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Abstract:  22 

So far, the physiology of Saccharomyces cerevisiae at near-zero growth rates has been 23 

studied in retentostat cultures with a growth-limiting supply of the carbon and energy 24 

source. Despite its relevance in nature and industry, the near-zero growth physiology of S. 25 

cerevisiae under conditions where growth is limited by the supply of non-energy substrates 26 

remains largely unexplored. This study analyses the physiology of S. cerevisiae in aerobic 27 

chemostat and retentostat cultures grown under either ammonium or phosphate limitation.  28 

To compensate for loss of extracellular nitrogen- or phosphorus-containing compounds, 29 

establishing near-zero growth rates (μ < 0.002 h-1) in these retentostats required addition of 30 

low concentrations of ammonium or phosphate to reservoir media. In chemostats as well as 31 

in retentostats, strongly reduced cellular contents of the growth-limiting element (nitrogen 32 

or phosphorus) and high accumulation levels of storage carbohydrates were observed. Even 33 

at near-zero growth rates, culture viability in non-energy-limited retentostats remained 34 

above 80 % and ATP synthesis was still sufficient to maintain an adequate energy status and 35 

keep cells in a metabolic active state. Compared to similar glucose-limited retentostat 36 

cultures, the nitrogen- and phosphate-limited cultures showed a partial uncoupling of 37 

catabolism and anabolism and aerobic fermentation. The possibility to achieve stable, near-38 

zero growth cultures of S. cerevisiae under nitrogen- or phosphorus-limitation offers 39 

interesting prospects for high-yield production of bio-based chemicals.  40 

Importance: 41 

The yeast Saccharomyces cerevisiae is a commonly used microbial host for production of 42 

various bio-chemical compounds. From a physiological perspective, biosynthesis of these 43 

compounds competes with biomass formation in terms of carbon and/or energy equivalents. 44 

Fermentation processes functioning at extremely low or near-zero growth rates would 45 
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prevent loss of feedstock to biomass production. Establishing S. cerevisiae cultures in which 46 

growth is restricted by the limited supply of a non-energy substrate could therefore have a 47 

wide range of industrial applications, but remains largely unexplored. In this work we 48 

accomplished near-zero growth of S. cerevisiae through limited supply of a non-energy 49 

nutrient, namely the nitrogen or phosphorus source and carried out a quantitative 50 

physiology study of the cells under these conditions. The possibility to achieve near-zero-51 

growth S. cerevisiae cultures through limited supply of a non-energy nutrient may offer 52 

interesting prospects to develop novel fermentation processes for high-yield production of 53 

bio-based chemicals.  54 

Introduction 55 

The yeast Saccharomyces cerevisiae is an established microbial host for production of a wide 56 

range of bio-chemical compounds (1, 2). Current aerobic processes for production of ATP-57 

requiring (‘anabolic’) products are typically biphasic, with separate growth and production 58 

phases. Complete uncoupling of growth and product formation could enable a further 59 

reduction of the loss of feedstock to biomass production. In theory, such a complete 60 

uncoupling can be achieved in continuous processes performed at very low or near-zero 61 

specific growth rates. In practice, however, its implementation requires processes and 62 

microorganisms that, over prolonged periods of time, ensure a high viability and a high 63 

biomass-specific product formation rate (qp) in the absence of growth.  64 

For laboratory studies near-zero specific growth rates are usually achieved in retentostats (3). 65 

A retentostat is a modification of the chemostat, in which effluent removal occurs through 66 

an internal or external filter module that causes complete biomass retention. Retentostats 67 

enable studies on microbial physiology at near-zero growth rates that are technically difficult 68 
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to achieve in conventional chemostats, while their use avoids complete starvation by 69 

maintaining a constant supply of essential nutrients.  70 

When growth in retentostat cultures is limited by the energy substrate, biomass 71 

accumulates in the reactor until the biomass-specific substrate consumption rate (qs) equals 72 

the energy-substrate requirement for cellular maintenance (ms). Aerobic and anaerobic, 73 

glucose-limited retentostat cultures of S. cerevisiae were shown to retain a high viability, as 74 

well as an extremely high heat-shock tolerance, over periods of several weeks (4-7). 75 

Consistent with a growth-rate-independent requirement of ATP for cellular maintenance (8), 76 

observed values of qs at near-zero growth rates (μ < 0.002 h-1) were in good agreement with 77 

estimates of ms derived from measurements in glucose-limited chemostat cultures grown at 78 

a range of specific growth rates (4, 6). 79 

From an applied perspective, it seems illogical to apply severely energy-limited cultivation 80 

regimes for production of compounds whose synthesis from sugar requires a net input of 81 

ATP. In nature, S. cerevisiae seems to have primarily evolved for growth in sugar-rich 82 

environments where, instead of the energy substrate, the nitrogen source is growth limiting 83 

(9, 10). Also in industrial substrates for S. cerevisiae such as wine most or brewing wort, 84 

sugar is typically present in abundance, while growth becomes limited by the nitrogen 85 

source (11).  As an alternative to nitrogen-limited cultivation, growth under extreme 86 

phosphate limitation may offer interesting options to uncouple growth from product 87 

formation. For example,  S. cerevisiae, a non-oleaginous yeast, has been reported to 88 

accumulate high levels of specific fatty acids when availability of phosphate is restricted (12).  89 

Studies in exponentially growing chemostat cultures have revealed an extensive 90 

reprogramming of the yeast transcriptome, proteome and fluxome in response to nitrogen 91 

and phosphorus limitation (13-16). In addition, nitrogen- and phosphorus-limited growth of 92 
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resulted in lower contents of protein and phospholipids, respectively, in yeast biomass (17, 93 

18). In contrast to the wealth of data on the effects of different nutrient limitation regimes in 94 

actively growing cultures, information on aerobic S. cerevisiae cultures grown at near-zero 95 

growth rates is scarce. In anaerobic cultures, nitrogen-limited cultivation with biomass 96 

recycling has been explored to maximize ethanol yields (19, 20). Brandberg and coauthors 97 

(21), who investigated the impact of severe nitrogen limitation on ethanol production by S. 98 

cerevisiae, used incomplete cell recycling under anaerobic and micro-aerobic conditions.  99 

