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Abstract
Objective To compare physiological and process parameters, as well as lipid accumulation capacity,
of six strains of Yarrowia lipolytica and two strains of Rhodosporidium toruloides in media
containing glycerol as the main carbon and energy source.
Results The strains Y. lipolytica IMUFRJ 50678, Polg, W29 and CCT 5443 displayed very similar
physiological parameters, With fmay, Yy,e, 78" and Y);"/l;’bal, average values of 0.31 h%, 0.53 (g
DWi/g S), 0.60 (g S/g DW.h) and 0.46 (g DW/g S), respectively. The two strains of R. toruloides
presented physiological and process parameters with no significant difference, with average values
of 0.084 h, 0.53 (y DW/g S), 0.17 (g S/g DW.h) and 0.44 (g DW/g S). Among all Y. lipolytica
strains, Y. lipolytica CCT 5443 strain presented the highest Y, s, 0.054 (g Lip/g S), and P;,, of
0.040 (g Lip/l.h). Among all investigated strains (Y. lipolytica and R. toruloides), the yeast R.
toruloides CCT 7815 displayed the highest lipid accumulation capacity, with ¥, ;;, s equal to 0.11 (g
Lip/g S) and Py;;,, equal to 0.10 (g Lip/L.h).
Conclusion Among all strains investigated in our study, the yeast strain R. toruloides CCT 7815

presents the most promising characteristics for industrial single cell oil production.

Keywords: Microbial physiology, Oleaginous yeasts, Rhodosporidium toruloides, single cell oil,

Yarrowia lipolytica.

List of abbreviations

DW: dry weight (g/l)

Lip: lipid (g/l)

Pyip: lipid productivity (g Lip/l.h)

re**: maximum specific substrate consumption rate (g S/g DW.h)
S: substrate (g/l)

Y1ip/s: lipid yield on substrate (g Lip/g S)
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Yy,&: biomass yield on substrate during the exponential growth phase (g DW/g S)

Y,;"/I;b“l: global biomass yield on substrate (g DW/g S)

Wmayr: Maximum specific growth rate (h?)

Introduction

Microbial lipids, called single cell oil (SCO), has recently been gaining attention from
industries due to its potential to be used for the production of cosmetics, pharmaceuticals, paints,
other chemicals (Koutinas et al. 2014), and biodiesel (Papanikolaou and Aggelis 2011). Oleaginous
yeasts are capable of accumulating at least 25 % of lipids in their dry biomass (Beopoulos et al.
2009). Among these yeasts, Yarrowia lipolytica and Rhodosporidium toruloides have been widely
studied as SCO producers due to their ability to assimilate and convert into lipids a wide variety of
substrates, including glycerol (Shi and Zhao 2017; Park et al 2018). Moreover, these yeasts can also
be employed to obtain enzymes, organic acids, biosurfactants, among others compounds (in the case
of Y. lipolytica) (Fickers et al. 2005), and carotenoids (in the case of R. toruloides) (Lee et al. 2014).

Most of the studies reported hitherto on SCO production using these two yeast species aimed
at evaluating, in a systematic manner, their lipid accumulation capacity (Table 1), without looking at
their basic physiology. Studies performed in defined media are rare or even absent. It is known that
different strains, belonging to the same species, may present different properties. Here we present a
systematic study of six strains of Y. lipolytica and two R. toruloides strains, in order to evaluate the
following: 1) their physiological properties and potential to be used as SCO producers; 2) whether a
defined medium is suitable for the growth of all strains; 3) how a hemicellulosic hydrolysate-evolved
strain of R. toruloides performs in comparison with its parental strain. Glycerol was chosen as the
main carbon and energy source in all cases, because it is an abundant by-product generated in the

biodiesel industry (Lee et al. 2014).

Materials and methods

Yeast strains and medium composition
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The following Y. lipolytica strains were used: IMUFRJ 50682, IMUFRJ 50678, W29 and
Polg (Ura Leu’) (obtained from Prof. Maria Alice Zarur Coelho, Federal University of Rio de
Janeiro, Rio de Janeiro, Brazil), CCT 5443 and CCT 7401 (Fundacdo André Tosello, Campinas,
Brazil) (University of Campinas, Brazil). As for R. toruloides, a wild-type strain CCT 0783
(Fundacédo André Tosello, Campinas, Brazil) and its evolved derivative were used. The latter, named
CCT 7815, was obtained after successive cultivations in increasing concentrations of sugarcane
bagasse hydrolysate (5.3 g/l xylose, 0.4 g/l glucose, 1.4 g/l acetic acid, 0.2 g/l HMF, and 1.7 ¢/
furfural) (Bonturi et al. 2017).

