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Abstract 1 

Maximizing growth and survival in the face of a complex, time-varying environment is a common 2 

problem for single-celled organisms in the wild. When offered two different sugars as carbon 3 

sources, microorganisms first consume the preferred sugar, then undergo a transient growth 4 

delay, the “diauxic lag”, while inducing genes to metabolize the less preferred sugar. This delay 5 

is commonly assumed to be an inevitable consequence of selection to maximize use of the 6 

preferred sugar. Contrary to this view, we found that many natural isolates of Saccharomyces 7 

cerevisiae display short or non-existent diauxic lags when grown in mixtures of glucose 8 

(preferred) and galactose. These strains induce galactose-utilization (GAL) genes hours before 9 

glucose exhaustion, thereby “preparing” for the transition from glucose to galactose metabolism. 10 

The extent of preparation varies across strains, and seems to be determined by the steady-state 11 

response of GAL genes to mixtures of glucose and galactose rather than by induction kinetics. 12 

Although early GAL induction gives strains a competitive advantage once glucose runs out, it 13 

comes at a cost while glucose is still present. Costs and benefits correlate with the degree of 14 

preparation: strains with higher expression of GAL genes prior to glucose exhaustion 15 

experience a larger upfront growth cost but also a shorter diauxic lag. Our results show that 16 

classical diauxic growth is only one extreme on a continuum of growth strategies constrained by 17 

a cost-benefit tradeoff. This type of continuum is likely to be common in nature, as similar 18 

tradeoffs can arise whenever cells evolve to use mixtures of nutrients.    19 
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Introduction 20 

Natural environments contain complex, time-varying mixtures of nutrients and stresses. 21 

Understanding how cells use external cues to maximize growth and survival is key to 22 

understanding the evolution and function of regulatory circuits. Gene regulation allows cells to 23 

express pathways for specific tasks only in conditions when they are needed, to maximize the 24 

benefit of these pathways while minimizing their metabolic cost [1–4]. Regulatory circuits have 25 

evolved elaborate behaviors such as bet-hedging, signal integration, and environmental 26 

anticipation in response to the complexity of natural environments [5]. 27 

A classic example of gene regulation occurs during microbial growth on mixtures of carbon 28 

sources. For example, when budding yeast or E. coli grow in the sugars glucose and galactose, 29 

they first consume glucose, while dedicated signaling mechanisms repress galactose-utilization 30 

(GAL) genes [6–11]. When glucose has been exhausted, cells temporarily stop growing, induce 31 

GAL genes, and start growing again. The transient pause in growth, called the diauxic lag, can 32 

last up to several hours. 33 

The diauxic lag is commonly thought to be a consequence of selection to minimize expression 34 

of superfluous metabolic pathways when a nutrient that can be more efficiently utilized is 35 

available [12–14]. This is supported by the observation that cells growing in two sugars that 36 

support similar growth rates do not exhibit a diauxic lag [8]. However, recent studies have 37 

shown that even in the same nutrient mixture, the length of diauxic lag can vary among 38 

experimentally evolved bacterial strains [15,16] or yeast isolates [17]. In both cases, evolved 39 

strains lacking a diauxic shift possessed weaker catabolite repression of secondary carbon 40 

pathways than the ancestor. This leads to a fitness cost during growth in the preferred nutrient, 41 

but a fitness advantage when the environment shifts rapidly between preferred and alternative 42 

nutrients. These results raise the question of whether similar mechanisms and fitness tradeoffs 43 

underlie the diauxic lag variation seen in natural yeast isolates [17]. 44 
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To address this question, we monitored culture density and gene expression in ecologically 45 

diverse Saccharomyces cerevisiae natural isolates growing in mixtures of glucose and 46 

galactose. As expected, we found a spectrum of diauxic lag phenotypes, from strains with non-47 

existent lags to those with more classical lag times of many hours. Strikingly, the variation in lag 48 

time is not due to differences in how fast strains can execute induction of GAL genes, but rather 49 

the timing of when they begin to induce. Short-lag strains induce GAL genes up to 4 hours 50 

before glucose is exhausted, in effect “preparing” for the transition to galactose metabolism. The 51 

degree of preparation correlates with the strength of glucose repression; strains that induce 52 

GAL genes at higher glucose levels also induce them earlier during diauxic growth. These 53 

results suggest that natural variation in catabolite repression is not only a key determinant of 54 

microbial fitness during sudden nutrient shifts [17], but also gradually changing nutrient 55 

conditions. Finally, we show that the observed phenotypic variation follows a tradeoff: early GAL 56 

induction benefits cells by preparing them for glucose exhaustion, but the cost of expressing 57 

GAL genes reduces growth rate while glucose is still present. This tradeoff is likely a general 58 

constraint on microbial growth strategies in mixed-nutrient environments. 59 

Results 60 

Natural yeast strains vary in length of diauxic lag 61 

We grew 43 Saccharomyces cerevisiae strains in a carbon-limited medium containing 0.25% 62 

glucose and 0.25% galactose, the preferred and alternative carbon source respectively (Figure 63 

1A). The S. cerevisiae strains come from a range of geographical locations and environments 64 

[18,19] and are all prototrophic, allowing us to omit amino acids from the media and avoid 65 

potential complications from their role as alternative carbon sources [20]. Bulk growth of the 66 

cells was measured by recording the optical density of each culture every 10 minutes for 44 67 

hours using an automated plate reader (Materials and methods). 68 
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The growth curves generally display an initial phase of fast growth followed by a second phase 69 

of relatively slower growth, as expected in a 2-sugar mixture (Figure 1B-C, S1). However, the 70 

strains varied in the extent of growth lag, or a local minimum in growth rate, between the two 71 

growth phases (top versus bottom strains in Figure 1B-C). Some strains (e.g. YJM978) had a 72 

long diauxic lag during which growth rate almost reaches zero, whereas some strains (e.g. 73 

BC187) had a brief lag period during which even the minimum growth rate was relatively high. 74 

Strain SLYG78, a derivative of the commonly used laboratory strain S288C, exhibits a 75 

prominent lag phase (Figure S1), consistent with previous studies and the traditional 76 

understanding of S. cerevisiae as having a diauxic-growth phenotype [6,17]  77 

To quantify the variation in diauxic lag, we defined a “diauxic lag time” metric as the time 78 

required to reach a strain’s smoothed maximal growth rate in galactose after having dropped 79 

below this growth rate during glucose depletion (horizontal black lines in Figure 1C, S2B, 80 

Materials and Methods). In growth curves that do not have a local growth-rate minimum, we 81 

defined the lag time as zero (Figure 1C, S2B). This lag time metric was robust to small 82 

differences in culture behavior (R2 = 0.96; Figure S2C) and to the method of calculation (Figure 83 

S2D, Materials and Methods). 84 

We found that diauxic lag time varies continuously in our strains from 0 to 9 hours, with a mean 85 

of 3.2 hours and a standard deviation of 1.6 hours (Figure 1D). The continuous nature of the 86 

observed variation was robust to the choice of metric, as a related but distinct growth-curve 87 

feature, the minimum mid-diauxic growth rate, also varies continuously and correlates strongly 88 

with lag time (R2 = 0.71, Figure S2C). Lag time was not correlated with growth rate in pure 89 

glucose or galactose, and even among a subset of strains with similarly high growth rates in 90 

galactose-only media (subset shown in Figure 1B-C) we saw wide variability in the diauxic lag 91 

time (Figure S3). This suggests that the observed variation is due to differences in metabolic 92 

regulation rather than in maximal sugar utilization rates. 93 
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Several strains displayed no measurable diauxic lag and seem to transition instantly from 94 

glucose consumption to galactose consumption. This implies either that these strains can 95 

induce GAL genes quickly upon glucose exhaustion, induce GAL genes before glucose 96 

exhaustion, or both. To examine these possibilities, we characterized strains YJM978 and 97 

BC187, which represent long-lag and short-lag phenotypes, respectively (red and blue curves in 98 

Figure 1). 99 

Strain BC187 induces galactose-responsive genes before glucose is exhausted 100 

We cultured BC187 and YJM978 in 0.25% glucose plus 0.25% galactose and monitored GAL 101 

pathway expression and glucose and galactose concentrations until saturation, when both 102 

sugars were depleted (Figure 2A, Materials and methods). We refer to this as a “diauxic growth 103 

experiment.” To enable single-cell measurement of GAL gene induction, we integrated a 104 

cassette containing yellow fluorescent protein driven by the GAL1 promoter (GAL1pr-YFP), 105 

which has been shown to be a faithful proxy for GAL pathway expression [21–23], at a neutral 106 

chromosomal locus (Figure 2A, top, Materials and Methods). We measured GAL1pr-YFP 107 

expression and extracellular sugar concentration by flow cytometry and enzymatic assay, 108 

respectively, over the entire diauxic growth cycle (Figure 2A, bottom). To quantify the timing of 109 

GAL gene induction, we defined tlow and thigh, respectively, as the time when GAL1pr-YFP 110 

expression reaches 2-fold above basal levels and 1/4 of maximal levels, relative to the moment 111 

of glucose exhaustion (Figure 2B). 112 

Strain YJM978, which has a long diauxic lag, does not induce galactose-responsive genes until 113 

after glucose is exhausted, consistent with the classical understanding of diauxic growth (Figure 114 