The goal of the present study is to design and implement retentostat regimes for aerobic, 100 

nitrogen- and phosphate-limited growth of S. cerevisiae at near-zero specific growth rates 101 

and to use the resulting cultures for a first experimental exploration of its quantitative 102 

physiology under these scientifically interesting and industrially relevant conditions. To this 103 

end, experimental setups were tested that allowed for a smooth transition from low growth 104 

rate chemostat cultures to near-zero growth rate retentostat cultures. Metabolic fluxes, 105 

biomass composition and cellular robustness were analysed and compared with previously 106 

obtained data from glucose-limited chemostat and retentostat cultures.  107 

Results 108 

Design of carbon-excess retentostat regimes  109 

To study the physiology of S. cerevisiae at near-zero growth rates under non-energy-limited 110 

conditions, retentostat regimes were designed in which growth was prevented by a severely 111 

limited supply of ammonium or phosphate. To avoid starvation, any loss of nitrogen or 112 

phosphate from such cultures, either by cell lysis or by excretion of N- or P-containing 113 

compounds from viable cells,  should be compensated for. As a first approximation of the 114 

rates of N and P release by S. cerevisiae at near-zero growth rates, concentrations of N- and 115 
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P-containing compounds were quantified in the outflow of an aerobic, glucose-limited 116 

retentostat culture. From these measurements, biomass-specific release rates of 8.1 µmol 117 

N/[g biomass]/h and 5.2 µmol P/[g biomass]/h were calculated (Supplementary Table S1). 118 

These rates were used to estimate required supply rates of ammonium and phosphate in 119 

non-growing retentostat cultures limited by either of these two nutrients. For a target 120 

biomass concentration in the retentostats of 5 g/L at a dilution rate of 0.025 h-1,  0.1 g/L 121 

(NH4)2SO4 was included in the medium feed of the ammonium-limited cultures, while 0.014 122 

g/L KH2PO4 was used for phosphate-limited retentostat cultivation. 123 

Aerobic growth of S. cerevisiae at non-limiting concentrations of glucose leads to aerobic 124 

alcoholic fermentation (22). Based on trial experiments, glucose concentrations in the 125 

influent of ammonium- and phosphate-limited retentostats were set at 120 g/L and 60 g/L, 126 

respectively. These concentrations of the growth-limiting nutrients resulted in residual 127 

glucose concentrations of ca. 15 g/L. Ethanol concentrations did not exceed 20 g/L, which is 128 

well below the value of 5 % (v/v) that has been reported to cause stress responses (23). 129 

Growth and viability in ammonium- and phosphate-limited retentostat cultures  130 

Retentostat cultures were started by redirecting the effluent of steady-state ammonium- or 131 

phosphate-limited chemostat cultures, grown at a dilution rate of 0.025 h-1, through a 132 

membrane filter unit placed inside the reactor (see Materials and Methods). Replicate 133 

ammonium-limited retentostats were operated for 220 h with full biomass retention, after 134 

which fouling caused the membrane filters to clog. Membrane fouling was not observed in 135 

the phosphate-limited retentostats, which were operated with full biomass retention until, 136 

after 400 h, the biomass concentration had reached a stable value.  137 
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Irrespective of the nutrient limitation regime, the onset of retentostat cultivation led to a 138 

gradual increase of the biomass concentration (Fig. 1A and 1B). In ammonium-limited 139 

retentostats, the biomass concentration stabilized at ca. 14 g/L after 150 h, while 140 

stabilization in the phosphate-limited cultures at ca. 18 g/L occurred after 300 h. The 141 

increase in biomass concentration in the ammonium-limited retentostats mainly reflected an 142 

increase of the dry mass per cell, which was initially smaller than in the phosphate-limited 143 

retentostats. Conversely, the biomass increase in phosphate-limited retentostats 144 

predominantly reflected an increase of the cell number (Fig. 1C and 1D).  145 

Culture viability was estimated by plate counts of colony-forming units (CFU) and by flow 146 

cytometry after CFDA/propidium iodide (PI) staining (Supplementary Table S2). We observed 147 

a consistently lower viability in the CFU assays than in the CFDA/PI stains. A similar 148 

difference has previously been attributed to loss of viability of retentostat-grown cells during 149 

plating (4, 6). Based on PI staining, the viability of the ammonium- and phosphate-limited 150 

retentostat cultures towards the end of the experiments did not decrease below 80 % and 151 

90 %, respectively (Fig. 1A and 1B, Supplementary Table S2). 152 

During retentostat cultivation, specific growth rates progressively decreased, reaching final 153 

values of 0.00056 ± 0.00010 h-1 and 0.00043 ± 0.00012 h-1 for the ammonium- and 154 

phosphate-limited cultures, respectively, corresponding to doubling times of 55 and 67 days 155 

(Fig. 1E and 1F). Based on these observations, death rates of 0.0018 ± 0.0001 h-1 and 0.0012 156 

± 0.0001 h-1 were calculated for prolonged ammonium- and phosphate-limited retentostat 157 

cultures, respectively. The resulting gradual decrease of culture viability partially explained 158 

the difference between the observed biomass accumulation and the targeted values in the 159 

experimental design. 160 
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Quantitative physiology under extreme ammonium and phosphate limitation 161 

During retentostat cultivation, the biomass-specific consumption rates of glucose and 162 

oxygen and production rates of ethanol and CO2 asymptotically decreased over time and 163 

stabilized after approximately 100 h in the ammonium-limited cultures and after 164 

approximately 200 h in the phosphate-limited cultures (Supplementary Fig. S1). At this stage, 165 

the specific growth rate of the cultures was lower than 0.002 h-1, growth stoichiometries 166 

became constant (Fig. 1E and 1F) and cells were assumed to be in a metabolic pseudo steady 167 

state.  Physiological parameters obtained from the preceding, slowly growing steady-state 168 

chemostat cultures (µ = 0.025 h-1) and from the pseudo-steady-state, near-zero growth 169 

retentostat cultures (µ < 0.002 h-1) are summarized in Table 1. As anticipated, the 170 

concentrations of the limiting nutrients (ammonium or phosphate) were below the 171 

detection limit, whereas glucose concentrations were between 10 and 20 g/L in all cultures 172 

(Table 1). Carbon- and degree-of-reduction balances yielded recoveries close to 100 % (Table 173 

1), indicating that no major metabolites had been overlooked in the analyses.  174 