The liquid defined medium MDBU used for determining growth kinetics consisted of (g/l):
KH2POQ,, 2.5; MgS04.7H,0, 0.5; and urea, 3.0. The MDBU medium was supplemented with 1 ml/I
of thiamine solution (0.3 g/l) and 1 ml/I of trace element solution according to Barth and Kunkel
(1979) for Y. lipolytica; and 1 ml/l of vitamin solution (Verduyn et al. 1992) and 10 ml/I of trace
element solution (Meesters et al. 1996) for R. toruloides. For the auxotrophic strain Y. lipolytica
Polg, the MDBU medium was supplemented with 0.1 g/l of uracil and 0.1 g/l of leucine. The liquid
medium MCL used for evaluating lipid accumulation capacity consisted of (g/l): glycerol, 70; yeast
extract (containing 11.9% total nitrogen according to the manufacturer), 2.0; KH,PO., 3.6;
MgS0..7H20, 1.5; (NH4).S04, 0.4; and trace element solution (Meesters et al. 1996), 10 ml/I. Total
C/N molar ratio in the MCL medium was approximately 100 mol/mol. Both media were adjusted to

pH 6 with KOH 1 mol/l.

Microbial growth kinetics

The pre-inoculum was prepared from pouring a 1 ml stock culture (kept in glycerol at —80
°C) into a 500 ml baffled shake-flask containing 100 ml of YPD medium (10 g/l yeast extract, 20 g/l
peptone, and 20 g/l glucose). The inoculum was prepared from 1 ml of the pre-inoculum in 100 ml
of MDBU medium supplemented with 20 g/l of glycerol, thiamine solution for Y. lipolytica, and
vitamin solution (Verduyn et al. 1992) for R. toruloides. Pre-inoculum and inoculum were cultivated

in an orbital shaker at 200 rpm, 30 °C and 12 h for Y. lipolytica and 24 h and R. toruloides strains.
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Cells from the inoculum were centrifuged at 2500 g for 10 min, washed twice with MDBU medium
(without carbon source) and the cell suspension was standardized to start the growth kinetics
experiment with an initial ODggo between 0.1 and 0.2 for Y. lipolytica, and 0.5 and 0.6 for R.
toruloides. Cultivations were carried out in 500 ml baffled shake-flasks containing 100 ml of MDBU
medium with 2.5 g/l of glycerol, thiamine and trace element solutions (Barth and Kunkel 1979) for
Y. lipolyticaand vitamin (Verduyn et al. 1992) and trace element (Meesters et al. 1996) solutions for

R. toruloides, at 200 rpm and 30 °C.

Cultivations for lipid accumulation

The pre-inoculum was prepared by pouring a 1 ml stock culture (kept in glycerol at —80 °C)
into a 50 ml Falcon tube containing 10 ml of YPD medium and cultivation at 200 rpm and 28 °C for
24 h. The inoculum was prepared by transfering the 10 ml of pre-inoculum into a 500 ml baffled
shake-flask containing 90 ml of YPD medium, and cultivation at 200 rpm and 28 °C for 24 h. Cells
from the inoculum were centrifuged at 2500 g for 10 min, washed twice with NaCl solution (9 g/l)
and the cell suspension was standardized to obtain an initial ODeg of 2.0 in the subsequent
cultivation. Cultivations were performed in 500 ml baffled shake-flasks containing 100 ml of MCL
medium at 200 rpm, 28 °C, and 96 h for Y. lipolytica and 72 h for R. toruloides. After this time, 10
ml of the broth were centrifuged at 2500 g for 10 min, washed twice with distilled water and the
harvested biomass was dried at 100 °C until constant weight, which was later used for lipid

guantification.

Analytical Methods

Cell growth was monitored by optical density at 600 nm and converted into dry cell weight
using a standard curve for each yeast strain. The dry weight of cells was determined gravimetrically,
as described by Olsson and Nielsen (1997). Samples of the cultivations were filtered and the
supernatants were used to quantify glycerol and extracellular metabolite concentrations using an

HPLC equipment with an RI detector (Rl 2000, Chrom Tech Inc., Germany) at 30 °C, Aminex HPX-
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87H ion exchange column (BioRad, USA) and H.SO4 5 mM as mobile phase. Lipids were extracted
from the dried biomass, obtained from the lipid accumulation experiments, according to Folch et al.

