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Abstract

Cellular growth is usually separated in well-defined phases. For microorganism like Saccharomyces
cerevisiae, two phases usually defined are (1) a lag phase, in which no growth is observed and cells
adapt to a new environment, followed by (2) an exponential phase, in which rapid proliferation occurs.
Here we investigate whether these well-defined phases are uniform. By using flow-microcalorimetry, we
found that the metabolic profile of the culture is continuously changing, both in the lag and exponential
phases of growth. Along the lag phase there is a continuous increase in the energy that is dissipated
irreversibly as heat, while in the exponential phase the opposite occurs. We also confirm recent
observations that the oxidative component of metabolism decreases along the exponential phase.
Interestingly, nutrient limitation further decreases the amount of energy that is dissipated irreversibly.
Altogether, this points to a picture in which cells respond rapidly to minute environmental changes by
adjusting their metabolic profile.

KEYWORDS: flow-microcalorimetry, exponential phase, lag phase, metabolic profile, oxidative
respiration.
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1 Introduction

Understanding how cells use nutrients to promote cellular growth and maintenance is a fundamental
biological problem that has been under intense investigation. Anabolic reactions needed for
biosynthetic processes require an input of free energy in the form of ATP that is harnessed from
nutrients in metabolic pathways such as glycolysis and mitochondrial respiration. Mitochondrial
respiration generates 36 molecules of ATP per molecule of glucose while glycolysis generates two. Thus,
it is puzzling that a high rate of glycolysis in the presence of oxygen (aerobic glycolysis), in which glucose
is only partially oxidized, for example to lactate or ethanol, rather than being oxidized to CO, in
respiration, is observed in many situations. Known as the Warburg effect, following the observation of
aerobic glycolysis by Otto Warburg in cancer cells near a century ago, this phenomenon is also observed
in non-cancer fast-proliferating cells such as lymphocytes [1] [2] during development [3], stem cell
proliferation [4], lung fibrosis [5], in many unicellular organisms exposed to a sugar-rich environment,
such as Saccharomyces cerevisiae (Sc). Recently, it was found that the exponential growth phase of Sc, in
which there is a rapid cell division, is not an uniform phase, but instead, shows a highly dynamic
metabolism being more oxidative in the early exponential phase and more fermentative at the end of
the exponential phase [6]. This was surprising because the time for cell division is constant along the
exponential phase, and previous observations indicated that metabolic fluxes during the exponential
phase are in a near steady-state. The evidence suggesting the dynamic nature of the exponential phase
was very robust resulting from a flux analysis of CO, production, O, consumption and ATP generation,
and included also an evaluation of stress resistance and a genomic and proteomic profiling along the
exponential phase [6]. In addition, previous observations that substrate consumption and product
formation per unit of biomass formed varies during different time periods within the exponential phase
also revealed a metabolic variation along the exponential phase [7].

In this work, we analyzed the issue of metabolic uniformity over the exponential phase by following Sc
growth with calorimetry, which is the gold standard to measure metabolic rates [7]. Being a non-
invasive, probe-free and extremely sensitive technique, calorimetry measures metabolic activity in real
time as the heat released by organisms or cells [8][9]. This heat represents the free energy dissipated
irreversibly during metabolism, providing an all-inclusive measure of metabolic activity. We built up on
previous studies on yeast microcalorimetry [7][10][11], and by applying state of the art electronics for
data acquisition and analysis, highly accurate reproductive data were obtained with our flow
microcalorimetry set-up. As opposed to previous studies in which prototrophic strains were used [7] [6],
we analyze an auxotrophic strain (BY4741) that is commonly used in laboratory studies [12]. Main
observation was the non-uniform and highly-dynamic nature of the exponential growth phase, with the
dissipated heat together with the rate of respiration decreasing along the exponential phase. The
maximal dissipated heat occurs at the transition between the lag to the exponential phase. In
conclusion, we confirm and extend previous observations that metabolic changes occurring during the
exponential phase favor aerobic glycolysis over mitochondrial respiration.
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2 Materials and Methods