In the slow-growing (µ = 0.025 h-1) chemostat cultures the biomass-specific rates of glucose 175 

and oxygen consumption as well as ethanol and carbon dioxide production, were 176 

consistently higher in the phosphate-limited cultures than in the ammonium-limited cultures 177 

(Table 1). In line with these observations, the phosphate-limited cultures showed a lower 178 

biomass yield and higher ethanol yield on glucose. Respiratory quotients (RQ, ratio of CO2 179 

production and O2 consumption rate) were identical for the two nutrient limitation regimes, 180 

indicating that the difference in biomass yield of the chemostat cultures was not caused by 181 

different contributions of respiratory and fermentative metabolism. Furthermore, the sum 182 

of the specific production rates of the four minor byproducts (glycerol, succinate, lactate and 183 

acetate), which accounted for less than 4 % of the consumed glucose, were not significantly 184 
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different for the two limitation regimes and were also not responsible for the observed 185 

difference in biomass yield. 186 

In the pseudo-steady-state near-zero growth retentostat cultures, the observed ethanol 187 

yields on glucose (Table1) were respectively 71 % and 53 % of the theoretical maximum 188 

(0.51 g ethanol/[g glucose]) for the ammonium- and phosphate-limited regimes. Consistent 189 

with this observation, significant oxygen consumption occurred in these cultures and their 190 

RQ values were significantly lower than those of the preceding chemostat cultures. For the 191 

phosphate-limited cultures the difference was most pronounced. These observations 192 

indicate that near-zero growth achieved by phosphate limitation leads to a more respiratory 193 

metabolism than was observed in the preceding slowly growing, phosphate-limited 194 

chemostats.  Formation of byproducts accounted for 16 % and 11 % of the supplied glucose 195 

in the ammonium- and phosphate-limited near-zero growth cultures, respectively. Glycerol 196 

and succinate were the main contributors, with succinate accounting for 9 % of the 197 

consumed glucose in the ammonium-limited culture. 198 

Biomass composition under extreme ammonium and phosphate limitation 199 

To analyse the impact of extreme ammonium and phosphate limitation on biomass 200 

composition, biomass samples from slow growing, steady-state chemostat cultures and from 201 

near-zero growth rate pseudo-steady-state retentostat cultures were analysed for their 202 

elemental and macromolecular compositions (Table 2). In the chemostat cultures as well as 203 

in the retentostat cultures, the content of the growth-limiting element in the biomass was 204 

strongly reduced relative to that of the culture grown under the other nutrient limitation 205 

(Table 2). This difference was even more pronounced in the retentostat cultures than in the 206 

preceding chemostat cultures. The nitrogen content of biomass from ammonium-limited 207 
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retentostat cultures was ca. 2-fold lower than that of the corresponding phosphate-limited 208 

retentostats, while the phosphorus content of biomass from the phosphate-limited 209 

retentostats was 3.5-fold lower than that of biomass from the ammonium-limited 210 

retentostats. Both in phosphate-limited chemostats and retentostats, a low phosphorus 211 

content was accompanied by a 2-3 fold higher sulfur content than in the corresponding 212 

ammonium-limited cultures. The increased sulfur content in phosphate-limited cultures may 213 

be due to sulfate uptake by high-affinity phosphate transporters (14). Compared with 214 

glucose-limited chemostat cultures of the same S. cerevisiae strain at a similar dilution rate  215 

(D= 0.022 h-1, Table 2), the biomass protein content and the total nitrogen content of cells 216 

grown in the ammonium-limited chemostat cultures were over 60 % and 50 % lower, 217 

respectively.  Similarly, in the phosphate-limited chemostat cultures, the phosphorus 218 

content of the biomass was ca. 50 % lower.   219 

Consistent with their low nitrogen content, ammonium-limited chemostat and retentostat 220 

cultures showed a ca. 2.5-fold lower biomass protein content than the corresponding 221 

phosphate-limited cultures, with the lowest protein content (9.6 %) measured in the 222 

ammonium-limited retentostats (Fig. 2A). Conversely, glycogen contents were higher (5.8 223 

fold in chemostats and 1.8 fold in retentostats) in ammonium-limited cultures than in 224 

phosphate-limited cultures, while trehalose contents were only 30-40 % higher in the 225 

ammonium-limited cultures (Fig. 2B). When analysed throughout the retentostat 226 

experiments, glycogen contents in the ammonium-limited cultures remained consistently 227 

high, while they increased with declining specific growth rate in the phosphate-limited 228 

cultures (Fig. 2C). For both nutrient limitation regimes, the trehalose content reached a 229 

maximum at a specific growth rate of ca. 0.01 h-1 (Fig. 2D). 230 
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Metabolic flux analysis 231 

To further investigate the physiological differences between extreme ammonium and 232 

phosphate limitation, metabolic flux analysis was performed for both the slow growing, 233 

steady-state chemostat cultures (µ = 0.025 h-1) and near-zero growth, pseudo-steady-state 234 

retentostat cultures (µ < 0.002 h-1) (Fig. 3,  Supplementary Table S3).  At a specific growth 235 

rate of 0.025 h-1, fluxes through the glycolysis, tricarboxylic acid cycle (TCA cycle) and 236 

pyruvate branch point were consistently higher in the phosphate-limited cultures than in the 237 

ammonium-limited cultures. This observation indicated a higher contribution of catabolism 238 

in the phosphate-limited cultures. Assuming a P/O ratio of 1 (24), biomass-specific rates of  239 

ATP turnover were ca. 1.3-folder higher in the phosphate-limitated chemostat cultures than 240 

in the corresponding ammonium-limited cultures (Fig. 3). 241 

In the retentostats, fluxes through the pentose-phosphate pathway (PPP) were extremely 242 

low, which is consistent with the strictly assimilatory role of this central metabolic pathway 243 

in S. cerevisiae (25). The glycolytic flux was nearly identical for the two nutrient limitations. 244 