(1957) and Bonturi et al. (2015).

Calculation of physiological parameters
The maximum specific growth rate (1,4, ™) was obtained by plotting the natural logarithm
of dry weight (g/l) versus time (h), using only data points from the linear region corresponding to the

exponential growth phase. u,,q, corresponded to the slope of the straight line obtained by linear
regression. The biomass yield on substrate during the exponential growth phase (Y;fsp , g DW/g S)
was obtained by plotting the cell concentration (g DW/I) versus the glycerol concentration (g/l), using
only data points from the exponential growth phase. Y;fsp corresponded to the absolute value of the
slope of the straight line obtained by linear regression. The maximum specific substrate consumption
rate (r7"%*, g S/g DW.h), the global biomass yield on substrate (Y);"/ls"bal, g DWI/g S), the lipid yield
on substrate (Y,;,/s, g Lip/g S) and the lipid productivity (P,;,, g Lip/I.h) were calculated using the

following equations:

= &)
X/S
global _ Xf—Xo
YX/S T So-Sf (2)
_ Lipf
Yipss = 55 5; (3)
Lip
P Lip = . 4
teultivation

where X: (g DWI/I) is the final cell concentration, Xo (g DW/I) is the initial cell concentration, St (g/l)
is the final glycerol concentration, So (g/l) is the initial glycerol concentration, Lips (g/l) is the final

lipid concentration and teurivation (h) iS the cultivation time.
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Statistical Analysis
The Statistica® 5.5 (Statsoft, USA) software was used to calculate the analysis of variance
(ANOVA). The Tukey test was used to determine the differences between the samples with a

significance level of 10%.

Results and discussion

The defined medium proposed by Barth and Kunkel (1979) and further modified by Oliveira
(2014), herein called MDBU, was selected for the growth kinetics experiments with Y. lipolytica,
due to its ability to: keep the extracellular pH constant, avoid foam formation, and sustain growth
with a reasonably high specific growth rate (around 0.3 ht) (Oliveira 2014). The growth profiles of
all Y. lipolytica strains were in accordance with the typical microbial growth behavior in batch mode
(Fig. 1) (Monod 1949) and as observed by Oliveira (2014). As for the R. toruloides CCT 0783 and
R. toruloides CCT 7815 strains, the w4, observed - 0,073 and 0,097 h?, respectively — for
cultivation in the MDBU medium proposed by Oliveira (2014) was roughly 3 times lower than the
average Uma, value of the Y. lipolytica strains. For this reason, the MDBU medium was
supplemented with a trace element solution (Meesters et al. 1996) and a vitamin solution (Verduyn
et al. 1992), aiming at improvements in the w,,s, of the R. toruloides strains. However, these
modifications in the MDBU medium were not sufficient to increase this parameter, since the
calculated 4, (With the modified MDBU medium) for R. toruloides CCT 0783 and R. toruloides
CCT 7815 (Fig. 1) were 0.076 and 0.092 h™, respectively.

According to Monod (1949), the growth of a microorganism can be more accurately
measured when the limiting growth factors are fully known. These limiting growth factors can be
classified into three groups: 1) depletion of nutrients; 2) accumulation of toxic metabolic products;
or 3) change in the ionic balance, especially the pH. Thus, the use of a defined culture medium is
important in the study of microbial physiology, as it is the only choice for acknowledging the limiting
growth factors. In the case of Y. lipolytica, it was interesting to observe that the pH of the medium

did not change along the cultivations, because urea was used as the nitrogen source and there was no
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production of organic acids during cell growth. Moreover, it was possible to conclude that glycerol
was the limiting growth factor for this species, because the cells entered the stationary growth phase
with the exhaustion of glycerol. However, this was not observed in the cultivations of R. toruloides:
the extracellular pH increased during cell growth from 6.0 to 7.3 (for R. toruloides CCT 0783) or 7.0
(for R. toruloides CCT 7815), and the cell concentration seemed to stabilize before glycerol
exhaustion. Therefore, it is possible that the increase in the extracellular pH was the limiting growth
factor for the R. toruloides strains; however no explanations for this phenomenon or similar reports
in the literature could be found.