2C; tlow = 1.7 ± 0.1 hours, thigh = 2.7 ± 0.1 hours). In contrast, BC187, which has a short diauxic 115 

lag, begins GAL induction significantly before glucose exhaustion (Figure 2D; tlow = -3.0 ± 0.1 116 

hours, p = 0.02 by t-test on n = 2 replicates). Even using the more conservative thigh metric, 117 

BC187 reaches near-maximal induction before glucose exhaustion (thigh = -0.5 ± 0.1 hours). Pre-118 
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induction of GAL genes by BC187 leads to significant galactose consumption, even before 119 

glucose is fully exhausted (Figure S5). Both strains use glucose and galactose to completion 120 

and reach a similar yield (Figure S1), indicating that differences in induction time are not due to 121 

drastic differences in carbon utilization efficiency. Both strains have undetectable GAL1pr-YFP 122 

expression in glucose-only media (Figure S6), ruling out the possibility that galactose 123 

metabolism  is constitutively active in BC187. In effect, BC187 “prepares” for the diauxic shift by 124 

inducing GAL genes before glucose exhaustion.Preparation is a continuous trait among natural 125 

yeast isolates 126 

To determine if GAL induction prior to glucose exhaustion is a typical behavior of natural 127 

isolates, we integrated a GAL1pr-YFP reporter into 13 additional strains (for a total of 15 strains; 128 

see Table S1B) and monitored their expression during diauxic growth (same conditions as in 129 

Figure 2, Materials and Methods). Directly measuring sugar concentrations is laborious and less 130 

precise than measuring YFP fluorescence by flow cytometry, so we used YJM978 as a 131 

“reference” strain to signal the exhaustion of glucose, and co-cultured it with a “query” strain 132 

whose GAL induction kinetics we wanted to assay (Figure 3A). The reference strain was 133 

modified to express a fluorescent marker to distinguish it from the query strain (Figure S7A, 134 

Materials and Methods). To quantify differences in GAL induction time, we defined the 135 

“preparation time” as the difference in time between when the query and reference strains reach 136 

1/16 of their maximal median GAL1pr-YFP expression (Figure 3B-C). Preparation time ranged 137 

from -3.8 to 0.04 hours relative to YJM978 with a mean of -1.3 hours, indicating that most 138 

strains induce GAL genes earlier than YJM978. The preparation time measured by this method 139 

is highly reproducible and robust to the query-to-reference mixing ratio (Figure S7B,C,E,F, 140 

Materials and Methods).If the degree of preparation determines the extent to which a strain has 141 

a diauxic shift, then strains that begin inducing GAL genes earlier should also have a shorter 142 

diauxic lag. We find a strong correlation (R2 = 0.83, p = 9.2x10-7) between preparation time and 143 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 3, 2014. ; https://doi.org/10.1101/011148doi: bioRxiv preprint 

https://doi.org/10.1101/011148
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8

the diauxic lag time (Figure 3D). However, earlier-inducing strains appeared to take longer to 144 

reach full induction, or “execute” induction more slowly. We defined the “execution time” as the 145 

time required for median GAL1pr-YFP expression to increase from 1/64 to 1/4 of its maximal 146 

level (Figure 3B-C). The execution time anticorrelated with preparation time (Figure 3E inset) 147 

and lag time (Figure 3E), contradicting the naive expectation that a strain with a shorter diauxic 148 

lag will induce GAL genes more quickly. Taken together, our data show that the length of 149 

diauxic lag correlates to when strains begin to transition to galactose metabolism, not how fast 150 

they can execute the transition once they begin. 151 

Related studies have observed population heterogeneity of growth rates and gene expression 152 

during sudden media shifts and diauxic growth [17,23,24]. In our experimental conditions, 153 

strains BC187 and YJM978 do not display bimodality in GAL1pr-YFP expression during diauxic 154 

growth (Figure 2C,D). A small number of strains do display bimodal expression at steady-state 155 

in glucose + galactose (Figure S6) and possibly also during diauxic growth (Figure S7D, G-I). 156 

However, the time window of any bimodality is short compared to induction time differences 157 

between strains (Figure S7G-I, Materials and methods). Therefore, although single-cell variation 158 

is likely an important dimension of regulatory behavior in some strains [17,23,24], our analysis 159 

of population-level dynamics already captures a major regulatory mode of diauxic growth. 160 

GAL induction kinetics after sudden media shift are poorly correlated with diauxic lag 161 

time 162 

Our observations above rule out a model of the diauxic lag in which all strains begin inducing 163 

upon glucose exhaustion and vary only in how quickly they can reach maximal induction. 164 

However, it is possible that instead of inducing at glucose exhaustion, all strains induce when 165 

glucose is depleted below a certain threshold and vary in the delay before displaying observable 166 

GAL1pr-YFP expression. In this scenario, strains with a short delay between the start of 167 
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induction and observable GAL1pr-YFP expression would appear to be preparing whereas 168 

strains with a long delay would appear to be inducing only after glucose exhaustion. 169 

When cells are grown in glucose, the GAL pathway is repressed [7,25]. To ask whether 170 

differences in glucose de-repression kinetics could explain diauxic lag variation in our natural 171 

isolates, we grew strains in 2% glucose and transferred them into 2% galactose. We found 172 

significant variation in induction delay, defined as the time until median GAL1pr-YFP expression 173 

has increased 2-fold after transfer into galactose (Figure 4A). Some strains began to induce 5 174 

hours after media switch, while one strain did not induce even after 18 hours. In contrast, the 175 

execution time of induction varied only between 0.6 to 1.6 hours (Table S2), suggesting that 176 

once glucose repression is relieved, GAL expression quickly induces from basal to maximal in 177 

all strains. Strikingly, induction delay after glucose-to-galactose shift was a poor predictor of 178 

both preparation time (Figure 4B; R2 = 0.16) and diauxic lag time (Figure 4C; R2 = 0.13). In 179 

particular, strains BC187 and I14 have short diauxic lags and early preparation times but very 180 

long induction delays after glucose-to-galactose media shift. Strain I14 had a similar behavior. 181 

When these two strains were omitted from the data, a weak correlation emerged (R2 = 0.56; p = 182 

0.005), suggesting that glucose de-repression kinetics may play a role in the diauxic lag in our 183 

strains, but potentially convolved with a second response such as cell stress. 184 

Differences in steady-state sugar sensing explains variation in preparation and diauxic 185 

lag time 186 

Given that some strains can induce GAL genes in the presence of glucose, we hypothesized 187 

that differences in steady-state GAL expression in glucose + galactose may underlie differences 188 

in preparation. We measured GAL expression of our natural isolates in 0.0625% glucose + 189 

0.25% galactose to simulate the conditions of a diauxic batch culture just before glucose 190 

exhaustion (Figure 4D). To ensure that we observed the steady-state response of the GAL 191 

reporter, we measured induction after cultures reached steady-state but before appreciable 192 
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glucose had been depleted (Figure S8, Materials and Methods). We found that steady-state 193 

GAL expression in glucose + galactose varied from uninduced to almost maximal (Figure 4D, 194 

S6). On the other hand, all strains were uninduced in glucose-only media and maximally 195 

induced in galactose-only media (Figure S6), suggesting that strains vary not in overall glucose-196 

repressibility or inducibility of GAL genes, but in how they integrate signals from both sugars in 197 

the mixed environment prior to diauxic shift. 198 

We found that steady-state GAL expression in the glucose-galactose mixture correlated 199 

significantly with preparation time (Figure 4E; R2 = 0.77, p = 4x10-5) and diauxic lag time (Figure 200 

4F; R2 = 0.67, p = 2x10-4). In other words, the strains that induce earlier during diauxic growth 201 

are those with higher steady-state GAL1pr-YFP expression in glucose + galactose. This 202 

suggests that short-lag strains do not suddenly switch GAL genes from "off" to "on" during 203 

diauxic growth, but instead express them at quasi-steady-state levels appropriate to the degree 204 

of glucose depletion. Consistent with this, the steady-state GAL1pr-YFP expression of these 205 

strains is proportional to their expression 3 hours before reference strain induction during 206 

diauxic growth (Fig S9A). Furthermore, BC187 grown in 3 sugar mixtures representing different 207 

moments during diauxic growth (0.25% galactose plus 0.25%, 0.125%, or 0.0625% glucose) 208 

displayed intermediate GAL1pr-YFP expression even after reaching steady-state, not basal or 209 

maximal expression as would be expected for a switch-like response (Figure S8, S9B). Taken 210 

together, our data strongly suggest that differences in preparation, and therefore diauxic lag 211 

time, are due to differences in the steady-state response of GAL genes to glucose-galactose 212 

mixtures. 213 

All strains prepare for glucose exhaustion during diauxic growth 214 

Comparing the timing of GAL gene induction between diauxic growth and sudden media shift 215 

conditions offers a more sensitive measure of preparation for glucose exhaustion than the 216 

diauxic growth experiment alone. Even a long-lag strain like YJM978, which does not show 217 
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observable GAL1pr-YFP expression until after glucose is exhausted (Figure 2 and 3), displays a 218 

much shorter induction delay during diauxic growth (tlow = 1.7 ± 0.1 hours; Figure 2C) than after 219 

media shift from glucose to galactose (induction delay = 12.2 hours, Figure 4A). To directly test 220 

if YJM978 could prepare for glucose exhaustion, we grew it in 0.125% glucose with or without 221 