Conversely, distribution of pyruvate over alcoholic fermentation and TCA cycle were 245 

different. Consistent with their lower RQ, phosphate-limited retentostat cultures channeled 246 

a higher fraction of the pyruvate into the TCA cycle than the ammonium limited retentostat 247 

cultures. Estimated non-growth-associated  ATP consumption was higher in the phosphate-248 

limited retentostats (3.4 ± 0.2 mmol ATP/[g viable biomass]/h) than in the ammonium-249 

limited retentostats (2.9 ± 0.1 mmol ATP/[g viable biomass]/h) (Fig. 3). 250 

Energetics under extreme ammonium and phosphate limitation 251 

Nitrogen and phosphate limitation can both be characterized as non-energy-limited 252 

cultivation regimes. However, because phosphate plays a vital role  in cellular energy 253 
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metabolism and energy status, the intracellular nucleotide levels (ATP, ADP and AMP) and 254 

corresponding adenylate energy charge and ATP/ADP ratios were quantified for both 255 

chemostat and retentostat conditions (Fig. 4). Intracellular levels of all three adenine 256 

nucleotides were consistently higher in the chemostats than in the retentostats. Comparing 257 

these two limitations, both in slow-growth and near-zero growth cultures, intracellular ATP 258 

and AMP levels were consistently lower under phosphate limitation than under ammonium 259 

limitation. In addition, phosphate-limited near-zero growth cultures also showed ca. 40 % 260 

lower ADP levels than the corresponding ammonium-limited cultures, while  ADP levels were 261 

identical in phosphate- and ammonium-limited, slow-growing chemostat cultures (Fig. 4A). 262 

Neither the ATP/ADP ratios nor the energy charge in the retentostat cultures differed from 263 

those in the corresponding  slow-growing chemostat cultures  (Fig. 4B and 4C). However, 264 

ATP/ADP ratios in the phosphate-limited cultures were 30–35 % lower than in the 265 

corresponding ammonium-limited cultures. A similar, less pronounced difference was 266 

observed for the adenylate energy charge. These results show that phosphate limitation 267 

indeed significantly affected cellular energy status. 268 

Discussion  269 

Prolonged near-zero growth of S. cerevisiae under non-energy-limited conditions 270 

Retentostat cultivation of heterotrophic microorganisms typically involves a constant, 271 

growth-limiting supply rate of the carbon and energy substrate (3). The amount of viable 272 

biomass in such energy-limited retentostats asymptotically increases to a constant value, 273 

while the specific growth rate asymptotically approaches zero. In the resulting pseudo 274 

steady states,  biomass-specific substrate supply rates closely match cellular maintenance-275 

energy requirements (3). The retentostat regimes explored in this study, in which growth 276 
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was restricted by supply of the nitrogen or phosphorus source, represented a fundamentally 277 

different scenario.  While biomass also asymptotically increased to a constant value, the 278 

corresponding constant biomass-specific ammonium or phosphate consumption rates were 279 

not related to maintenance-energy metabolism. Instead, they represented release of 280 

nitrogen- or phosphorus-containing compounds, which were removed via the cell-free 281 

effluent. 282 

Excretion of nitrogen- or phosphorus-containing compounds by severely ammonium- or 283 

phosphate-limited yeast cultures appears counter intuitive. Instead, release of these 284 

compounds probably occurs by cell death and/or lysis. S. cerevisiae can express a range of 285 

specific and non-specific amino acid permeases (26), while di- and tri-peptides can be 286 

imported by Prt2p (27). Presence of amino acids in culture supernatants is therefore likely to 287 

reflect the kinetics of such transporters, rather than a complete inability for amino-acid 288 

reconsumption by viable cells. Consistent with this hypothesis, extracellular concentrations 289 

of amino acids in the ammonium-limited retentostats were lower than the Km values of the 290 

corresponding high-affinity S. cerevisiae amino-acid permeases (Supplementary Table S4). 291 

Biomass concentrations in the ammonium- and phosphate-limited retentostats reached 292 

values that were approximately 3-fold higher than the target value of 5 g/L on which design 293 

of growth media and operating conditions were based. This difference could only partially be 294 

attributed to accumulation of non-viable biomass. In addition, strongly reduced contents of 295 

the growth limiting element in the retentostat-grown biomass could explain this large 296 

discrepancy to a large extent.  297 

As previously reported for glucose-limited cultures (21), ammonium- and phosphate-limited 298 

cultivation of S. cerevisiae at low to near-zero growth rates led to increased intracellular 299 

levels of glycogen and trehalose. This observation confirms that glycogen and trehalose 300 
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accumulation is a universal physiological response of S. cerevisiae at near-zero growth 301 

conditions. Also in faster growing chemostat cultures, nitrogen limitation has been shown to 302 

lead to higher storage carbohydrate levels than other nutrient-limitation regimes (28). 303 

Intracellular reserves of glycogen and trehalose enable survival during carbon and energy 304 

source starvation and can fuel cell cycle progression under carbon- and energy-source 305 

limitation (29). Additionally, upregulation of genes involved in synthesis, metabolism and 306 

degradation of trehalose has been implicated in the extreme heat-shock tolerance of 307 

glucose-limited retentostat cultures of S. cerevisiae (6, 30).  308 

Energy metabolism of S. cerevisiae under extreme ammonium and phosphate 309 

limitation  310 

Despite strongly reduced phosphate content and low intracellular levels of adenosine 311 

nucleotides, the adenylate energy charge of 0.83 of the phosphate-limited chemostat and 312 

retentostat cultures was within the normal physiological range of 0.7 to 0.95 (31). Also the 313 

adenylate energy charge of 0.88 for the corresponding ammonium-limited cultures indicated 314 

that cells were able to maintain their energy status under extreme nutrient restriction.  315 

Consistent with the well-known tendency of S. cerevisiae to exhibit aerobic alcoholic 316 

fermentation when exposed to excess glucose (22), respiratory quotients (RQs) of all 317 

ammonium- and phosphate-limited cultures were above 1. RQ values were lowest at near-318 

zero growth rates (Supplementary Table S5), indicating that the contribution of fermentative 319 

metabolism decreased with decreasing specific growth rate. Even though S. cerevisiae has a 320 

low P/O ratio, respiratory catabolism of glucose yields much more ATP than fermentation 321 

(32). However, it maximum rate of fermentative ATP generation is approximately 2-fold 322 

higher than its maximum rate of respiratory ATP generation (33). These observations 323 
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underlie a rate/yield trade-off hypothesis, according to which ATP can either be produced 324 

fast (but with a low efficiency) or efficiently (but at a lower maximum rate) (34). The shift 325 

towards a more respiratory metabolism in the near-zero growth rate retentostat cultures is 326 

entirely in line with this hypothesis.    327 

Non-growth associated rates of ATP turnover in the aerobic, non-energy-limited cultures 328 

were significantly higher than maintenance-energy requirements estimated from aerobic 329 

and anaerobic energy-limited retentostat studies with the same S. cerevisiae strain 330 