Calculated physiological parameters and the kinects patterns observed during Y. lipolytica
and R. toruloides cultivations in the defined medium are displayed in Table 1 and Fig. 1, respectively.
Statistical analysis show that Y. lipolytica IMUFRJ 50678, Y. lipolytica Polg, Y. lipolytica W29 and
Y. lipolytica CCT 5443 can be considered physiologically very similar, because no significant
difference (p < 0.1) was found, among these strains, for all the physiological parameters calculated

(Momasxs Y)fjff and r™@*)_ Y. lipolytica IMUFRJ 50682 presented no significant difference of 1,4,
just with Y. lipolytica W29 strain, and in terms of Y)ffg’ and r%* a significant variation was found

just with Y. lipolytica Polg. As for the Y. lipolytica CCT 7401, significant difference was found for

Y& with Y. lipolytica IMUFRJ 50678 and Y. lipolytica Polg strains, and the i, observed was

significantly different from all the Y. lipolytica strains, but significantly equal in terms of r{"*.
The values presented in this work are in accordance with the findings of Santos et al. (2013)

and Workman et al. (2013) for p,,4, - 0.18 h*and 0.32 h, respectively- and with Oliveira (2014)

for Yy ,J -0.48and 0.51 (9 DW/ g S) - for . lipolytica strains cultivated in the defined medium using

glycerol as a sole carbon and energy source. Oliveira (2014) also reported (i, and ra*** values
greater than what we observed in this work: 0.46 and 0.36 h* and 0.96 and 0.71 (g S / g DW.h) for
Y. lipolytica IMUFRJ 50682 and Y. lipolytica W29, respectively.

Only Y. lipolytica W29 and both R. toruloides strains did not produce foam during cultivation

for lipid accumulation. Foaming occurred during the first 24 h of culture when the nitrogen source
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was not yet completely consumed. Oliveira (2014) reported that excess of carbon and nitrogen
sources in the medium were responsible for the foaming. Optical microscopy revealed that Y.
lipolytica cells were present in the foam (data not shown), hindering the reproducibility of results,
since those cells were not in contact with the liquid culture medium. The addition of antifoam in the
cultivations can solve the excessive foam formation, but these additives may affect the growth of
various microorganisms (Rosano and Ceccarelli 2014) and thus, should be avoided, whenever
possible.

No significant difference (p < 0.1) was found for all analyzed physiological parameters when
the two R. toruloides strains are compared. When compared to the Y. lipolytica strains, the 4, Of
R. toruloides CCT 0783 and R. toruloides CCT 7815 was, in average, 3.3 times lower, even after
medium supplementation with vitamin solution (Verduyn et al. 1992) and trace element solution
(Meesters et al. 1996). Most of the literature on R. toruloides aiming at lipids and/or carotenoids
production reports the use of complex media to improve the maximum specific growth rate.
Bommareddy et al. (2015) reported a maximum specific growth rate of 0.12 h for R. toruloides
DSMZ 4444 during a bioreactor cultivation using yeast extract and glycerol (75 g/l). Kiran et al.
(2013) reported a maximum specific growth rate similar to the values found in this work, 0.085 h,
during a bioreactor cultivation using pure glycerol (100 g/I) as the carbon source and autolysate of
the rapeseed meal as nitrogen source.

Lipid accumulation capacity was evaluated using a complex medium with glycerol and a
carbon to nitrogen ratio equal to 100 (mol/mol). Initially, the lipid accumulation kinectic was
determined using Y. lipolytica IMUFRJ 50682 and R. toruloides CCT 7815 strains (Fig. 2). The lipid
content, yield and productivity were subsequently determined for 72 h and 96 h of cultivation
(highest lipid content) for the remaining R. toruloides and Y. lipolytica strains, respectively. R.
toruloides strains were superior than Y. lipolytica strains in terms of Y, /s and P, (Table 1.). Y.
lipolytica IMUFRJ 50682 showed the highest lipid content (59.29%), but presented the lowest Y7, /s
and P;, values along with a low biomass concentration (average of 1.3 g DWI/I), therefore

discouraging its application in industrial lipid production processes.


https://doi.org/10.1101/278523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/278523; this version posted March 8, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10

R. toruloides CCT 7815 is an evolved strain of the wild-type R. toruloides CCT 0783. The
evolution was carried out using successive cultivations in increasing concentrations of hydrolysed
sugarcane bagasse (Bonturi et al. 2017). In this study, Bonturi et al. (2017) cultivated both R.
toruloides strains in complex medium with glucose, xylose or a mixture of xylose:glucose at a mass
ratio of 6:1 as the carbon source, and reported the tendency of the R. toruloides adapted (CCT 7815)
to accumulate more lipid than the parental strain (CCT 0783) in the three carbon sources (Table 1).