0.25% galactose and suddenly transferred the cells to galactose. We found that pre-growth in 222 

medium containing both galactose and glucose leads to an induction delay approximately one 223 

hour shorter than pre-growth in glucose alone, even though GAL1pr-YFP expression is 224 

indistinguishable from basal levels in both pre-growth media (Figure S10).  As YJM978 has one 225 

of the longest diauxic lags in our set of strains, these data indicate that all strains prepare for 226 

glucose exhaustion to some degree. 227 

Preparation for glucose exhaustion has an immediate cost but delayed benefit 228 

The fact that all of our strains prepared for glucose exhaustion by pre-inducing GAL genes 229 

suggests that preparation provides a fitness benefit. Consistent with this, strains with shorter 230 

diauxic lag times take less time after the diauxic shift to reach saturation (Figure 1B-C, S11A-B). 231 

But if preparation is always advantageous, then why don’t all strains display this phenotype? In 232 

the diauxic growth experiment of Figure 2, we noted that the YJM978 culture exhausts glucose 233 

23 ± 4 minutes before BC187 does (Figure S11C), even though BC187 eventually exhausts 234 

both sugars first. Since BC187 and YJM978 grow at similar rates in glucose-only media (Figure 235 

S3), this suggests that BC187 is paying a cost for expressing GAL genes before glucose is 236 

exhausted. 237 

To directly measure potential costs and benefits experienced by BC187 during diauxic growth, 238 

we performed a competitive fitness assay by co-culturing BC187 and YJM978 under diauxic 239 

growth conditions. In addition to GAL1pr-YFP reporter expression, we also monitored the 240 

relative abundance of the two strains by tagging them with constitutive fluorophores (Figure 5A, 241 

Materials and Methods). We plotted the log-ratio of BC187 to YJM978 cell counts versus time 242 
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and found four different phases of relative fitness during a diauxic growth cycle (Figure 5A). 243 

Initially, when both sugar concentrations are high, both strains exhibit low GAL1pr-YFP 244 

expression (Figure 5B, Phase I) and grow at comparable rates (growth rate difference less than 245 

0.062 doublings/hr at 95% confidence). When glucose is depleted below 0.1%, BC187 displays 246 

increased GAL1pr-YFP expression while YJM978 does not (Figure 5B, Phase II). During this 247 

phase, BC187 has a significant fitness disadvantage of -0.17 doublings/hr relative to YJM978 248 

(Figure 5A, pink-shaded point in 5C; p = 0.0025 for non-zero slope by t-test). After glucose 249 

exhaustion, YJM978 begins to induce GAL1pr-YFP (Figure 5B, Phase III), and here BC187 has 250 

a significant fitness advantage of 0.38 doublings/hr relative to YJM978 (Figure 5A, light-blue-251 

shaded point in 5C; p = 7.7x10-5 for non-zero slope by t-test). Once GAL1pr-YFP is fully induced 252 

in both strains the relative fitness again is comparable (Figure 5A, Phase IV; fitness difference 253 

less than 0.06 doublings/hour at 95% confidence). 254 

This experiment shows that BC187 grows more slowly than YJM978 just before glucose 255 

exhaustion (Figure 5A, Phase II). To rule out that this is due to differences in utilization of low 256 

glucose concentrations unrelated to GAL regulation, we measured the absolute growth rates of 257 

the two strains in 0.0625% glucose with or without an additional 0.25% galactose,where sugar 258 

concentrations were held constant by frequent dilution (Figure S12, Materials and Methods). We 259 

found that BC187 grows at 0.62 doublings/hour in glucose alone, but significantly slower, at 260 

0.51 doublings/hour, in glucose plus galactose (Figure S12C; p = 3.2x10-4 by t-test on n = 3-6 261 

replicates per condition). YJM978 has the same growth rate of 0.67 doublings/hour in both 262 

conditions. Neither strain shows GAL1pr-YFP expression in glucose alone, but in glucose plus 263 

galactose, BC187 displays near-maximal induction while YJM978 remains at background 264 

(Figure S12D). These results correspond to a relative fitness of BC187 to YJM978 of -0.043 265 

doublings/hour in glucose alone and -0.16 doublings/hour in glucose plus galactose. Only the 266 

latter is comparable to the fitness difference of -0.13 doublings/hour just prior to glucose 267 
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exhaustion during diauxic growth (Figure 5C, left panel). Therefore, the fitness difference prior 268 

to glucose exhaustion is due to a steady-state cost of BC187’s early response to galactose. 269 

In principle, the fitness difference after glucose exhaustion (Figure 5A, phase III) could be due to 270 

differences in galactose utilization rather than a benefit from pre-induction of GAL genes. To 271 

rule this out, we measured the steady-state relative fitness of the strains in 0.15% galactose 272 

(Figure S12C), corresponding to the carbon conditions just after glucose exhaustion when 273 

BC187 has its largest fitness advantage, 0.38 doublings/hour, over YJM978 (Figure 5A-B, 274 

Phase III),. In contrast, when galactose is held constant at 0.15%, BC187 has only a 0.076 275 

doublings/hour advantage over YJM978 (Figure 5C, S12C). This steady-state relative fitness is 276 

significantly lower than the fitness difference during Phase III of diauxic growth (p = 0.009 by t-277 

test; Figure 5C, right panel), showing that the majority of the fitness benefit after glucose 278 

exhaustion during diauxic growth is kinetic, not steady-state. 279 

These results indicate that GAL pathway expression has a strong influence on growth rate in 280 

both constant and time-varying sugar environments. If this is a direct result of GAL gene activity, 281 

then cells from the same population with non-genetic variation in GAL expression should also 282 

exhibit different growth rates. To test this, we performed time-lapse microscopy to measure the 283 

growth rate and GAL expression of BC187 cells growing in 0.125% glucose + 0.25% galactose 284 

mixture, a partially inducing condition (Figure S13, Materials and Methods). To maximize the 285 

dynamic range of GAL expression of the observed cells, we performed three experiments, pre-286 

induced cells to low, medium, and high GAL1pr-YFP expression by culturing in 0.125% glucose, 287 

0.125% glucose + 0.25% galactose, and 0.25% galactose respectively. We found that growth 288 

rate and GAL1pr-YFP expression displayed a significant negative correlation across cells of the 289 

same population, regardless of the pre-culture medium (Figure S13B). Furthermore, cell 290 

populations pre-induced to higher GAL1pr-YFP levels displayed lower growth rates than 291 

populations pre-induced to lower GAL levels (Figure S13C). Therefore, the fitness differences 292 
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between bulk cultures of different strains may be due to effects of GAL expression at the single-293 

cell level. 294 

Synthetic expression of GAL genes recapitulates costs and benefits 295 

Given the long-established role of GAL genes in performing and regulating galactose 296 

metabolism [10], our findings strongly suggest that GAL expression causes the observed costs 297 

and benefits. Nevertheless, it is possible that unknown genes outside of the GAL pathway can 298 

also mediate cellular responses to the environments we studied. To show that expression of 299 

GAL pathway genes alone is sufficient to produce a fitness cost and a benefit, we introduced 300 

the chimeric transcription factor GEV into the S288C lab strain background (Figure 6A, “S288C-301 

GEV”) [26,27]. The presence of β-estradiol, an otherwise inert compound in yeast, triggers the 302 

GEV protein to activate genes responsive to the GAL pathway activator GAL4p [28,29]. 303 

Therefore, S288C-GEV cells grown in glucose + β-estradiol will express all the inducible genes 304 

in the GAL pathway, as well as a GAL1pr-YFP reporter we integrated into this strain (Figure 6B, 305 

Materials and Methods). As expected, we find that S288C-GEV has a fitness cost relative to an 306 

unmodified S288C strain when grown in glucose + β-estradiol (Figure 6C, top panel, black line). 307 

This cost is absent in glucose-only media (Figure 6C, top panel, purple line), where S288C does 308 

not express GAL genes (Figure 6C, bottom panel). 309 

We find that S288C-GEV pre-induced in glucose + β-estradiol has an advantage over 310 

uninduced S288C when transferred suddenly to galactose medium (Figure 6D). We see a 311 

similar advantage when strain S288C is “naturally” pre-induced by growing in galactose, and 312 

then mixed with uninduced S288C and shifted together to galactose (Figure 6E). Therefore, 313 

induction of GAL genes recapitulates the benefits of galactose pre-growth in preparing cells for 314 

a transition to galactose. Surprisingly, the advantage of pre-induction (Figure 6D-E, slope of 315 

black line) is largest 3-6 hours after medium shift rather than immediately. However, this delay is 316 

seen for both synthetic and “natural” pre-induction, suggesting that it is due to stresses of the 317 
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medium shift unrelated to sugar metabolism (Materials and Methods). In fact, even the 318 

immediate advantage of pre-induction is significant; by one hour after shift to galactose, the 319 

synthetically pre-induced strain has made 0.068 more doublings than the non-pre-induced strain 320 

(p = 0.008; “*” in Figure 6D). This is almost identical to the immediate advantage conferred by 321 