(supplementary Fig. S3). While a similar uncoupling of anabolic energy demand and catabolic 331 

energy conservation has been reported for nitrogen-limited chemostat cultures, the 332 

underlying mechanism has not been elucidated (16, 21, 35-38). Quantification of the in vivo 333 

cytosolic concentrations of ammonium and ammonia recently showed that, in ammonium-334 

limited chemostat cultures of S. cerevisiae grown at pH 5, cytosolic ammonia concentrations 335 

exceeded extracellular concentrations  (39). Diffusion of ammonia from the cells, combined 336 

with reuptake of ammonium cation by the high-affinity uniporter Mep2 (40) and expulsion 337 

of its associated proton by the plasma-membrane H+-ATPase Pma1 could lead to a futile 338 

cycle.  339 

Extreme phosphate-limited growth of S. cerevisiae induces expression of PHO84, which 340 

encodes a high-affinity phosphate/proton symporter and vacuolar synthesis of inorganic 341 

polyphosphate(41). By acting as a phosphorus sink, polyphosphate sustains phosphate 342 

uptake at low extracellular concentrations (41, 42). Its synthesis in yeast requires activity of 343 

the vacuolar H+-ATPase (V-ATPase) to maintain a proton-motive force across the vacuolar 344 

membrane (41). Although high-affinity phosphate import and subsequent vacuolar 345 

polyphosphate synthesis must have resulted in increased ATP requirements, these are 346 

negligible compared to the observed non-growth associated ATP requirements in the 347 
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phosphate-limited retentostat cultures. Unless very significant turnover of the 348 

polyphosphate pool has occurred, these additional ATP requirements are likely to have been 349 

caused by other, yet unknown processes. 350 

Possible application of severe ammonium or phosphate limitation for industrial 351 

processes 352 

Metabolic engineering of S. cerevisiae has enabled the production of a wide range of 353 

compounds whose biosynthesis from sugars requires a net input of ATP (43). The specific 354 

rate of formation of such ‘anabolic’ products is determined by the capacities and regulation 355 

of the enzymes of the product pathway and connected primary metabolic pathways, as well 356 

as by the continuous (re)generation of cofactors such as NAD(P)H, Coenzyme A and ATP. To 357 

optimize yields of such products, allocation of sugar to growth should be minimized. At the 358 

same time, ATP availability should not limit product formation rates. Theoretically, these 359 

goals can be reconciled by near-zero-growth-rate cultivation under non-energy-limited 360 

conditions. This study shows that, under ammonium limitation as well as under phosphate 361 

limitation, glucose-sufficient, near-zero-growth retentostat cultures of a laboratory strain of  362 

S. cerevisiae is able to maintain a normal energy charge and showed only a modest loss of 363 

culture viability. The extremely low protein content of biomass grown in the nitrogen-limited 364 

retentostats is likely to represent a disadvantage for high-level expression of heterologous 365 

product pathways. Moreover, nitrogen limitation is intrinsically poorly suited for production 366 

of proteins and other nitrogen-containing compounds. Extreme phosphate limitation did not 367 

affect biomass protein levels. However, relative to glucose-limited retentostats, both the 368 

ammonium- and phosphate-limited cultures showed increased rates of non-growth 369 

associated ATP dissipation. This increase is undesirable in industrial contexts, as the resulting 370 
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increased rate of sugar dissimilation would go at the expense of the product yield. Future 371 

research should therefore aim at identifying the causes of non-growth associated ATP 372 

dissipation and on their elimination, either by alternative nutrient limitation regimes, by  373 

strain engineering or by alternative approaches to restrict cell division. 374 

Materials and methods 375 

Yeast strain and media 376 

The prototrophic, haploid yeast strain Saccharomyces cerevisiae CENPK 113-7D was used in 377 

this study (44). Working stocks were obtained by cultivation in YPD medium (10 g/L Bacto 378 

yeast extract, 20 g/L Bacto peptone and 20 g/L D-glucose). After addition of 30 % (v/v) 379 

glycerol, culture aliquots were stored in sterilized Eppendorf tubes at -80°C.  380 

Ammonium- and phosphate-limited (N- and P-limited) pre-culture and batch culture media 381 

were prepared as described by Boer (16). For N-limited batch cultivation, the medium 382 

contained the following components: 1.0 g of (NH4)2SO4, 5.3 g of K2SO4, 3.0 g of KH2PO4 , 0.5 383 

g of MgSO4_7H2O, and 59 g of glucose per liter. For P-limited batch cultivation, the medium 384 

contained 5.0 g of (NH4)2SO4, 1.9 g of K2SO4, 0.12 g of KH2PO4, 0.5 g of MgSO4_7H2O, and 59 385 

g of glucose per liter. In addition, 1 mL/L trace element solution ,1 mL/L vitamin solution 386 

and 0.2 g/L Pluronic 6100 PE antifoaming agent (BASF, Ludwigshafen, Germany) were added. 387 

Trace element and vitamin solutions were prepared as described by Verduyn (45). The 388 

compositions of media for N- and P-limited chemostat cultivation were as described above, 389 

except that the glucose concentration was increased to 120 g/L. For N-limited retentostat 390 

cultivation, the (NH4)2SO4 concentration in the medium feed was decreased to 0.1 g/L and 391 

the glucose concentration was 60 g/L. To maintain the same sulfur concentration, the K2SO4 392 

concentration was increased to 6.46 g/L, the concentrations of the other compounds were 393 
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the same as in the chemostat medium. For P-limited retentostat cultivation, the KH2PO4 394 

concentration was lowered to 0.014 g/L and the glucose concentration was 60 g/L.  395 