2.1 Yeast strain, media, and growth conditions
Materials— This work was performed with the Saccharomyces cerevisiae (Sc) haploid strain
BY4741 (wild-type, genotype MATa his3A1 leu2A0 met15A0 ura3A0), obtained from EUROSCARF
(Frankfurt, Germany). Yeast extract, bactopeptone, yeast nitrogen base and agar were from Becton,
Dickinson and Company (Le Pont de Claix, France). Glucose was obtained from Merck, (Darmstadt,
Germany). The amino acids and nitrogen bases were from Sigma Chemical Company (St. Louis, MO,
USA).

Media and growth conditions—Growth and all incubations were made in either Yeast Peptone
Dextrose (YPD) containing 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) D-glucose, or in
Synthetic Complete (SC) medium containing 0.685% (w/v) yeast nitrogen base, 2% (w/v) D-glucose and
the amino acids and nitrogen bases as indicated in [13] at 30 2C, under aerobic and batch conditions and
shaking at 160 rpm in an Infors AG CH-4103 Bottmingen incubator or under vigorous shaking in an
incubator next to the calorimeter. Medium was always prepared one day before each experiment
because this procedure led to a higher reproducibility in comparison with older media.

2.2 Statistical analysis

Results are presented as the means and the assigned uncertainties correspond to standard deviations of
the number n of independent determination given in parenthesis. Data statistical analysis was
undertaken using a two-tailed Student t test; differences were significant when the p-value was lower
than 0.05 (* - p< 0.05; ** - p<0.01).

2.3 Calorimetry

Calorimetric experiments were carried out with a previously described [14] LKB 10700-1 flow
calorimeter operated in the flow-through mode. The original apparatus was, however, expanded with
ancillary equipment for cell growth. The cell cultures were kept in a jacketed glass vessel that was
placed inside an incubator adjacent to the calorimeter. Magnetic stirring ensured an appropriate
oxygenation of the culture media and constant humidity was achieved by placing an open vessel filled
with distilled water inside the incubator. The cell cultures were circulated between the glass vessel and
the calorimetric cell inside Teflon tubes. Pumping was by means of an Ismatec MS-4/12 multi-channel
peristaltic pump located inside the incubator. The whole system was thermostated at 30 °C, including
the Teflon tubes used to transport the cell culture between the glass vessel and the calorimetric cell.
This last feature was achieved by keeping the Teflon lines exiting the incubator and returning from the
calorimeter inside flexible PVC pipe bellows, where thermostated air from the incubator was circulated
by a system of fans. Different thermostatic units ensured a temperature stability of £0.01 K in the glass
vessel (HAAKE DC 5 unit), £0.03 K in the incubator (Julabo LC6 controller), and +0.008 K in the
calorimeter (LKB 10700-1 air thermostat jacket). The thermostatization of the glass vessel inside an
already temperature controlled environment allowed a better stabilization of the cell culture
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temperature, which became immune to the small variations associated with the opening/closing of the
incubator during the experiments. The all apparatus was kept in an air-conditioned room whose
temperature was regulated to 22+1 °C.

The culture volume in the reaction vessel was 20 mL. The nominal volume flow rate in the
peristaltic pump was adjusted so that an actual flow rate gy = 1.0 mL-min™ was achieved in all
experiments. This adjustment was regularly checked as flow rate variations affect various calorimetric
parameters, such as the calibration constant [14], the effective or thermal volume of the calorimetric
vessel [14] or the signal sensitivity [15].

The flow calorimetric line and the calorimetric vessel were sterilized after each experiment by
circulating: (i) an aqueous solution of bleach 20 % (v/v) for, at least, 4-5 h; (ii) deionized water from a
millipore system for 10-20 min; (iii) aqueous ethanol 70 % (v/v) for 20 min; and (iv) millipore H,0 for 10-
20 min. The reaction vessel and other glassware were sterilized at 120 °C during 2.5 h. Alternatively the
system was also sterilized by circulating ethanol 70 % (v/v) for at least 3 h and then circulating H,0O
Millipore for 1 h to wash cellular debris.