“natural” pre-induction (Figure 6E, gray and black lines). Therefore, expression of GAL genes 322 

alone is sufficient to cause a fitness cost in glucose-containing environments and a fitness 323 

benefit during transitions to galactose. 324 

Tradeoff between costs and benefits of preparation is a general constraint 325 

Our data indicate that BC187 pre-induces GAL genes at a cost before the diauxic shift but reaps 326 

a benefit afterward, whereas YJM978 minimizes its preparation cost at the expense of 327 

experiencing a growth lag. To see if this tradeoff also constrains our other natural isolates, we 328 

assayed 15 strains to determine the cost they incur by responding to galactose while glucose is 329 

present. We defined the “galactose cost” of each strain as the relative difference in its steady-330 

state growth rate in glucose + galactose versus glucose only, or specifically, as (Rglu+gal - Rglu) / 331 

Rglu, where Rglu+gal represents growth rate in 0.03125% glucose + 0.25% galactose and Rglu 332 

represents growth rate in  0.03125% glucose. Galactose cost ranged from 0 to -0.6, meaning 333 

that a strain may grow up to 60% slower simply because galactose is present in addition to 334 

glucose. The cost experienced by a given strain increased with its GAL1pr-YFP expression in 335 

glucose + galactose (Figure 7B), suggesting that the growth rate reduction is due to expression 336 

or activity of GAL genes. Additionally, when the cost measurement was repeated in 0.125% 337 

glucose + 0.25% galactose, a condition which elicits lower GAL1pr-YFP expression from most 338 

strains, the magnitude of galactose cost also decreased (Figure S14). These results confirm the 339 

presence of a tradeoff: no strain can partially induce GAL genes without also experiencing a 340 

decrease in growth rate. 341 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 3, 2014. ; https://doi.org/10.1101/011148doi: bioRxiv preprint 

https://doi.org/10.1101/011148
http://creativecommons.org/licenses/by-nc-nd/4.0/


 16

To further illustrate this tradeoff, we used the minimum mid-diauxic growth rate (“minimum rate”) 342 

as a direct metric for the benefit of preparation (Figure 6A bottom). This metric is correlated with 343 

lag time and intuitively captures why preparation is beneficial: the more prepared a strain is, the 344 

higher its growth rate will be just after glucose exhaustion (Figure S2C). Furthermore, the 345 

minimum rate is not correlated with growth rate in glucose or galactose alone, and therefore is 346 

not convolved with steady-state metabolic differences (Figure S3). As expected, we found a 347 

negative correlation between preparation cost and minimum rate (Figure 7C). Our model strains 348 

for short-lag and long-lag phenotypes, BC187 and YJM978, appeared near the extremes of this 349 

tradeoff, with the phenotypes of most other strains in between.  350 

Discussion 351 

“Why no lag phase?” An old problem revisited again 352 

A recent study by New et al. found that yeast strains evolved to respond quickly to sudden 353 

glucose-to-maltose (i.e. preferred-to-alternative sugar) transitions tended to also have shorter 354 

diauxic lags [17]. These evolved isolates acquired mutations that weakened carbon catabolite 355 

repression, so that maltose-utilization (MAL) genes are partially induced in otherwise repressing 356 

glucose levels. New et al. found that partial MAL expression is costly when glucose is available, 357 

but enables cells to resume growth more quickly when the environment changes suddenly from 358 

glucose to maltose. 359 

Here we confirm the link between diauxic lag duration and glucose repression found by New et 360 

al., and observe an analogous expression cost in the GAL pathway, consistent with other 361 

reports [14,30]. Additionally, we extend the previous results in two ways. First, we show that 362 

variation in glucose repression leads to a spectrum of GAL pre-induction phenotypes during 363 

diauxic growth, and that this “preparation” is mediated by steady-state sugar-sensing rather than 364 

induction or de-repression kinetics. Secondly, we demonstrate that the same cost-benefit 365 
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tradeoff that constrains lab evolution in sudden nutrient shifts also applies to natural isolates in 366 

gradually depleting nutrient mixtures. Overall, our results suggest that the mechanisms and 367 

selective forces that New et al. found in evolved strains are very likely also relevant in nature. 368 

Preparation arises from weak catabolite repression during gradual glucose depletion 369 

Preparation for the diauxic shift can be attributed to two key features of the yeast GAL pathway. 370 

First, some strains express GAL genes at relatively high levels in glucose-galactose mixtures 371 

[31]. This partial induction has the effect of allowing cells to anticipate sudden nutrient shifts, 372 

which New et al. also hypothesized to underlie differences in diauxic lag duration [17]. However, 373 

it is not obvious a priori whether partial inducibility of GAL genes is physiologically relevant 374 

during diauxic growth, because glucose depletion must be slow relative to the timescale of 375 

response of GAL genes in order for significant pre-induction to occur. Our experiments 376 

demonstrate this second feature, and show that cells are indeed able to initiate (or continue) 377 

GAL induction during, and not only after, glucose depletion. For example, in our culture 378 

conditions, strain BC187 takes 4.1 hours and YJM978 3.3 hours to deplete glucose from 0.2% 379 

to 0%, while both strains can execute induction from 1/64 to 1/4 of maximal expression in less 380 

than 2 hours. Even long-lag strains, which do not display observable induction prior to the 381 

diauxic shift, still begin to induce sooner during diauxic growth than after a sudden nutrient shift, 382 

suggesting that all strains can prepare for glucose depletion. These findings contribute to 383 

growing evidence that batch culture is a continuous dynamical process and that this feature 384 

plays an important role in cellular regulation [32,33].  385 

Induction timing, not speed, underlies variation in diauxic lag 386 

Previous studies have described differences in diauxic lag in terms of how quickly strains can 387 

transition from preferred to non-preferred nutrient metabolism [15–17]. We find that in a 388 

gradually depleting glucose-galactose mixture, “fast” or “slow” changes in growth rate are not 389 

due to “fast” or “slow” induction of GAL genes from basal to maximal, nor high basal induction, 390 
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but rather “early” or “late” initiation of induction relative to glucose exhaustion. This clarifies a 391 

distinction between induction “speed” and “timing” that has not been addressed explicitly in 392 

previous work on diauxic growth. 393 

New et al. observed a correlation between diauxic growth phenotype and growth delay after 394 

glucose-to-maltose shift [17], suggesting that common mechanisms underlie the behavior of 395 

cells in sudden and gradual nutrient shifts. We observe that diauxic lag duration is only weakly 396 

correlated to induction delay after a sudden glucose-to-galactose shift (Figure 4A-C), and 397 

instead that diauxic lag is more strongly correlated to preparation time and partial GAL 398 

expression (Figure 3, 4D-F). This discrepancy may be due to differences in our experimental 399 

systems, and suggest that our strains may experience stress after the glucose-to-galactose shift 400 

incurred by sudden loss of a metabolizable carbon source (Materials and Methods). 401 

Preparation as a widespread regulatory strategy 402 

Other examples of preparation have recently been described in microbes encountering specific 403 

sequences of nutrients or stresses. For example, when E. coli encounter either heat shock or 404 

low oxygen, they induce both heat-responsive and low-oxygen-responsive genes, presumably 405 

an adaptive response when entering the warm, oxygen-deprived mammalian gut [34]. The co-406 

regulation was decoupled by lab evolution under repeated heat shock in constant high oxygen, 407 

suggesting that the secondary response was neutral or costly when not needed. Anticipatory 408 

responses can also be asymmetric. When domesticated yeast encounter stresses typical of 409 

early stages of fermentation, they acquire resistance to later stresses; however, later stresses 410 

do not trigger resistance to early ones [35]. These results demonstrate that simple biochemical 411 

circuits can evolve the ability to anticipate environmental changes when the environmental cues 412 

occur in a predictable temporal sequence [36]. We now show that low or decreasing levels of a 413 

preferred nutrient can serve as a predictive cue for eventual depletion. Since this is inevitable 414 

when cells deplete a mixture of nutrients at unequal rates, and mixed-nutrient environments are 415 
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ubiquitous in nature, environmental anticipation may be a more widespread regulatory strategy 416 

than previously recognized. 417 

Natural variation in diauxic lag may result from a tradeoff between costs and benefits 418 

To be considered a meaningful example of preparation, a response must be beneficial in the 419 

future but neutral or costly in the present [35,36]. We showed that anticipatory GAL induction is 420 

costly--specifically, that many strains grow faster in glucose-only media than in media containing 421 

the same concentration of glucose plus an inducing concentration of galactose. The magnitude 422 

of cost is correlated to the degree of GAL expression across genetically diverse natural isolates, 423 

as well as across cells of the same strain with non-genetic expression variation. This cost can 424 

likely be attributed to the expression or activity of GAL pathway genes, because a strain that 425 

synthetically induces GAL genes in an otherwise non-inducing environment also exhibits a 426 

growth defect. These results rule out the possibility that strains induce GAL genes in glucose + 427 

galactose because it provides additional energy and thus a selective advantage. 428 

The cost of GAL induction confirms part of the traditional rationale for the diauxic lag: strains 429 

that maintain stringent repression of alternative sugar pathways gain an advantage by 430 

maximizing their growth rate on glucose. On the other hand, we show that pre-induction also 431 

has a benefit that can sometimes more than compensate for its cost. Simply by being able to 432 

grow when glucose runs out, BC187 is able to double its population size over 3 hours while 433 