Physiological characteristics of the evolved strain, in this work, were not statistically
different from the ones displayed by the parental strain (Table 1); however, R. toruloides CCT 7815
strain was superior not only to the parental strain, but to all other strains studied here, in terms of
lipid production. These results also suggest that the evolution process to which the R. toruloides CCT
0783 strain was submitted did not change the basic physiological characteristics of this strain, but
modified lipid accumulation characteristics, possibly as a response to the increasing stress applied
along the evolution strategy. The evolution process was performed at 28 °C and 200 rpm, in medium
containing 20.0 g/l xylose, 5.0 g/l glucose, 1.9 g/l yeast extract, 1.5 g/l MgSQO4-7H;0, 5.0 ¢/
(NH4)2S04, 3.6 g/l KH2PO., and 2% trace minerals solution. After reaching the exponential growth
phase, 25 ml of broth were centrifuged and cells were resuspended in fresh medium with addition of
10 % (v/v) of the hydrolysed sugarcane bagasse. For each step of the evolution process, the
proportion of hydrolysate in the medium was increased by 10 %, until the yeast was capable to grow
in 100 % of hydrolysate (Bonturi et al 2017). As for the parental Y. lipolytica W29 and the modified
Y. lipolytica Polg strains, both physiological and lipid accumulation characteristics did not change
despite the genetic manipulations present in Polg.

Stoichiometric calculations showed that the theoretical maximum conversion factor of
substrate into lipids produced by oleaginous microorganisms is 0.32 g Lip/g S, 0.34 g Lip/g S, and
0.30 g Lip/g S for the substrates glucose, xylose and glycerol, respectively. However, experimental
Y1ips Values around 0.10 g Lip/g S are typically reported (Papanikolaou and Aggelis 2011). The
maximum value reported was 0.27 g Lip/g S (Bommareddy et al. 2015), on pure glycerol (75 g/l) as

carbon source.
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Conclusions

From our data, albeit presenting three times lower specific growth rates than Y. lipolytica,
the yeast R. toruloides, specially the strain R. toruloides CCT 7815, presents greater potential to be
used for industrial SCO production than the former yeast, due to its ability to convert glycerol into
lipids close to the experimental V7, /s values typically reported for oleaginous microorganisms (0.11
g Lip/g S) and for having displayed the highest lipid productivity among all strains studied here, 0.10
(9 Lip /L.h). Furthermore, this species is also able to produce carotenoids, a high value product,
concomitantly to SCO, which could be explored to facilitate the achievement of economical viability

in microbial oil production processes (Koutinas et al. 2014).

Acknowledgements

This work was financed by Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq, Brasilia, Brazil), process number 130496/2014-6. Everson Alves Miranda and Nemailla
Bonturi thank the Fundacdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP, Séo Paulo,
Brazil), grant number 2013/03103-5, for financial support. We would like to thank Prof. Maria Alice

Zarur Coelho, Federal University of Rio de Janeiro, for providing Yarrowia lipolytica strains.

References

André A, Chatzifragkou A, Diamantopoulou P, Sarris D, Philippoussis A, Galiotou-Panayotou M,
Komaitis M, Papanikolaou S (2009) Biotechnological conversions of bio-diesel derived crude
glycerol by Yarrowia lipolytica strains. Eng Life Sci 9:468-478

Barth, G; Gaillardin, C. Physiology and genetics of the dimorphic fungus Yarrowia lipolytica. FEMS
Microbiol Rev 19:219-237

Beopoulos A, Cescut J, Haddouche R, Uribelarrea J-L, Molina-Joule C, Nicaud J-N (2009) Yarrowia

lipolytica as a model for bio-oil production. Prog Lipid Res 48:375-387


https://doi.org/10.1101/278523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/278523; this version posted March 8, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12

Bommareddy RR, Sabra W, Maheshwari G, Zeng A-P (2015) Metabolic network analysis and
experimental study of lipid production in Rhodosporidium toruloides grown on single and
mixed substrates. Microb Cell Fact 14:36