Electrical calibrations of the calorimetric system under the same conditions used in the main
experiments (e.g. the pump flow rate, temperature) were performed as previously described [14]. No
significant differences in the calibration constant, & were observed when millipore water, SC media or a
culture of Sc in stationary growth phase were flown through the calorimetric cell. The use of cells in
stationary phase allowed the recording of a stable baseline during an extended period of time. The value

£=15.520.2 pW-puV™ (n = 41) was used throughout this work.

In order to assign the power dissipated by a cell culture to a specific cell number or biomass it is
necessary to know the thermal or effective volume of the calorimetric cell [16], which differs from its
physical volume since the flow of cell culture results in transport of heat away from the detection area.
The effective volume of the LKB 10700-1 flow-through cell, V .« = 0.547£0.012 mL (n=4) under the
temperature and volume flow rate conditions of the present experiments was determined as
recommended in the literature [16], using the base catalyzed hydrolysis of methyl paraben. The
calculation of Veﬁ relied, however, on the standard molar enthalpy of that reaction at 30 °c, AHS =-

50.6040.82 kJ-mol™ (unpublished results) recently obtained in our laboratory, which is more precise
than the previously reported benchmark [16].

Experiment and calibration programing, and data acquisition, were controlled with the CBCAL
1.0 software [17].

2.4 Experimental procedure
A pre-culture of Sc cells at stationary phase was grown overnight and then inoculated at an
initial ODggo ~0.035, where ODgy represents the optical density at 600 nm. The cell culture was divided
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in two and the resulting preparations were followed in parallel: one (A) calorimetrically and the other (B)
through ODgyy measurements every hour. Culture A was transferred to the calorimetric apparatus
immediately after inoculation. Culture B was grown in an Erlenmeyer flask under magnetic stirring. The
flask was either placed inside the incubator adjacent to the calorimeter, that also contained culture A, or
in another incubator (AG CH-4103 Bottmingen) that was set to 30 °C. To ensure that parallel growth is
indeed observed for cultures followed through ODgy measurements and calorimetry, the ODgy of
culture A was measured at the end of every experiment and compared with that of culture B.

2.5 Biomass and cell number

Biomass was determined using a calibration curve plotting ODgy to dry weight biomass. For dry
weight determinations, cells were grown in SC media as described above and 50 mL samples were taken
every hour, centrifuged at 5000 g for 5 min at 4 2C in a Eppendorf centrifuge 5804 R, washed once with
distilled water, centrifuged again and stored at —20 2C until lyophilisation, carried out for at least 24h.
Samples were then weighted with a precision of 0.01 mg using a Mettler Toledo XS205 balance.

The unit carbon formula weight considered was 24.4 gpomass C-mol™® [7]. Although this value is not
specific for the BY4741 strain is a close approximation since the elemental composition between
different strains of yeast is fairly constant [18].

Conversion of ODgy to cell number was calculated from plots of ODgyversus cells/mL plots. A cell
culture growth was accompanied by ODgyand by counting cells in a hemocytometer. A value of 1 ODggy
= (2.9440.12)x10’ cells-mL™" was obtained as the mean of four slopes (n = 4).

2.6 Biochemical determinations

The oxygen consumption rate was measured by transferring 0.8 mL of a growing culture of Sc into a
Hansatech Oxygraph plus (Hansatech Instruments Ltd., Norfolk, UK) thermostatically controlled at 30°C.
Calibration was made using a N, flush to the 0% O, signal and a compressed air flush until the signal
saturated at 21 % O,.