YJM978 undergoes a lag phase. This benefit is recapitulated when synthetically pre-induced 434 

cells are shifted from glucose to galactose media. The prevalence of short-lag phenotypes 435 

among natural strains shows that diauxic lag is by no means an inevitable phenotype in nature, 436 

and may be selectively advantageous only in certain conditions. 437 

We find that strains seem to face a tradeoff between fast growth on glucose and readiness to 438 

grow on galactose when glucose runs out. In principle, these goals need not be in conflict, and 439 
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given the countless ways that genetic variation can tune growth rates and gene expression, 440 

perhaps evolution can optimize multiple traits simultaneously. In fact, a naïve analysis reveals 441 

no tradeoff between our diauxic growth metrics and unnormalized growth rates in glucose or 442 

galactose (Figure S3), consistent with a similar observation by New et. al. [17]. Therefore, 443 

although the correlations that we observe across natural isolates suggest there can be a causal 444 

relationship between GAL gene regulation and fitness consequences during diauxic growth, 445 

definitive proof of this idea requires future work incorporating genetic and mechanistic analyses. 446 

Given these caveats, it is nevertheless striking that we do observe a tradeoff between minimum 447 

diauxic growth rate and a galactose cost metric normalized for baseline growth rate differences 448 

in glucose. Like other examples of biological tradeoffs [2,3,37], our observation suggests the 449 

presence of underlying constraints despite substantial variation in other traits. In our strains, this 450 

constraint is likely the combination of an upper “speed limit” on how quickly GAL induction can 451 

be executed and an unavoidable cost of pre-induction. 452 

Bet hedging, mixed strategies, and optimal growth 453 

In this study, we have focused on the timing of induction of entire cell populations during diauxic 454 

growth. Some of our natural isolates display bimodal GAL induction, similar to lab-evolved 455 

isolates, suggesting that the core phenomenon of preparation may be further modulated by 456 

heterogeneity across single cells. In fact, a different lab strain W303 has been found to 457 

implement both early and late induction strategies simultaneously in subpopulations of the same 458 

culture [23], reminiscent of microbial “bet-hedging” observed in other contexts [38–40]. This 459 

“mixed strategy” can be evolutionarily stable, as mutants with unimodal GAL induction are 460 

unable to invade the bimodal wildtype strain in glucose-galactose mixtures [41]. Similar 461 

population diversification during diauxic growth has been observed in bacteria [24,42,43]. 462 

Additionally, cellular decisions in nutrient mixtures can be influenced by epigenetic memory 463 

[22,44,45] and inter-species signalling [46,47]. An important goal of future investigation will be 464 
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determining the relative importance of these different contributions to cellular decision-making in 465 

complex natural environments.  466 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 3, 2014. ; https://doi.org/10.1101/011148doi: bioRxiv preprint 

https://doi.org/10.1101/011148
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22

Materials and Methods 467 

Strains and Media 468 

Natural isolate yeast strains were obtained from multiple sources: 23 strains were part of the 469 

Saccharomyces Genome Resequencing Project (SGRP) and obtained from the National 470 

Collection of Yeast Cultures [18]; 18 strains were obtained from the Fay lab at Washington 471 

University [19]; strain Bb32 was obtained from the Broad Institute [48]; strain SLYG78 was 472 

constructed for this study. Some strains were obtained in duplicate, which we indicate by 473 

affixing “-SGRP” or “-WashU” to the strain name. One of these, Y12, displayed reproducibly 474 

different diauxic growth phenotypes depending on the source collection—this may be due to 475 

strain mislabeling (Table S1, personal communication, Justin Fay) [49]. All strains are 476 

homozygous diploid and prototrophic. 477 

Growth curves were performed on 43 strains, and a subset of 15 natural isolates were chosen 478 

for subsequent analyses. A full strain list, as well as detailed genotypes of the 15-strain subset, 479 

can be found in Table S1. With the exception of SLYG78, the subset strains were transformed 480 

with vector SLVA63 or SLVD02 digested with NotI, which replaces the chromosomal HO locus 481 

with GAL1pr-YFP linked to the kanMX4 or hphNT1 selection marker respectively. Deletion of 482 

HO does not affect growth rate [50]. Strain SLYG78 was constructed by transforming S288C-483 

lineage haploid strains FY4 and FY5 [51] with GAL1pr-YFP and TDH3pr-mTagBFP2 (vectors 484 

SLVD02 and SLVD13), respectively, and mating them to obtain a diploid. Strains BC187 and 485 

YJM978 were transformed a second time with SLVA19 or SLVA06, which replace the 2nd HO 486 

locus with TDH3pr-mTagBFP or TDH3pr-mCherry linked to natMX4, respectively. These strains 487 

are designated BC187yb and YJM978ym in this section and in the supporting materials, but 488 

simply ‘BC187’ and ‘YJM978’ in the main text for clarity. Strain BC187ym was used for time-489 

lapse microscopy experiments (Figure S13) instead of BC187yb (see “Single-cell 490 

measurements by time-lapse microscopy”); the two strains are identical other than the 491 
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fluorescent protein they express. Strains for synthetic GAL induction via GEV are described 492 

below. All yeast transformations were done by the standard lithium acetate procedure [52].  493 

All experiments were performed in synthetic minimal medium, which contains 1.7g/L Yeast 494 

Nitrogen Base (YNB) (BD Difco) and 5g/L ammonium sulfate (EMD), plus carbon sources. YNB 495 

contains no amino acids and extremely small amounts of other carbon-containing compounds, 496 

and therefore the added sugars comprise the sole carbon source. For diauxic growth 497 

experiments (Figures 1-3), the synthetic minimal media base was supplemented with 2.5g/L 498 

glucose (EMD) and 2.5g/L galactose (Sigma) to obtain 0.25% glucose plus 0.25% galactose 499 

w/v. We chose a 1:1 mixture of sugars to maximize the amount of growth curve data in both 500 

diauxic growth phases, and a total carbon concentration of 0.5% w/v because it is the highest 501 

that can be completely exhausted in synthetic minimal medium before non-carbon nutrients 502 

become yield-limiting. Unless noted otherwise, cultures were grown in a humidified incubator 503 

(Infors Multitron) at 30°C with rotary shaking at 230rpm (tubes and flasks) or 999rpm (deep 96-504 

well plates). 505 

Growth curves and diauxic lag time metric 506 

Growth curves (Figure 1) were obtained using an automated robotic workcell in a room 507 

maintained at 30°C and 75% humidity. Strains were cultured in 150uL of medium in optical-508 

bottom 96-well plates (CellTreat). Plates were cycled between a shaker (Liconic) and a plate 509 

reader (Perkin Elmer Envision) using a robotic arm (Caliper Life Sciences Twister II), and 510 

absorbance at 600nm (OD600) was measured for each plate approximately every 10 minutes for 511 

up to 48 hours. In the humidity-controlled room, evaporation of medium was negligible within 512 

this time. Strains to be assayed were pinned from glycerol stock onto YPD agar and incubated 513 

for 16 hours, and then pinned into 600uL of liquid YPD and incubated another 16 hours. These 514 

cultures were diluted 1:200 into 600uL of synthetic minimal + 0.5% glucose and grown for 8 515 

hours, and finally diluted 1:300 into synthetic minimal + 0.25% glucose + 0.25% galactose for 516 
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growth curve measurements. The final inoculation was performed into 2 different plates; these 517 

replicate growth curves were nearly indistinguishable for all strains (Figure S1). 518 

Analysis of growth curve data was performed in MATLAB using custom-written code. Raw 519 

OD600 readings were background-corrected by subtracting the median OD of 5-10 media-only 520 

wells on each plate. OD increased linearly with culture density in the density range of our 521 

cultures (Figure S2A). The OD of a typical saturated culture in our experiment was 522 

approximately 0.3, which corresponds to 5×107 cells/mL. To analyze the diauxic lag, a smoothed 523 

growth rate was obtained by log2-transforming the data, computing discrete derivatives between 524 

consecutive data points as (ODi – ODi-1) / (ti – ti-1) and fitting the derivatives to a cubic spline 525 

using the MATLAB function csaps with a smoothing parameter of 0.75. This smoothed 526 

derivative represents the instantaneous growth rate in units of doublings/hour. The diauxic lag 527 

time metric was computed as the difference in time between the last local maximum in the 528 

smoothed growth rate and the previous point where the culture had the same growth rate; the 529 

earlier point was also used as the time of diauxic shift (Figure 1, S2B). The minimum mid-530 

diauxic growth rate was computed as the minimum value of the smoothed growth rate between 531 

these two times (Figure S2B). In strains that did not have a local minimum in smoothed growth 532 

rate, we defined the diauxic lag as zero and the minimum mid-diauxic growth rate as the value 533 

of the smoothed growth rate at its inflection point between the two growth phases; this inflection 534 

point was also used as the time of diauxic shift (Figure S2B, strain Bb32). Similar results were 535 

obtained if the 2 metrics were calculated using a sliding-window average on the discrete 536 

derivatives instead of a smoothing spline (Figure S2D). We chose the smoothing-spline method 537 

because it facilitated calculation of a second derivative to allow identification of inflection points 538 

in the growth rate (Figure 2B, red lines). 539 

To obtain growth rates in glucose or galactose (Figure S3), additional growth curves were 540 

performed as above, except the final culture medium contained 0.5% glucose alone or 0.5% 541 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 3, 2014. ; https://doi.org/10.1101/011148doi: bioRxiv preprint 

https://doi.org/10.1101/011148
http://creativecommons.org/licenses/by-nc-nd/4.0/


 25

galactose alone. Exponential growth rate was extracted from these data as the mean growth 542 

rate between when OD600 = 2-6 and OD600 = 2-4, or when culture density is approximately 1/16 543 

and 1/4 of saturation. 544 

Flow cytometry and sugar assays on diauxic batch cultures 545 

We assayed the gene expression and sugar consumption of BC187yb, YJM978yb, or a co-546 

culture of the 2 during diauxic growth (Figure 2, 5) by inoculating them from single colonies into 547 

liquid YPD, incubating for 16 hours, mixing 1:1 by volume if co-culturing, and then diluting 1:100 548 