Bonturi N, Crucello A, Viana AJC, Miranda EA (2017). Microbial oil production in sugarcane
bagasse hemicellulosic hydrolysate without nutrient supplementation by a Rhodosporidium
toruloides adapted strain. Process Biochemistry 57:16-25

Bonturi N, Matsakas L, Nilsson R, Christakopoulos P, Miranda EA, Berglund KA, Rova U (2015)
Single Cell Oil Producing Yeasts Lipomyces starkeyi and Rhodosporidium toruloides:
Selection of Extraction Strategies and Biodiesel Property Prediction. Energies 8:5040-5052

Fickers P, Benetti PH, Waché Y, Marty A, Mauersberger S, Smit MS, Nicaud JM (2005)
Hydrophobic substrate utilisation by the yeast Yarrowia lipolytica, and its potential
applications. FEMS Yeast Res 5:527-543

Folch J, Lees M, Stanley GHS (1957) A simple method for the isolation and purification of total
lipids from animal tissues. J Biol Chem 226:497-509

Kiran EU, Trzcinski A, Webb C (2013) Microbial oil produced from biodiesel by-products could
enhance overall production. Bioresour Technol 129:650-654

Koutinas AA, Chatzifragkou A, Kopsahelis N, Papanikolaou S, Kookos IK (2014) Design and
techno-economic evaluation of microbial oil production as a renewable resource for biodiesel
and oleo chemical production. Fuel 116:566-577

Lee JIL, Chen L, Shi J, Trzcinski A, Chen W-N (2014) Metabolomic Profiling of Rhodosporidium
toruloides Grown on Glycerol for Carotenoid Production during Different Growth Phases. J
Agric Food Chem 62:10203-10209

Lopes M, Gomes AS, Silva CM, Belo | (2018). Microbial lipids and added value metabolites
production by Yarrowia lipolytica from pork lard. Journal of Biotechnology 265:76-85

Makri A, Fakas S, Aggelis G (2010) Metabolic activities of biotechnological interest in Yarrowia

lipolytica grown on glycerol in repeated batch cultures. Bioresour Technol 101:2351-2358


https://doi.org/10.1101/278523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/278523; this version posted March 8, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

13

Meesters PAEP, Huijberts GNM, Eggink G (1996) High-cell-density cultivation of the lipid
accumulating yeast Cryptococcus curvatus using glycerol as a carbon source. Appl Microbiol
Biotechnol 45:575-579

Monod J (1949) The growth of bacterial cultures. Annu Rev Microbiol 3:371-394

Oliveira PHS (2014). Analise fisioldgica e cinética do crescimento da levedura oleaginosa Yarrowia
lipolytica IMUFRJ 50682 em diferentes fontes de carbono. (Unpublished master dissertation).
Universidade de S&o Paulo, Sao Paulo, Brazil

Olsson L, Nielsen J (1997) On-line and in situ monitoring of biomass in submerged cultivations.
TIBTECH 15:517-522

Papanikolaou S, Aggelis G (2011) Lipids of oleaginous yeasts. Part I: Biochemistry of single cell oil
production. Eur J Lipid Sci Technol 113:1031-1051

Papanikolaou S, Fakas S, Fick M, Chevalot |, Galiotou-Panayotou M, Komaitis M, Marc |, Aggelis
G (2008) Biotechnological valorisation of raw glycerol discharged after bio-diesel (fatty acid
methyl esters) manufacturing process: Production of 1,3-propanediol, citric acid and single
cell oil. Biomass Bioen 32:60-71

Papanikolaou S, Muniglia L, Chevalot I, Aggelis G, Marc | (2002) Yarrowia lipolytica as a potential
producer of citric acid from raw glycerol. J Appl Microbiol 92:737-744

Park Y, Nicaud J, Ledesma-Amaro R (2018). The engineering potential of Rhodosporidium
toruloides as a workhorse for biotechnological applications. Trends in Biotechnology 36:304-
317

Poli JS, da Silva MAN, Siqueira EP, Pasa VMD, Rosa CA, Valente P (2014) Microbial lipid
produced by Yarrowia lipolytica QU21 using industrial waste: A potential feedstock for
biodiesel production. Bioresour Technol 161:320-326

Ratledge C, Wynn JP (2002) The biochemistry and molecular biology of lipid accumulation in
oleaginous microorganisms. Adv Appl Microbiol 51:1-51

Rosano GL, Ceccarelli EA (2014) Recombinant protein expression in Escherichia coli: advances and

challenges. Front Microbiol 5:172


https://doi.org/10.1101/278523
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/278523; this version posted March 8, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

14

Santos EO, Michelon M, Gallas JA, Kalil SJ, Burkert CAV (2013) Raw Glycerol as Substrate for the
Production of Yeast Biomass. Int J Food Eng 9:413-420

Shi S, Zhao H (2017). Metabolic engineering of oleaginous yeasts for production of fuels and
chemicals. Frontiers in Microbiology 8:2185.