Glucose concentration was determined by transferring 0.8 mL of medium (at the required dilution, if
necessary) into a Hansatech Oxygraph plus at 30°C and then, when baseline was stable, 20 pL of glucose
oxidase (14.5 U) (Sigma Chemical Company, St. Louis, MO, USA) were added with a Hamilton syringe.
The glucose oxidase will specifically oxidize the D-glucose in the medium, consuming oxygen in the
process, which is quantified by the electrode. A calibration curve was used to convert the output signal
into glucose concentration.
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3 Results and Discussion

3.1 Growth in synthetic complete medium

To test whether the exponential phase of growth is uniform, we started by monitoring growth of Sc cells
in SC medium. Figure 1A shows the results of two parallel experiments where, cell growth was followed
by optical density and calorimetric measurements. The power (P) derived from the calorimetric signal is
a measure of the heat produced by the overall cell population per unit time. The observed P-t profile is
similar to that observed by others [11][10] and starts with the lag phase, in which microorganisms adapt
to a new rich medium and divide very slowly. A low calorimetric signal is detected during this phase.
After the adaptation period, the power rapidly increases, corresponding to the exponential growth
phase, in which a rapid division of cells is driven by a respiro-fermentative metabolism, with the number
of cells showing a generation time of 0.44+0.03 h™* (n = 26).

Additional information is obtained from the specific power, SP, which is calculated by dividing P by the
number of cells. The SP-t plot (Figure 1B) considerably differs from the P-t plot and gives important
insights on the metabolic dynamics along the Sc growth cycle. One important aspect of this curve is that
the maximum value of SP, 2643 pW cell™ (n = 6), is observed at the end of the lag phase. In other words,
as suggested before [19], the lag phase, where cell division is slow, is characterized by the most intense
dissipative metabolism within the growth cycle. After the lag phase, there is an abrupt decrease in SP,
and then SP values continuously drop along exponential growth, never stabilizing. There is a large
variation, from SP = 20+2 pW cell™ (n = 5) at the beginning to SP = 5+1 pW cell™ (n = 5) at the end of the
exponential phase. This indicates that exponential growth does not correspond to a steady uniform
phase, but instead is highly dynamic and includes continuous metabolic changes.

Because the enthalpy associated with full oxidation of glucose to CO, is higher than that associated to
oxidation of glucose to ethanol, i.e. fermentative metabolism is less dissipative than respiration [18][20],
a possible explanation for the observed decrease of SP along the exponential phase is a decrease of the
respiratory metabolism, as observed in [6]. Figure 2 shows that a decrease of the rate of consumption of
0, along the exponential phase is indeed observed, i.e., oxidative metabolism decreases resulting in a
decrease of the glucose fraction that is fully oxidized to CO, along the exponential phase. This further
supports the conclusion that respiration contribution to metabolism decreases along the exponential
phase.

The reasons for the dynamic character of the exponential phase are not clear. One possible explanation
is that by switching to a more fermentative metabolism Sc cells have the ability to maintain a constant
cell division rate. Nevertheless, the period in which a constant cell division rate is observed cannot be
extended beyond 10.5-11 h, when a drop in the duplication rate to 0.17+0.02 h™ (n = 5) is observed
(Figure 1A). It should be mentioned that during this slower growth phase, there is still plenty of glucose
available (approximately 60 mM) and the metabolism continues to be mostly fermentative with little O,
consumption (Figure 2) dissipating even less energy per cell than in the first 10 h of growth (Figure 1B).
This behavior reveals that SC medium is not able to support an exponential fast-dividing phase while
glucose is still present, an observation that may result from the auxotrophy of this strain [12] or limiting
inositol levels in SC medium [21]. In fact, the biomass yield per C-mol of glucose at the beginning of the
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growth cycle is 0.26420.023 C-mOlpiomass/C-MOlgycose (N = 5) while at the end it decreases by near 50 % to
0.125+0.008 C-mOlpiomass/C-MOlgycose (N = 5). This decrease in the biomass yield per C-mol of glucose
consumed is consistent with the glucose wasting observed when auxotrophic nutrients are limiting the
growth [22] [23].