Bioreactor set up  396 

Bench-scale,  turbine-stirred 7 L bioreactors (Applikon, Delft, The Netherlands) equipped 397 

with a single six-bladed Rushton turbine impeller with a diameter of 85 mm, were used in 398 

this study. The working volume was controlled at 5 L by placing the bioreactor on an 399 

electronic balance (Mettler Toledo, Columbus, Ohio, USA). During continuous cultivation, 400 

effluent was removed with a peristaltic pump to an effluent vessel, which was placed on an 401 

electronic balance for measurement of the dilution rate (D = 0.025 h-1). The culture 402 

temperature was maintained at 30 ± 0.1oC  and the stirrer speed at 500 rpm.  Aerobic 403 

conditions were maintained by sparging 0.5 vvm compressed air, controlled by a mass flow 404 

controller (Brooks 5850 TR, Hatfield, PA, USA). The dissolved oxygen concentration was 405 

measured on-line with a DO sensor (Mettler-Toledo GmbH, Greinfensee, Switzerland) and 406 

remained above 30 % of air saturation in all experiments. Culture pH was controlled at 5.00 ± 407 

0.05 by automated addition of either 2 M KOH or 2 M H2SO4, using a Biostat Bplus controller 408 

(Sartorius BBI Systems, Melsungen, Germany). Exhaust gas was cooled to 4°C by an in-line 409 

condenser and dried by a Nafion dryer (Permapure, Toms River, USA) before entering a 410 

combined paramagnetic/infrared NGA 2000 off-gas analyzer (Rosemount Analytical, 411 

Anaheim, USA) for analysis of O2 and CO2 concentrations. Off-gas data were acquired with 412 

MFCS/win 3.0 software (Sartorius BBI Systems, Melsungen, Germany). 413 

Pre-culture, batch, chemostat and retentostat cultures 414 

Pre-cultures, grown in 500 mL shake flasks containing 200 mL medium, were inoculated with 415 

2 mL of stock culture and  grown at 30C and at 200 rpm for 8 h in a B Braun Certomat BS-1 416 
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incubator (Sartorius, Melsungen, Germany ). Bioreactor batch cultures were started by 417 

transferring 400 mL of preculture to a bioreactor containing 4.6 L of medium. After 418 

approximately 24 h of batch cultivation, a sharp decrease of the CO2 concentration in the 419 

off-gas and a corresponding increase of the dissolved oxygen concentration indicated that 420 

ammonium or phosphate was depleted. The bioreactors were then switched to chemostat 421 

cultivation mode and operated at a dilution rate of 0.025 h-1. Steady-state was assumed to 422 

be achieved after 5 volume changes, in which stable (less than 3 % difference over 2 volume 423 

changes) off-gas CO2 and O2 concentrations, culture dry weight and cell counts were 424 

observed. At that stage, bioreactors were  switched from chemostat to retentostat mode by 425 

redirecting the culture effluent through a  filtration probe assembly (Applikon, Delft, The 426 

Netherlands). Each probe was fitted with a 0.22 µ𝑚 tubular micro-filtration polypropylene 427 

membrane (TRACE Analytics, Brunswick, Germany). Because of the limited flow rate capacity 428 

of each filter, four filtration probes were installed in each bioreactor. Before mounting on 429 

the filtration probe and autoclaving, membranes were hydrophilized overnight in 70 % (v/v) 430 

isopropanol.  431 

To avoid a sudden decrease of substrate concentrations during the switch from chemostat 432 

to retentostat mode, a gradual transition from chemostat to retentostat medium was 433 

accomplished by using two feed pumps. The resulting time-dependent concentrations of 434 

glucose and of the growth-limiting nutrient ( (NH4)2SO4 or KH2PO4) in the medium are 435 

described by the following equation: 436 

𝐶𝑠 =
𝑒(−𝑡/) ∗ 𝐹𝑖𝑛, 𝑐ℎ ∗ 𝐶𝑠, 𝑐ℎ + (1 − 𝑒(−𝑡/)) ∗ 𝐹𝑖𝑛, 𝑟𝑒 ∗ 𝐶𝑠, 𝑟𝑒

𝑒(−𝑡/) ∗ 𝐹𝑖𝑛, 𝑐ℎ + (1 − 𝑒(−𝑡/)) ∗ 𝐹𝑖𝑛, 𝑟𝑒
 

In this equation,  is the time constant for the transition which was set to a value of 16.67 h. 437 

Cs,ch,  Cs,re, Fin,ch, Fin,re,  correspond to the nutrient concentrations in the chemostat and 438 
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retentostat media and the feed rates from the corresponding medium reservoirs, 439 

respectively. Profiles of the resulting concentrations of the limited nutrient and of glucose in 440 

the retentostat feed media during the transition are provided in Supplementary Fig. S3. The 441 

actual medium feed rates during the chemostat and retentostat phases  for each experiment 442 

were calculated from the weight increase of the effluent vessels and the addition rates of 443 

base. 444 

Biomass and viability assays   445 

Culture dry weight assays were carried out through a filtration, washing and drying 446 

procedure as described previously (46). Total cell counts were quantified with a Z2 Coulter 447 

counter (50 μm aperture, Beckman, Fullerton, CA). Cell viabilities were determined through 448 

a FungaLight™ Yeast CFDA, AM/Propidium Iodide Vitality Kit ( a cellular membrane integrity 449 

indicator) by flow cytometry and colony-forming-unit counts (6). 450 

Quantification of (by)products and residual substrates  451 

Cell-free effluent samples were harvested from a sample port connected to the retentostat 452 

filters, immediately frozen in liquid nitrogen and stored at -80 oC until analysis. Effluent 453 

concentrations of glucose, ethanol and by-products (glycerol, lactate, acetate, and succinate) 454 

were quantified with HPLC using a Bio-Rad HPX-87H 300 column (7.8 mm). The column was 455 

eluted with phosphoric acid (1.5 mM, 0.6 mL/min ). The detection was performed with a 456 

refractometer ( Walters 2414) and a UV dector (Walters 484, 210 nm). Concentrations of 457 

ammonium and phosphate were quantified with an ammonium cuvette test (0.02-2.5 mg/L 458 

NH4
+) and a phosphate trace cuvette test (0.03-1.5 mg/L PO43- ), respectively (Hach Lange 459 

GmbH, Düsseldorf, Germany). 460 
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Balances and rate calculations 461 

Biomass-specific glucose and oxygen consumption rates, and biomass-specific production 462 

rates of ethanol, carbon dioxide and by-products were calculated  based on primary 463 

measurements of substrates/products concentration and flow rates in gas and liquid phases. 464 

Data reconciliation was performed as described previously (47). The consistencies of the 465 

thus obtained rates were evaluated by calculation of carbon and degree of reduction 466 

recoveries. Ethanol evaporation via the off-gas of the reactor was quantified as described 467 

previously (48) and was taken into account in calculation of ethanol production rates. 468 