– 1:500 into 2% raffinose and growing for 20 hours to ~1.5x106 cells/mL. The raffinose cultures 549 

were pelleted by centrifugation, washed once, and then resuspended in 0.25% glucose + 0.25% 550 

galactose medium in 2 replicate cultures of 50mL each. The cultures were incubated in flasks at 551 

30°C with shaking, and a sample was removed every 15 minutes until saturation, about 18 552 

hours. Some sample was placed on ice and diluted 1:2 – 1:100 in Tris-EDTA pH8.0 and read 553 

immediately on a Stratedigm S1000EX cytometer. The flow cytometer injected a defined 554 

volume, so we can estimate the absolute culture density (Figure S4A). The remaining sample 555 

was filter-sterilized using a Pall 0.2um filter plate and the flow-through stored at -20°C. Media 556 

flow-throughs were later thawed and assayed for glucose and galactose concentrations by 557 

mixing with a sugar-specific oxidase (Megazyme) and measuring the absorbance of the reaction 558 

at 340nm. A standard curve of known sugar concentrations was also assayed and used to infer 559 

concentration from absorbance. We expect YFP signal to change one hour slower than GAL1 560 

protein levels, due to fluorophore maturation time [53]. This may be why galactose decreases 561 

slightly in the YJM978 culture before GAL1pr-YFP increases (Figure 2D). However, since all 562 

strains have the same reporter, this should not affect induction time differences between strains. 563 

Analysis of flow cytometry and sugar time course data 564 

Flow cytometry data was analyzed using custom MATLAB code. In co-culture experiments, a 565 

2D Gaussian mixture model (using the gmdistribution class) was fit to mCherry and side-566 
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scatter signal to segment the nonfluorescent and mCherry-expressing populations. When 567 

BC187yb was co-cultured with YJM978ym, segmentation was applied to both mCherry and BFP 568 

signal to exclude debris and doublets. We optimized flow cytometry conditions to minimize the 569 

occurrence of doublets (<1%), and therefore segmentation with 1 or 2 fluorescent markers gave 570 

equivalent results. GAL1pr-YFP expression histograms were computed on the log10-571 

transformed YFP signal of each segmented subpopulation. 572 

Results of diauxic growth experiments (Figure 2B-C, 5A-B) are plotted so that time zero 573 

corresponds to when culture density is 106 cells/mL rather than inoculation time (Figure S4B-D). 574 

This allows the glucose consumption rate of each strain to be compared by looking at the 575 

glucose exhaustion time (Figure S11). To determine the glucose exhaustion time for each 576 

dataset in Figure 2, a line was fit to all glucose data points whose values lay between 0.01% 577 

and 0.05%, and the x-intercept of this line was taken as the time of glucose exhaustion. This 578 

method is more robust to measurement noise at low sugar concentrations than simply finding 579 

the time when concentration reaches some low threshold. 580 

Diauxic growth time-course measurements on multiple strains 581 

To determine the timing of GAL pathway induction in multiple natural isolates (Figure 3), we co-582 

cultured GAL1pr-YFP-labeled versions of each “query” strain with a “reference” strain, 583 

YJM978ym, which contains a constitutive fluorescent protein, TDH3pr-mCherry, as well as a 584 

GAL1pr-YFP reporter (Table S1; also see “Strains and media”). Query strains were grown in 585 

liquid YPD for 16 hours and then mixed with the reference strain YJM978ym at ratios of 1:4, 1:1, 586 

and 4:1 by volume. The mixed cultures were diluted 1:20 into YPD and grown for 4 hours, and 587 

then diluted 1:200 in 2% raffinose and grown for 12 hours. The raffinose cultures were then 588 

diluted 1:200 into 0.25% glucose + 0.25% galactose cultures split across 40 96-well plates. 589 

These were placed in a shaking incubator and allowed to grow for 8 hours before beginning 590 

sampling. Every 15 minutes a plate was removed from the incubator and its contents were 591 
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mixed 1:1 with Tris-EDTA pH8.0 + 0.2% sodium azide to stop growth and protein synthesis, and 592 

incubated for 1 hour at room temperature to allow fluorophore maturation. The 40 plates were 593 

then measured on the flow cytometer with the aid of a robotic arm. 594 

We confirmed that the constitutive fluorophore does not affect the time of induction by co-595 

culturing two YJM978 strains, with and without the TDH3pr-mCherry (Figure S7B). We also 596 

compared the GAL induction start time (tlow) of BC187 and YJM978 when they are cultured 597 

separately and when co-cultured, and saw no significant difference for either strain (Figure 598 

S7C). To check that growth rate differences between strains do not affect how quickly glucose is 599 

depleted, and therefore the timing of GAL induction, we performed each co-culture experiment 600 

at 3 different initial ratios of query to reference strain, and obtained almost identical results 601 

(Figure S7D-E). Therefore, this assay is robust to the presence and amount of reference strain, 602 

and we used the 3 inoculating ratios as replicates for data analysis. 603 

To analyze population heterogeneity in GAL induction (Figure S7G-I), we computed the “ON 604 

fraction” as the fraction of cells with YFP signal greater than 1/32 of maximal median YFP. This 605 

threshold is just above the uninduced YFP level (Figure S7G). The ON fraction increases 606 

monotonically in most of our strains. Some strains have a small pre-induced population at the 607 

start of sampling (Figure S7H), consistent with the steady-state bimodality we have seen. Some 608 

strains do not seem to reach complete induction (ON fraction = 1), and in fact decrease in ON 609 

fraction due to an increasing YFP-off population toward the end of the timecourse (also see 610 

Figure S7D). This is unlikely for biological reasons (all glucose and most galactose has been 611 

depleted at that point) and may reflect the presence of contaminants in the fixative. Our metrics 612 

are computed on data before this potential contaminant reaches appreciable concentrations and 613 

do not affect the reported results. Likewise, before this point at least 90% of cells induce as one 614 

coherent population in all our strains (Figure 7H-I) rather than as two-subpopulations as seen by 615 

Venturelli et al. in strain W303 [23], which we did not assay here. The environmental and 616 
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genetic determinants of induction time heterogeneity are potentially interesting to dissect in 617 

future experiments. 618 

Sudden medium shift experiments 619 

The medium shift experiment in Figure 4A was performed by inoculating strains from colony into 620 

liquid YPD, incubating for 16 hours, and then diluting 1:500-8000 into 2% glucose so that cell 621 

density was approximately 1×106 after 12 hours of further incubation. At this point, cultures were 622 

pelleted by centrifugation at 1000g for 2 minutes and washed once in 2% galactose. The 623 

cultures were pelleted again and resuspended in 2% galactose, and a sample of cells was 624 

removed from each culture and measured on the flow cytometer every 20 minutes for 18 hours. 625 

The same protocol was used when shifting strain YJM978ym from 0.125% glucose + 0.25% 626 

galactose to 0.125% glucose (Figure S10). 627 

A similar experiment by New et al. using time-lapse microscopy after a glucose-to-maltose shift 628 

found that the average single-cell growth lag correlated with a metric similar to our diauxic lag 629 

time [17]. The apparent discrepancy between New et al. and our observations in Figure 4A-C is 630 

likely explained by differences in our metrics, the circuit studied (GAL versus MAL), and/or 631 

growth media. In particular, we used Yeast Nitrogen Base, which contains no carbon sources 632 

other than glucose or galactose, whereas New et al. used YP, which contains peptone and 633 

yeast extract. We speculate that auxiliary carbon sources may modulate the response of cells to 634 

sudden primary carbon shifts, a potentially interesting effect for future investigation. 635 

Calculation of induction metrics 636 

For both the diauxic growth (Figure 2-3) and sudden medium shift experiments (Figure 4A), we 637 

analyzed GAL1pr-YFP expression kinetics by calculating the time that a certain threshold value 638 

of median YFP signal was reached, and using these induction times to define other metrics (e.g. 639 

preparation time). These induction time calculations were always done by linear interpolation 640 
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between two data points that bracketed the threshold YFP value. The threshold values of YFP 641 

signal were chosen to reflect the meaning of a given metric—for example, we considered the 642 