3.2 Growth in a rich medium

Due to the sensitivity of BY4741 to the media used [12] [24], we evaluated if the type of medium could
affect the dynamics of metabolism change during the exponential phase by growing Sc cells in YPD
medium, which is richer than SC, thus supporting higher proliferation rates. Optical density and P-t
measurements (Figure 3A) give experimental profiles similar to those observed in Figure 1A. As expected
the generation time 0.52+0.02 h™ (n = 3) was higher than that obtained with the poorer SC medium.
Concerning the SP plot (Figure 3B), the highest SP value, approximately 34+2 pW cell™(n = 3), was
observed at the end of the lag phase, similar to what was noted for cells growing in SC medium.
Remarkably, during the exponential phase the results show a similar behavior to that observed for the
growth curve obtained in SC medium. During the exponential phase, after the initial abrupt decrease
following the lag phase, SP values also drop continuously never stabilizing. There is a large variation,
from 26.242.2 pW cell™ (n=2) at the beginning to 6.4+0.6 pW cell™* (n = 3) at the end of the exponential
phase. This indicates that the non-uniformity of this period of growth is not dependent on the type of
growth medium used.

3.3 Final remarks
Several mechanisms contribute to the occurrence of aerobic glycolysis. The decrease in the power
dissipated per cell observed during the exponential phase is an indication that aerobic glycolysis may
spare nutrients to allow a fast proliferation rate. This is further supported by the observation that in the
poorer SC medium, when nutrients are not able to support a full proliferation rate but glucose is still
present at high levels, the dissipated heat per cell further decreases, indicating an even lower
contribution of respiration to cell metabolism than in the exponential phase. Aerobic glycolysis is not
associated only to fast cell proliferation. In fact, aerobic glycolysis has also been observed in situations
where growth is limited by the lack of nutrients, namely auxotrophic nutrients [22][23]. The dynamic
nature of the exponential phase is probably not a universal phenomenon, as many studies show that
this phase can be considered a true uniform period of growth with metabolism near a steady-state.
Strain difference, among other experimental conditions, may account for these discrepancies, and it will
be desirable if a common strain is used as a benchmark to facilitate comparison of data between studies
allowing a faster development of yeast research, as proposed by van Dijken et al. [25]. Altogether, the
high sensitivity of calorimetry measurements can give important insights on the metabolic profile of
cells, contributing to a better understanding of how cells use nutrients to promote cellular growth and
maintenance, and respond to excess or limitation of some nutrients, issues that are at the center of
many metabolic diseases.


https://doi.org/10.1101/063909

bioRxiv preprint doi: https://doi.org/10.1101/063909; this version posted July 15, 2016. The copyright holder for this preprint (which was not

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgments

This work was supported by FCT, Portugal, through Project PEst-OE/QUI/UI0612/2013 and a post-
doctoral grant awarded to C. E. S. Bernardes (SFRH/BPD/101505/2014). We acknowledge Herminio P.
Diogo for its contribution to the design of the reaction vessels.

4 References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

S.L. Colombo, M. Palacios-Callender, N. Frakich, J. De Leon, C.A. Schmitt, L. Boorn, N. Davis, S.
Moncada, Anaphase-promoting complex/cyclosome-Cdh1 coordinates glycolysis and
glutaminolysis with transition to S phase in human T lymphocytes, Proc. Natl. Acad. Sci. 107 (2010)
18868—18873. doi:10.1073/pnas.1012362107.

C.-H. Chang, J.D. Curtis, L.B. Maggi, B. Faubert, A.V. Villarino, D. O’Sullivan, S.C.-C. Huang, G.J.W.
van der Windt, J. Blagih, J. Qiu, J.D. Weber, E.J. Pearce, R.G. Jones, E.L. Pearce, Posttranscriptional
Control of T Cell Effector Function by Aerobic Glycolysis, Cell. 153 (2013) 1239-1251.
doi:10.1016/j.cell.2013.05.016.

V. Tixier, L. Bataillé, C. Etard, T. Jagla, M. Weger, J.P. DaPonte, U. Strdhle, T. Dickmeis, K. Jagla,
Glycolysis supports embryonic muscle growth by promoting myoblast fusion, Proc. Natl. Acad. Sci.
110 (2013) 18982-18987. doi:10.1073/pnas.1301262110.

