipid accumulation is influenced
by the C/N ratio (optimum 100/1) as described for oily yeasts [15] [23] and U. maydis accumulates the highest
amount of lipids when only glucose is present in the cultured media. Lipids as carbon source were not used in
our study because the extraction of glycolipids and fatty acids is easier when a soluble carbon source is used,
and our goal was to assess the effect of nitrogen source in a media without interference. Glucose is the most
commonly employed carbon source, so the excess of carbon may be channeled into triacylglycerol (TAG) syn-
thesis [24]. TAG accumulation is triggered by cells exhausting nitrogen from the culture medium, and in this
condition, glucose continues to be assimilated [25]. In oily yeasts has been proposed that during the synthesis of
fatty acid the glucose intake accelerate the citrate accumulation at the cytosol, after the conversion of pyruvate
to Acetyl-CoA and the subsequent citrate formation by condensation with oxaloacetate in the tricarboxylic acid
cycle in the mitochondria. Cytosolic ATP-Citrate lyase is necessary to recover the Acetyl CoA in the cytosol for
use in lipid synthesis, and U. maydis must use this route due to the presence of an ATP-Citrate lyase gene (UM
01005.1) [26] [27]. During the production of itaconic acid (methylene succinic acid) in U. mayids during nitro-
gen-limited conditions, it has been suggested that the relative oxygen content decreased, making the biomass
more reduced and allowing for the accumulation of less oxygenated compounds as hydrocabons [28]. These au-
thors also included in their study the influence of nitrogen supply and found that nitrogen limitation increased
the cell size, probably due to the accumulation of lipids.

All eukaryotic organisms and some gram-positive bacteria store triacylglycerols in intracellular compartments
which are known as lipid particles, lipid droplets (LDs), lipid bodies (LBs), oil bodies, oleosomes, or sphero-
somes (in plants) [29]. We observed that U. maydis accumulated neutral lipids when it is deprived of nitrogen
source in contrast to cells cultured in the presence of this nutrient. Lipid bodies have been described in other or-
ganism as yeast and algae [30] [31]. The accumulation of lipids in nitrogen starved cells might be explained by
authophagy, a mechanism used by organisms in response to change in nutrient supply and allows the cells to al-
ter LB metabolism to meet cellular energy demand [25] [32]. Accumulated fatty acids were principally unsatu-
rated, as determined by the vainillin method, and only urea cultures showed a high amount of saturated lipids.
Those results disagree with the information about UA and MEL lipid moieties. The longest lipid moiety of ustilagic
acid has been reported to hydroxilated C16:0 but for mannosylerytritol lipids C.4, C1s and C,gsaturated and
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unsaturated fatty acids were found although sucrose was the carbon source [8] [33]. The enzymes involved in
the biosynthesis of the glycolipids (UA and MEL) have been described in [11] [12]. For UA a cytochrome P450
monooxygenase Cypl catalyzes terminal hydroxylation of palmitic acid and cyp2 is required for subterminal
hydroxylation (w-1 hydroxylation) of this fatty acid [1] [12]. The expression of cypl is not under nitrogen regu-
lation [22] which implies that UA production can occur without nitrogen source. It has also been reported that
the fatty acid profile of MEL contains C14:0, C16:0, C14:1 and C16:1 in U. nuda, but the enzymes involved in
the synthesis of this molecule have not been identified [34]. If fatty acids are accumulated they can be the raw
material to be processed and join to carbohydrate molecules involving enzymes as lipases [35]. So biosurfactant
secreted into the culture medium containing lipids and carbo hydrate moieties involve a large amount of enzyme
synthesis, but do not yet know how this happens. In particular TAGs accumulation intracellular can be confused
with glycolipids because both contain fatty acids and some stain such as nile red can give the same reaction [36].
In this sense, glycolipids cannot be detected by conventional techniques, and is only by detection of the lipid or
sugar moiety that they can be measured. Due to this problem, we used BODIPY to identify accumulation of
TAGs in cells grown in MM-N, in spite of the low yield of biomass due to the triglycerides inside the cells
without interference of other lipids, allowing the lack of nitrogen.

In agreement with other reports, the preference of these two glycolipids is affected considerably by the nitro-
gen source [1] [37]. Additionally, in this study we showed first that UA is the main glycolipid when esterified
fatty acids are accumulated in the lipid bodies, and second, that U. maydis is an important cell factory that pro-
duces not only glycolipids, but also fatty acids which may have potential application in biofuels.

5. Conclusions

1) The presence or absence of nitrogen source affected the morphology and lipid metabolism of U. maydis
yeast.

2) Cells grown in media containing glucose as carbon source but without any nitrogen source accumulated
unsaturated fatty acids in lipid bodies.

3) Glycolipid selectivity was under nitrogen source influence.
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