“start” of induction to be when YFP signal reached 2-fold above the basal expression of that 643 

strain (usually the initial value in a timecourse), and the “end” of induction to be when YFP 644 

signal was 4-fold below maximal expression. If the same metric was used in different 645 

experimental designs (for example, execution time during diauxic growth or after medium shift), 646 

we occasionally chose different YFP thresholds to define the metric due to variation in the range 647 

of observed data. In general, however, our results were robust to the choice of threshold. For 648 

example, preparation time can be computed using a different definition of “mid-induction time” 649 

with almost identical results (Figure S7F). For a detailed description of each metric used in this 650 

study, and when they can be compared across experiments, see Table S2.  651 

Steady-state GAL expression and growth rate measurements 652 

To measure the steady-state behavior of cells in defined glucose and galactose concentrations, 653 

we inoculated cells from colony into liquid YPD for 16 hours, diluted in 2% raffinose and grew for 654 

20 hours, and then inoculated into glucose and/or galactose media and grew for at least 8 hours 655 

before sampling. To maintain steady-state conditions, we diluted the cultures 1:3 – 1:10 with 656 

fresh media every 2 hours so that the culture density stayed below 106 cells/mL (Figure S12A, 657 

light-colored lines). Based on the observed glucose consumption rates, this ensures that less 658 

than 10% of the glucose in a 0.0625% glucose medium is depleted. As a further check, we 659 

continued the experiment up to 48 hours and found that GAL expression reached steady-state 660 

at 8 hours and stayed constant (Figure S8), indicating that our protocol was sufficient to prevent 661 

physiologically relevant changes in sugar concentrations. 662 

To measure the steady-state relative and absolute growth rates of strains BC187yb and 663 

YJM978ym (Figure 5C,E), we co-cultured them in various glucose and/or galactose media and 664 

sampled and diluted the cultures every 2 hours for 12 hours. We determined the growth rate 665 
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difference (a.k.a. selection rate) by fitting a line to the log2-ratio of cell counts for each strain 666 

over time (Figure 5C, S12B). We determined absolute growth rates from the same data by fitting 667 

a line to the log2-dilution-adjusted-cell-concentration (Figure S12A, C; see also Figure S4). We 668 

obtained precise dilution factors by weighing culture tubes when empty and during each dilution. 669 

These experiments were done with n=3-6 replicates. To compare steady-state growth rate 670 

differences to those from diauxic growth (Figure 5A), we computed discrete derivative of the 671 

log2-strain-ratio at all consecutive data points in Phase I or Phase II, and compared their 672 

distribution with our steady-state measurements by a 2-sample t-test (Figure 5C). 673 

Single-cell measurements by time-lapse microscopy 674 

To prepare cells for time-lapse microscopy (Figure S13), we inoculated BC187ym from a colony 675 

into liquid YPD and grew for 16 hours, diluted in 2% raffinose and grew for 16 hours, and then 676 

diluted into 0.125% glucose, 0.125% glucose + 0.25% galactose, or 0.25% galactose for 8 677 

hours to a density of 5×105 cells/mL. Cells are then diluted 1:300 into 0.125% glucose + 0.25% 678 

galactose medium into wells (~1000 cells / well) on a glass-bottom 96-well plate pre-coated with 679 

concanavalin A (Sigma) and left to settle for 1 hour. BC187ym contained a GAL1pr-YFP 680 

promoter and a TDH3pr-mCherry marker for image segmentation. Imaging was performed on a 681 

Nikon Eclipse Ti inverted microscope through a 20x objective lens. Exposures were taken every 682 

hour for 4 hours in bright field, YFP (ex. 500/24, em. 542/27), and mCherry (ex. 562/40, em. 683 

641/75) channels, from 30 camera positions across 2 wells per pre-media condition, for a total 684 

of 90 camera positions. Image acquisition was controlled using custom MATLAB code using 685 

Micromanager/ImageJ. 686 

Microscopy data were analyzed using custom MATLAB code. Microcolonies (clumps of 1-10 687 

cells) were segmented in each mCherry image by applying a Gaussian blur to smooth cell 688 

boundaries, followed by a tophat filter to even out background, and thresholding to identify cells. 689 

Microcolonies were tracked across each time series by identifying overlapping areas. Colonies 690 
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that split up, merged, entered, or exited the image during the acquisition time period were 691 

omitted from downstream analysis. Growth rate was computed as the change in log2 of a 692 

microccolony’s pixel area between first and last time points, divided by elapsed time (4 hours). 693 

YFP concentration was computed as the final average background-subtracted YFP signal per 694 

pixel area of a microcolony, where background YFP was taken as the median pixel intensity. 695 

Synthetic GAL induction using the GEV system 696 

Synthetic induction experiments (Figure 6) were performed using 3 strains derived from FY5, a 697 

MATα S288C derivative (Table S1) [51]. Strain SLYA32 (“wt” reference strain in Figure 6C-E) 698 

was transformed with a constitutive TDH3pr-mCherry-natMX4 (vector SLVA06) to allow flow 699 

cytometry segmentation. Strain SLYA39 (“WT” in Figure 6B, query strain in 6E) was 700 

transformed with a GAL1pr-YFP-natMX4 reporter (vector SLVA64). Strain SLYH71 (“GEV” in 701 

Figure 6) was transformed with a tandem GAL1pr-YFP- ACT1pr-GEV-hphNT1 replacing the HO 702 

locus (vector SLVD04). The GEV sequence was subcloned from vector pAGL, a generous gift 703 

from the Botstein lab [26]. To perform competitive growth experiments (Figure 6C-D), query and 704 

reference strains were inoculated from single colonies into YPD, grown overnight, mixed 1:1 by 705 

volume, and then diluted 1:100 into YPD and grown 6 hours to OD~0.3. Then the cultures were 706 

concentrated 5x by centrifugation and diluted in triplicate 1:300 (1:60 dilution of cells) into 2% 707 

glucose or 2% glucose + 30nM β-estradiol and grown 12 hours to pre-induce. If needed (Figure 708 

6D), cells were shifted to 2% galactose by centrifugation at 3000g for 2min, washing in new 709 

medium, pelleting again, and resuspending. For the experiment in Figure 6E, the above protocol 710 

was used, except query and reference strains were kept in separate cultures until the time of 711 

medium shift, and then mixed and resuspended together into new medium. The cultures were 712 

sampled immediately after medium shift, and then every 30 minutes for 9 hours, to measure the 713 

strain ratio by flow cytometry. The query strain in Figure 6E, black line, is shifted from galactose 714 
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medium back to the same medium, so the apparent delay in fitness advantage it exhibits may 715 

reflect a stress response to centrifugation and resuspension. 716 

Measuring galactose cost 717 

To obtain the galactose cost (Figure 7, S14), we measured the growth rates of multiple strains 718 

in glucose and glucose + galactose. We co-cultured strains with the YJM978ym reference in 719 

0.03125% glucose alone or 0.03125% glucose + 0.25% galactose (0.125% glucose in Figure 720 

S14), allowed them to grow for 8 hours, and then measured the cell count ratio at 2 timepoints 4 721 

hours apart. To minimize glucose depletion, we inoculated cells so that their density at the end 722 

of the experiment did not exceed 3x106 cells / mL. We computed the growth rate difference 723 

between query and reference strain as ΔR = [log2 (Nquery,final / Nref, final) - log2 (Nquery,initial / Nref, initial)] 724 

/ 4 hours, where N refers to the number of cells of a particular strain at a particular timepoint. 725 

We computed the absolute growth rate of the reference strain in each well as Rref = [log2 726 

(Nquery,final / Nref, final) - log2 (Nquery,initial / Nref, initial)] / 4 hours, and then found the average and s.e.m. 727 

of reference strain growth rates across all wells of each condition as <Rref,glu> and <Rref,glu+gal> 728 

(see Table S2). We computed the absolute growth rates of query strains as Rquery = <Rref > + ΔR 729 

in each of the two conditions. Then we computed the galactose cost metric as (Rglu+gal - Rglu) / 730 

Rglu, where R denotes query strain growth rates in each condition. Error bars are the s.e.m. of 731 

galactose cost, computed from the s.e.m. of measured ΔR and <Rref > values using standard 732 

uncertainty propagation formulas [54]. 733 

Raw data and MATLAB code 734 

Raw data and MATLAB analysis code used to generate all figures in this paper are deposited in 735 

the Dryad repository and are openly available via: http://dx.doi.org/10.5061/dryad.39h5m [55]. 736 
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Figure legends 737 

Figure 1. Natural yeast strains vary in length of diauxic lag. 738 

(A) Schematic of growth curve experiment in “diauxic growth conditions”, defined as batch 739 

culture in synthetic minimal media with 0.25% glucose and 0.25% galactose. (B) Growth curves 740 

(OD600 versus time relative to diauxic shift) plotted top-to-bottom in order of increasing diauxic 741 

lag. A single replicate growth curve is shown for each of 11 strains with similar growth rates in 742 

galactose-only media. (Growth curves for both replicates of all 43 strains assayed are shown in 743 

Figure S1). Strains BC187 and YJM978 are highlighted in red and blue, respectively. (C) 744 

Smoothed growth rate versus time relative to diauxic shift for the same strains as in (B). 745 