Calculation of specific growth rates and doubling times in retentostat cultures was 469 

performed as described previously (4). 470 

Analysis of biomass composition  471 

Around 250 mg of lyophilized biomass was used to determine the elemental (C, H, N, O, P, S) 472 

composition  through complete combustion and subsequent gas analysis (carbon dioxide, 473 

water vapour and nitrogen mass fractions), gas chromatography (oxygen) and ICP-MS 474 

(phosphorus and sulphur) (Energy Research Centre, Petten, The Netherlands). Biomass 475 

protein was quantified with the Biuret method as described previously (49). The trehalose 476 

content of the biomass was directly quantified by GC-MS/MS (50) in intracellular metabolite 477 

samples prepared as described below. Glycogen content was quantified through an 478 

enzymatic hydrolysis method (6). 479 

Quantification of intracellular metabolites  480 

A rapid sampling device connected to the bioreactor was used to rapidly withdraw broth 481 

samples for intracellular metabolite measurements (51). Approximately 1.2 g broth was 482 

taken and instantaneously quenched in pre-cooled  pure methanol (-40oC), followed by a 483 
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washing procedure with 80 % aqueous methanol (v/v) solution pre-cooled to -40⁰C. 484 

Metabolite extraction was performed with 75 % (v/v) ethanol (95oC, 3min),  followed by 485 

rapid vacuum evaporation until dryness.  A detailed protocol has been described previously 486 

(47).  Metabolite concentrations were quantified by isotope dilution mass spectrometry (LC-487 

IDMS/MS and GC-IDMS) using U-13C-labeled yeast cell extract as internal standard (52). 488 

Metabolites  from glycolysis, TCA cycle and pentose-phosphate pathway as well as amino 489 

acids were quantified according to published protocols (53-55). Intracellular adenine 490 

nucleotide contents (ATP, ADP, AMP) were measured according to (55). The adenylate 491 

Energy Charge(AEC) was calculated as follows: 492 

AEC =
ATP + 0.5 ∗ ADP

ATP + ADP + AMP
 

Metabolic flux analysis 493 

Intracellular flux distributions during steady-state chemostat and pseudo-steady-state 494 

retentostat cultivation were calculated using a slightly modified version of a previously 495 

published stoichiometric model (56), in which the biomass composition was adapted 496 

according to the measurements of the biomass elemental compositions. The input variables 497 

used for the flux analysis are summarized in supplementary Table S3.  498 
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Table 1 Physiological parameters of S. cerevisiae CEN.PK113-7D cultured in aerobic 674 

ammonium- and phosphate-limited (N- and P-limited) slow growth (SG) (µ = 0.025 h-1) 675 

steady-state chemostats and near-zero growth (NZG) (µ < 0.002 h-1) pseudo-steady-state 676 

retentostats. Data represent averages, with their standard errors, calculated from multiple 677 

measurements obtained from duplicate experiments.  678 

 
Culture 

condition 

Biomass specific net conversion rates 

qglucose
a qethanol qX qglycerol qsuccinate qLactate qacetate qO2 qCO2 

N-limited 
at SG 

14.0  
± 0.0 

6.1  
± 0.2 

0.96  
± 0.09 

0.10  
± 0.01 

0.40  
± 0.06 

0.070  
± 0.001 

0.017  
± 0.002 

1.7  
± 0.0 

5.5  
± 0.2 

P-limited 
at SG 

16.6  
± 1.2 

7.9  
± 0.3 

0.99  
± 0.04 

0.18  
± 0.00 

0.15  
± 0.01 

0.065  
± 0.001 

0.21  
± 0.01 

2.1  
± 0.0 

6.6  
± 0.3 

N-limited 
at NZG 

3.4  
± 0.1 

1.5  
± 0.0 

---b 0.18  
± 0.01 

0.30  
± 0.01 

0.048  
± 0.002 

0.026  
± 0.001 

0.71  
± 0.03 

1.5  
± 0.0 

P-limited 
at NZG 

3.1  
± 0.1 

1.1  
± 0.1 

--- 0.14  
± 0.03 

0.15  
± 0.00 

0.000  
± 0.000 

0.049  
± 0.005 

0.94  
± 0.02 

1.6  
± 0.1 

 
 
 

Culture 
condition 

 Residual nutrient 
concentrations 

viability RQc Ysxd Yspe carbon 
recovery 

reduction 
recovery 

glucose NH4
+ PO4

3- 

%    % % g/L mM mM 

N-limited 
at SG 

93  
± 0 

3.1  
± 0.0 

0.059  
± 0.000 

0.32  
± 0.12 

95  
± 1 

95  
± 1 

16.48  
± 0.2 

BDf 18.4  
± 0.92 

P-limited 
at SG 

91  
± 0 

3.1  
± 0.1 

0.052  
± 0.000 

0.36  
± 0.00 

99  
± 6 

99  
± 3 

18.21  
± 0.7 

40.5  
± 2.0 

BD 

N-limited 
at NZG 

80  
± 0 

2.1  
± 0.1 

--- 0.33  
± 0.02 

101  
± 2 

98  
± 3 

14.99  
± 2.01 

BD 18.2  
±  0.90 

P-limited 
at NZG 

90  
± 0 

1.7  
± 0.0 

--- 0.28  
± 0.03 

98  
± 2 

99  
± 1 

10.30  
± 0.15 

53.5  
± 2.7 

BD 

 679 

 680 

 681 
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a: Biomass-specific rates were expressed in the unit of  mCmol/gxv/h , and were calculated 682 

based on per gram of viable biomass. 683 

b: Not calculated. 684 

c: RQ, respiratory quotient (qCO2/qO2 ). 685 

d: Ysx, Yield of biomass (g biomass/[g glucose consumed]). 686 

e: Ysp, Yield of ethanol (g ethanol/[g glucose consumed]). 687 

f: BD, below detection limit of assay. 688 
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Table 2 Biomass elemental compositions of S. cerevisiae CEN.PK113-7D cultured in aerobic 710 

ammonium- and phosphate-limited (N- and P-limited) slow growth (SG) (µ = 0.025 h-1) 711 

steady-state chemostats and near-zero growth (NZG) (µ < 0.002 h-1) pseudo-steady-state 712 

retentostats. Data represent averages, with standard errors, of measurements from 713 

duplicate cultures and are compared with published values from aerobic glucose-limited (C-714 

limited) chemostat culture of the same strain (49).  715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