N. Shyh-Chang, G.Q. Daley, L.C. Cantley, Stem cell metabolism in tissue development and aging,
Development. 140 (2013) 2535-2547. doi:10.1242/dev.091777.

N. Xie, Z. Tan, S. Banerjee, H. Cui, J. Ge, R.-M. Liu, K. Bernard, V.J. Thannickal, G. Liu, Glycolytic
Reprogramming Mediates Myofibroblast Differentiation and Promotes Lung Fibrosis, Am. J. Respir.
Crit. Care Med. (2015). doi:10.1164/rccm.201504-07800C.

N. Slavov, B.A. Budnik, D. Schwab, E.M. Airoldi, A. van Oudenaarden, Constant Growth Rate Can Be
Supported by Decreasing Energy Flux and Increasing Aerobic Glycolysis, Cell Rep. 7 (2014) 705-714.
doi:10.1016/j.celrep.2014.03.057.

C. Larsson, A. Blomberg, L. Gustafson, Use of microcalorimetric monitoring in establishing
continuous energy balances and in continuous determinations of substrate and product
concentrations of batch-grown Saccharomyces cerevisiae, Biotechnol. Bioeng. 38 (1991) 447—-458.
doi:10.1002/bit.260380503.

Beezer, A. A., Biological Microcalorimetry, Academic Press, London, 1980.

James, A.M., Thermal and Energetic Studies of Cellular Biological Systems, IOP Publishing, Bristol,
1987.


https://doi.org/10.1101/063909

bioRxiv preprint doi: https://doi.org/10.1101/063909; this version posted July 15, 2016. The copyright holder for this preprint (which was not

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A. Blomberg, C. Larsson, L. Gustafsson, Microcalorimetric monitoring of growth of Saccharomyces
cerevisiae: osmotolerance in relation to physiological state., J. Bacteriol. 170 (1988) 4562-4568.

R. Brettel, I. Lamprecht, B. Schaarschmidt, Microcalorimetric investigations of the metabolism of
yeasts. VII. Flow-calorimetry of aerobic batch cultures, Radiat. Environ. Biophys. 18 (1980) 301-309.

R. Cohen, D. Engelberg, Commonly used Saccharomyces cerevisiae strains (e.g. BY4741, W303) are
growth sensitive on synthetic complete medium due to poor leucine uptake, FEMS Microbiol. Lett.
273 (2007) 239-243. doi:10.1111/j.1574-6968.2007.00798..x.

M.R. Branco, H.S. Marinho, L. Cyrne, F. Antunes, Decrease of H202 plasma membrane
permeability during adaptation to H202 in Saccharomyces cerevisiae, J. Biol. Chem. 279 (2004)
6501-6506.

M. Leskiv, C.E.S. Bernardes, M.E.M. da Piedade, A calorimetric system based on the LKB 10700-1
flow microcalorimeter, Meas. Sci. Technol. 20 (2009) 075107. doi:10.1088/0957-
0233/20/7/075107.

A. Garedew, E. Schmolz, |. Lamprecht, Microcalorimetric investigation on the antimicrobial activity
of honey of the stingless bee Trigona spp. and comparison of some parameters with those
obtained with standard methods, Thermochim. Acta. 415 (2004) 99-106.
doi:10.1016/j.tca.2003.06.004.

M.A.A. O’Neill, A.E. Beezer, C. Labetoulle, L. Nicolaides, J.C. Mitchell, J.A. Orchard, J.A. Connor, R.B.
Kemp, D. Olomolaiye, The base catalysed hydrolysis of methyl paraben: a test reaction for flow
microcalorimeters used for determination of both kinetic and thermodynamic parameters,
Thermochim. Acta. 399 (2003) 63—71. doi:10.1016/50040-6031(02)00401-X.

Bernardes, C.E.S., CBCAL 1.0: A program for calorimeter control and data acquisition., (2008).