Tchakouteu SS, Kalantzi O, Gardeli Chr, Koutinas AA, Aggelis G, Papanikolaou S (2015) Lipid
production by yeasts growing on biodiesel-derived crude glycerol: strain selection and impact
of substrate concentration on the fermentation efficiency. J Appl Microbiol 118:911-927

Verduyn C, Postma E, Scheffers WA, Van Dijken JP (1992) Effect of benzoic acid on metabolic
fluxes in yeasts: a continuous-culture study on the regulation of respiration and alcoholic
fermentation. Yeast 8:501-517

Workman M, Holt P, Thykaer, J (2013) Comparing cellular performance of Yarrowia lipolytica

during growth on glucose and glycerol in submerged cultivations. AMB Express 3:58


https://doi.org/10.1101/278523
http://creativecommons.org/licenses/by-nc-nd/4.0/

15

Table 1 Maximum specific growth rate (kyax, h™), biomass yield on substrate during the exponential phase (Yy s, g DW/g S), maximum specific substrate

consumption rate (r&***, g S/g DW.h), global biomass yield on substrate (Ygl"b“l, g DW/g S), lipid yield on substrate (Y;;,, /s, g Lip/g S) and lipid productivity
X/S p/

(PLip» 9 Lip/l.h) during batch cultivations of Y. lipolytica and R. toruloides using glycerol as a sole carbon source (in this work) and different carbon and

nitrogen sources (for other works)

Strain inax Y5 rmax Y%‘;b o Lipid  Yipys PLip Reference
Y. lipolytica IMUFRJ 50682 0.262 0.37%¢ 0.702 0.322 59.29? 0.014° 0.008? This work
+SD 0.02 0.02 0.05 0.02 19.09 0.003 0.001
Y. lipolytica IMUFRJ 50678 0.32° 0.55% 0.57%® 0.44° 11.63° 0.017% 0.0092 This work
+SD 0.01 0.04 0.05 0.04 1.14 0.006 0.003
Y. lipolytica Polg 0.31° 0.64° 0.49° 0.59¢ 21.28 0.025% 0.013® This work
+SD 0.01 0.03 0.01 0.01 4.89 0.012 0.004
Y. lipolytica W29 0.29%® 0.4320c 0.68% 0.45° 16.21°¢ 0.033° 0.018? This work
+SD 0.01 0.07 0.12 0.04 0.65 0.001 0
Y. lipolytica CCT 5443 0.31° 0.4920¢ 0.65% 0.36%® 29.81%¢ 0.054¢ 0.040° This work
+SD 0.03 0.05 0.12 0.04 6.15 0.010 0.007
Y. lipolytica CCT 7401 0.18° 0.33° 0.57%® 0.34% 24.38 0.026% 0.011@ This work
+SD 0.03 0.05 0.09 0.01 10.54 0.003 0.004
R. toruloides CCT 0783 0.076¢ 0.4520¢ 0.17¢ 0.42%® 29.37% 0.080¢ 0.059¢ This work
+SD 0.002 0.06 0.02 0.03 3.36 0.012 0.014
R. toruloides CCT 7815 0.092¢ 0.60° 0.17¢ 0.45° 35.75¢ 0.11¢ 0.10¢ This work
+SD 0.004 0.19 0.06 0.11 3.14 0.01 0.01

0.18 (DM and raw glycerol 40 g/l)

Y. IIpOIytlca NRRL YB-423 0.14 (DM medium and raw g|ycero| 30 g/|) Santos et al. (2013)

0.25 (DM and pure glycerol 30 g/l)

0.30 (DM and pure glycerol 20 g/l)