Culture  
condition 

µ f C f H f N f O f P f S sum C-mol 
weight 

 h-1 % % % % % % % g/L 

N-limited 
 

0.025 47.0  
± 0.0 

7.2  
± 0.0 

3.5  
± 0.1 

39.5  
± 0.4 

1.3  
± 0.0 

0.16  
± 0.01 

98  
± 0 

25.56  
± 0.00 

P-limited 
 

0.025 44.0  
± 0.2 

7.0  
± 0.1 

5.3  
± 0.0 

36.9  
± 0.3 

0.50  
± 0.01 

0.39  
± 0.03 

94   
± 0 

24.27  
± 0.25 

N-limited 
 

< 0.002 49.5  
± 0.4 

7.6  
± 0.0 

2.5  
± 0.0 

39.5  
± 1.1 

1.1  
± 0.0 

0.11  
± 0.01 

100  
± 1 

27.33  
± 0.22 

P-limited 
 

< 0.002 47.3  
± 0.1 

7.2  
± 0.0 

4.6  
± 0.1 

37.4  
± 0.0 

0.29  
± 0.00 

0.27  
± 0.01 

97  
± 0 

25.42  
± 0.08 

C-limited  0.022 45.6 6.8 6.6 37.3 1.0 0.22 97 26.4 
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 731 

Fig. 1  Biomass accumulation, cell counts and specific growth rates in aerobic ammonium- 732 

and phosphate-limited retentostat cultures of S. cerevisiae CEN.PK113-7D. Data of Fig. 1A, 733 

1B, 1C, and 1D obtained from independent duplicate cultures are shown as circles and 734 

diamonds, and error bars indicate standard errors of analytical replicates on samples from 735 

the same culture. Data of Fig. 1C and 1D represent the averages and standard errors of 736 

measurements on duplicate retentostat cultures. 737 
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A, B: Total biomass (closed symbols), viable biomass (open symbols) and percentage of 738 

viable biomass in ammonium-limited (A) and phosphate-limited (B) retentostat cultures.  739 

C, D: Cell numbers (closed symbols)  and average mass per cell (open symbols) in 740 

ammonium-limited (C) and phosphate-limited (D) retentostat cultures. 741 

E, F: Specific growth rate (closed symbols) and doubling time (open symbols) in ammonium-742 

limited (E) and phosphate-limited (F) retentostat cultures. 743 
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 768 

Fig. 2 Biomass protein and storage carbohydrates (glycogen and trehalose) contents in 769 

aerobic ammonium- and phosphate-limited (N- and P-limited) cultures of S. cerevisiae 770 

CEN.PK113-7D. Data represent the averages and standard errors of multiple measurements 771 

on duplicate cultures. 772 

A, B: Biomass protein (A) and storage carbohydrates(glycogen and trehalose) (B). Samples 773 

were withdrawn from the steady-state, slow growth (µ = 0.025 h-1) chemostat cultures, and 774 

the pseudo-steady-state, near-zero growth (µ < 0.002 h-1) retentostat cultures.  775 

C, D: Glycogen (C) and trehalose (D) contents vs. the specific growth rate in the prolonged 776 

retentostat cultures.  777 

0

8

16

24

32

40

N-limited P-limited

B
io

m
as

s 
 p

ro
te

in
 c

o
n

te
t 

 
( 

%
, g

/[
1

0
0

g 
b

io
m

as
s]

) 

slow growth

near-zero growth

0

3

6

9

12

15

N-limited
glycogen

P-limited
glycogen

N-limited
trehalose

P-limited
trehalose

St
o

ra
te

 c
ar

b
o

n
h

yd
ra

te
s 

( 
%

, g
/[

1
0

0
g 

b
io

m
as

s]
) 

 

slow growth

near-zero growth

A B 

0

3

6

9

12

15

0 0.006 0.012 0.018 0.024 0.03

G
ly

co
ge

n
 (

 %
, g

/[
1

0
0

g 
b

io
m

as
s]

 ) 

Specific growth rate (h-1) 

P- limited

N- limited

C 

0

3

6

9

12

15

0 0.006 0.012 0.018 0.024 0.03

Tr
eh

al
o

se
 (

 %
, g

/[
1

0
0

g 
b

io
m

as
s]

 ) 

Specific growth rate (h-1) 

P- limited

N- limited

D 



33 
 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

Glucose:ext 

G6P 

F6P 

F16BP 

3PG 

PEP 

PYR 

6PG 

 DHAP           GAP 

13BPG 

2PG 

ACT ETOH 

CIT 

ISOCIT 

AKG 

MAL 

SUC SUCCOA 

FUM 

OAA  

ACCOA 

COA 

RIBU5P 

RIB5P XYL5P 

GAP + SED7P 

E4P + F6P 

ATP+H2O 

ADP+Pi+H
+
 

q
ATP

 

Mitochondria 

Cytosol 

Extracellular 



34 
 

Fig. 3 Metabolic flux analysis in aerobic ammonium- and phosphate-limited (N- and P- 801 

limited) cultures of S. cerevisiae CEN.PK113-7D. Flux values present the steady-state, slow 802 

growth (SG) (µ = 0.025 h-1) chemostat cultures (numbers on green background), and the 803 

pseudo-steady-state, near-zero growth (NZG) (µ < 0.002 h-1) retentostat cultures (numbers 804 

on orange background). Data are expressed in millmoles of per gram viable biomass per 805 

hour and represent the averages of duplicate cultures. Complete flux analysis values and 806 

standard errors were presented in Supplementary Table S3. 807 

 808 

 809 

 810 

 811 
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 812 

Fig. 4 Intracellular adenosine phosphate concentrations (3A), ATP/ADP ratio (3B) and energy 813 

charge (3C) in aerobic ammonium- and phosphate-limited (N- and P-limited) cultures of S. 814 

cerevisiae CEN.PK113-7D. Data represent the averages and standard errors of multiple 815 

measurements from duplicate cultures. Samples were withdrawn from the steady-state, 816 

slow growth (µ = 0.025 h-1) chemostat cultures, and the pseudo-steady-state, near-zero 817 

growth (µ < 0.002 h-1) retentostat cultures.  818 
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