P.D. Philippe Duboc, lan Marison, U. von S. Urs von Stockar, Quantitative calorimetry and
biochemical engineering, in: R B Kemp R B Kemp (Ed.), Handb. Therm. Anal. Calorim., n.d.
https://www.scribd.com/doc/223270683/Handbook-of-Thermal-Analysis-and-Calorimetry-
Volume-4 (accessed July 30, 2015).

A. Schiraldi, Microbial growth and metabolism: Modelling and calorimetric characterization, Pure
Appl. Chem. 67 (1995). d0i:10.1351/pac199567111873.

E.H. Battley, A comparison of energy changes accompanying growth processes by Saccharomyces
cerevisiae, J. Therm. Anal. Calorim. 104 (2011) 193-200. doi:10.1007/s10973-011-1329-8.

M. Hanscho, D.E. Ruckerbauer, N. Chauhan, H.F. Hofbauer, S. Krahulec, B. Nidetzky, S.D. Kohlwein,
J. Zanghellini, K. Natter, Nutritional requirements of the BY series of Saccharomyces cerevisiae
strains for optimum growth, FEMS Yeast Res. 12 (2012) 796—808. d0i:10.1111/j.1567-
1364.2012.00830.x.

M.J. Brauer, C. Huttenhower, E.M. Airoldi, R. Rosenstein, J.C. Matese, D. Gresham, V.M. Boer, O.G.
Troyanskaya, D. Botstein, Coordination of Growth Rate, Cell Cycle, Stress Response, and Metabolic
Activity in Yeast, Mol. Biol. Cell. 19 (2008) 352-367. d0i:10.1091/mbc.E07-08-0779.


https://doi.org/10.1101/063909

bioRxiv preprint doi: https://doi.org/10.1101/063909; this version posted July 15, 2016. The copyright holder for this preprint (which was not

(23]

(24]

[25]

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

N. Slavov, D. Botstein, Decoupling nutrient signaling from growth rate causes aerobic glycolysis and
deregulation of cell size and gene expression, Mol. Biol. Cell. 24 (2013) 157-168.
d0i:10.1091/mbc.E12-09-0670.

I. Corbacho, F. Teixidd, R. Veldazquez, L.M. Hernadndez, I. Olivero, Standard YPD, even supplemented
with extra nutrients, does not always compensate growth defects of Saccharomyces cerevisiae
auxotrophic strains, Antonie Van Leeuwenhoek. 99 (2011) 591-600. doi:10.1007/s10482-010-

9530-5.

J.. van Dijken, J. Bauer, L. Brambilla, P. Duboc, J.. Francois, C. Gancedo, M.L.. Giuseppin, J.. Heijnen,
M. Hoare, H.. Lange, E.. Madden, P. Niederberger, J. Nielsen, J.. Parrou, T. Petit, D. Porro, M. Reuss,
N. van Riel, M. Rizzi, H.. Steensma, C.. Verrips, J. Vindelgv, J.. Pronk, An interlaboratory comparison
of physiological and genetic properties of four Saccharomyces cerevisiae strains, Enzyme Microb.
Technol. 26 (2000) 706—714. doi:10.1016/5S0141-0229(00)00162-9.


https://doi.org/10.1101/063909

bioRxiv preprint doi: https://doi.org/10.1101/063909; this version posted July 15, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure legends

Figure 1. Growth curve of Sc in SC medium. In (A) logarithm of optical density at 600 nm (4) and
dissipated power (P) ( ) are plotted. In (B) the specific power (SP) ( ) refers to the ratio of P
(shown in panel 1A) over the number of cells.

Figure 2. Glucose culture levels () and rate of O, consumption (®) during the growth of Sc cells in SC
medium.

Figure 3. Growth curve of Sc in YPD medium. In (A) logarithm of optical density at 600 nm (4) and
dissipated power (P) ( ) are plotted. In (B) the specific power (SP) ( ) refers to the ratio of P
(shown in panel 1A) over the number of cells.
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