Y. lipolytica IBT 446 0.32 (DM and pure glycerol 45 g/l)

Workman et al. (2013)
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Y. lipolytica IMUFRJ 50682 0.46 0.48 0,96 (DM and pure glycerol 2.5 g/l) Oliveira (2014)
Y. lipolytica W29 0.36 0.51 0.71 (DM and pure glycerol 2.5 g/l)
. . 0.2 0.23 (CM and pure glycerol 32 g/l) .
Y. lipolytica LGAM S(7)1 0.2 0.24 (CM and raw glycerol 32 g/l Papanikolaou et al. (2002)
Y. lipolytica ACA-DC 50109  0.16t00.21 (CM and pure glycerol 20.5 to 164 g/l) Papanikolaou et al. (2008)
0.14  (CM and raw glycerol 70 g/l)
Y. lipolytica ACA-YC 5033 0.12 (CM and raw glycerol 90 g/l) André et al. (2009)
0.06 (CM and raw glycerol 120 g/l)
Y. lipolytica LFMB 20 (CM and raw glycerol 30 g/l) 7.4 0.024 André et al. (2009)
. . i (CM and pure glycerol 27.8 g/l) 22.3 0.08 .
Y. lipolytica ACA-DC 50109 (CM and raw glycerol 104.9 g/l) 2041 0.05 Makri et al. (2010)
Y. lipolytica QU21 (DM and pure glycerol 100 g/l) 30.1 0.07 Poli et al. (2014)
(DM and raw glycerol 83 g/l) 18.9 0.06
R. toruloides CCT 0783 (CM, xylose 65 g/l and glucose 5 g/l) 42 Bonturi et al. (2015)
(CM, glucose 70 g/l) 0.31 47.9 0.16 0.083
(CM, xylose:glucose 70 g/l, 6:1) 0.25 45.0 0.12 0.056 ot al
(CM. glucose 70 g/l) 035 536 0.20 0.106 Bonturi et al. (2017)
(CM, xylose:glucose 70 g/l, 6:1) 0.27 54.9 0.16 0.078
R. toruloides DSMZ 4444 0.12 (CM and pure glycerol 75 g/l) 0.27 0.06 Bommareddy et al. (2015)
. . (CM, raw glycerol 30 g/l and 22 h) 9
Y. lipolytica ACA YC 5029 (CM, raw glycerol 30 g/l and 95 h) 3.8
. . (CM, raw glycerol 30 g/l and 26 h) 20.9
Y. lipolytica ACA YC 5033 (CM, raw glycerol 30 g/l and 106 h) 4.4 Tchakouteu et al. (2015)
R. toruloides DSM 4444 (CM and raw glycerol 30 g/l) 24.9

R. toruloides NRRL Y-27012

(CM and raw glycerol 30 g/l) 25.7
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0.085 (CM, pure glycerol 100 g/l and autolysate of the rapeseed meal)
(CM and pure glycerol 100 g/l) 46 0.26
R. toruloides Y4 (CM and pure glycerol 200 g/l) 53.1 0.23 Kiran et al. (2013)
(CM and pure glycerol 300 g/l) 50.6 0.16
(CM and raw glycerol 100 g/l) 43 0.08

Data are presented as average + standard deviation (SD) of three independent experiments.
Averages followed by the same letter, in the same column, were not significantly different from each other (p > 0.1) according to the Tukey test. Cultivations
performed under the same conditions of the microbial growth kinetics.

CM - complex medium; DM - defined medium.
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Fig. 1 Cell concentration, glycerol concentration and pH along time of Yarrowia lipolytica IMUFRJ
50682 and Rhodosporidium toruloides CCT 7815 using glycerol as the sole carbon and energy
source. Dry weight IMUFRJ 50682 (g/I - @), glycerol concentration IMUFRJ 50682 (g/l - A), pH
IMUFRJ 50682 (m), Dry weight CCT 7815 (g/l - o), glycerol concentration CCT 7815 (g/l - A), pH
CCT 7815 (o). The data points represent experimental data and lines represent trend lines. Results

correspond to a typical replicate of three independent experiments.
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Fig. 2 Kinetics of lipid accumulation in a complex medium of Yarrowia lipolytica IMUFRJ 50682
and Rhodosporidium toruloides CCT 7815 using glycerol as the sole carbon and energy source. Lipid
percentage IMUFRJ 50682 (% - 4) and lipid percentage CCT 7815 (% - 0). The data points represent

experimental data and lines represent trend lines. Cultivation was performed without replicates.
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