Example plots of raw OD differentials (light blue, light red) used to obtain the smoothed growth 746 

rate are shown for BC187 and YJM978. Diauxic lag time metric is denoted by horizontal black 747 

line with circles (see also Figure S2). (D) Histogram of diauxic lag time across all natural 748 

isolates assayed. Data used for histogram are the mean of 2 replicates (Materials and 749 

methods). 750 

Figure 2. A short-lag strain induces galactose-utilization (GAL) genes hours before the 751 

diauxic shift. 752 

(A) Top: Schematic of GAL1pr-YFP transcriptional reporter and cartoon of fluorescence 753 

distribution as measured by flow cytometry. Bottom: Schematic of diauxic growth GAL induction 754 

experiment. (B) Definitions of induction metrics, tlow and thigh, when reporter expression is at low 755 

but above-basal or near-maximal levels, respectively. Diauxic growth for strains (C) YJM978 756 

and (D) BC187. GAL reporter expression distributions (gray shading), GAL reporter median (red 757 

line), glucose concentration (purple circles), and galactose concentration (orange circles). Time 758 

is defined relative to the moment when culture achieves a density of 106 cells / mL (Figure S4). 759 

Purple and orange lines are smoothing spline fits to glucose and galactose measurements. 760 

Dotted purple line indicates time of glucose exhaustion, calculated using a local linear fit 761 
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(Materials and methods). Data shown in (B) and (C) represent two replicate experiment. GAL 762 

reporter expression distribution is shown for only one of the two replicates. (E) Comparison of 763 

induction start time, tlow, and near-maximal induction time, thigh, for YJM978 (red bars) and 764 

BC187 (blue bars) cultures. Bars and error bars represent the mean and range, respectively, of 765 

two replicates. 766 

Figure 3. Diauxic lag time is correlated with the start time of GAL induction. 767 

(A) Schematic of co-culture GAL induction experiment. Each of 15 query strains (gray) are co-768 

cultured with reference strain YJM978 expressing constitutive mCherry marker (red), and 769 

sampled for flow cytometry every 15 minutes from mid-exponential phase until saturation. (B) 770 

Illustration of how preparation time and execution time metrics are defined. (C) Median GAL1pr-771 

YFP expression versus time for query (gray) and reference (red) strain in 3 co-cultures selected 772 

to illustrate a range of preparation times. Strain I14 had above-basal reporter expression at the 773 

start of sampling, so its execution time was computed by linear extrapolation. (D) Scatterplot of 774 

diauxic lag time (from Figure 1) versus preparation time. (E) Scatterplot of diauxic lag time 775 

versus execution time. (E, inset) Scatterplot of preparation time versus execution time. Dotted 776 

gray lines in (D) and (E) indicate least-squares linear fits used to calculate coefficients of 777 

determination R2 and p-values. Data for diauxic lag time are the mean and range of two 778 

replicates, and for preparation time and execution time are the mean and s.e.m. of three 779 

replicates. 780 

Figure 4. Diauxic lag time is correlated poorly with GAL induction kinetics but strongly 781 

with steady-state GAL expression in a glucose-galactose mixture. 782 

(A) Median GAL1pr-YFP expression versus time for BC187 (blue line), YJM978 (red line), and 783 

13 other strains (gray lines) after transfer from 2% glucose into 2% galactose. (B) Scatterplot of 784 

preparation time (from Figure 3) versus induction delay after glucose-to-galactose shift, defined 785 

as the time until median GAL expression reaches 2-fold above basal expression. Black triangle 786 
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indicates strain YJM981, which did not induce above background during the entire 18-hour 787 

experiment; this strain was omitted from the R2 calculation. (C) Scatterplot of diauxic lag time 788 

(from Figure 1) versus induction delay after glucose-to-galactose shift. (D) Top: Schematic of 789 

how sugar concentrations for steady-state measurements were chosen from the diauxic growth 790 

experiment. Bottom: Measured steady-state GAL1pr-YFP expression distributions for BC187, 791 

YJM978, and 13 other strains in 0.0625% glucose + 0.25% galactose. (E) Scatterplot of 792 

preparation time versus mean steady-state GAL1pr-YFP expression from (D). (F) Scatterplot of 793 

diauxic lag time versus mean steady-state GAL1pr-YFP expression from (D). Dotted gray lines 794 

in (B), (C), (E), and (F) indicate least-squares linear fits used to calculate coefficients of 795 

determination R2 and p-values. 796 

Figure 5. Preparation for glucose exhaustion has upfront cost and delayed benefit. 797 

(A) Log2-ratio of BC187 cell number versus YJM978 cell number versus time during diauxic 798 

growth in two replicate co-cultures. A positive value on the vertical axis at any given moment 799 

indicates that BC187 has divided more times than YJM978 since time = 0, and therefore has a 800 

net fitness advantage. Raw data (black circles) and smoothing splines (gray curves) are shown 801 

for two replicates. (B) Median GAL1pr-YFP expression of BC187 (blue lines) and YJM978 (red 802 

lines), glucose concentration (purple circles, lines), and galactose concentration (orange circles, 803 

lines) from (A). Definitions of “high”, “medium” and “low” sugar concentrations are indicated for 804 

reference. Vertical dotted gray lines in (A) and (B) demarcate 4 phases of relative fitness and 805 

GAL1pr-YFP expression during the experiment (see Results). (C) Comparison of growth rate 806 

differences during the diauxic growth versus steady-state sugar conditions. Data points with 807 

shaded backgrounds and labeled “diauxic growth” represent the slope of the data in (A) during 808 

Phase II (pink background) and Phase III (light blue background). Positive values indicate that 809 

BC187 grows faster than YJM978. Data are the mean and s.e.m. of n=6 (phase II) or n=14 810 

(phase III) discrete derivatives in the shaded regions from (A). Points with white background and 811 
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labeled “steady-state” are computed from the same data as in Figure S12C, and represent the 812 

mean and s.e.m. of 3-6 replicates. P-values are computed by 2-sample t-test. 813 

Figure 6. Synthetic induction of GAL genes is costly in glucose but beneficial during 814 

transition to galactose.  815 

(A) Strains S288C (“WT”) and S288C-GEV, a congenic strain expressing the GEV protein 816 

(“GEV”) were used. Both WT and GEV strains induce GAL genes (“GAL”) in response to 817 

galactose; strain GEV also induces GAL genes in response to β-estradiol. (B) GAL1pr-YFP 818 

expression histograms of strains WT (black) and GEV (green) at steady-state in 2% glucose, 819 

2% glucose + 30nM β-estradiol, or 2% galactose. The same concentrations were used in the 820 

following experiments. (C) Top: log2-ratio of GEV to WT cell counts during steady-state co-821 

culture in glucose (purple) or glucose + β-estradiol (black). Bottom: median GAL1pr-YFP 822 

expression of strain WT during this experiment. (D) Top: log2-ratio of GEV to WT cell counts 823 

upon sudden shift to galactose, after pre-growth in glucose (purple) or glucose + β-estradiol 824 

(black). Asterisk “*”: p = 0.008 for change in log2-strain ratio by 2-sample t-test. “n.s.”: not 825 

significant, or p > 0.05. Bottom: median GAL1pr-YFP expression of strain GEV during this 826 

experiment. (E) Top: log2-ratio of cell counts of two WT strains pre-grown in different conditions 827 

and shifted to galactose. The strains were either both pre-conditioned in glucose (purple) or the 828 

query strain (numerator of log-ratio) was pre-conditioned in galactose while the reference strain 829 

(denominator of log-ratio) was pre-conditioned in glucose (black). The black line from (D) is 830 

reproduced in gray in (E) to compare synthetic and “natural” GAL pre-induction. “**”: p = 0.01 for 831 

change in log2-strain ratio by 2-sample t-test.  Bottom: median GAL1pr-YFP expression of the 832 

strain from pre-condition 1 during this experiment. The WT strain from pre-condition 1 contains 833 

a GAL1pr-YFP reporter, whereas the WT strain from pre-condition 2 expresses constitutive 834 

mCherry to distinguish the cells. Data in (C-E) are mean and s.e.m. of 3 replicates. 835 
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Figure 7. Tradeoff between costs and benefits of preparation underlies natural variation 836 

in GAL pathway expression.  837 

(A) Illustration of how (Top) galactose cost and (Bottom) the minimum mid-diauxic growth rate 838 

are defined (see also Figure S2, S14, and Materials and methods). Glucose and glucose + 839 

galactose conditions indicate 0.03125% glucose and 0.3125% glucose + 0.25% galactose 840 

media, respectively. (B) Scatterplot of galactose cost versus mean GAL1pr-YFP expression at 841 

steady-state in glucose + galactose. Data points are mean and s.e.m. of n=3 replicates. (C) 842 

Scatterplot of galactose cost versus minimum mid-diauxic growth rate. The latter is computed 843 

from the growth curves shown in Figure 1 and S1. Data points are the mean and s.e.m. of n=3 844 

replicates (galactose cost) or mean and range of n=2 replicates (minimum rate). 845 

.CC-BY-NC-ND 4.0 International licenseunder a
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 

The copyright holder for this preprint (which wasthis version posted December 3, 2014. ; https://doi.org/10.1101/011148doi: bioRxiv preprint 

https://doi.org/10.1101/011148
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38

Supporting Information 846 

Text S1. All Supporting Figures and captions. 847 

Contains all the supporting figures and captions in one document. 848 

Table S1. Strains used in this study. 849 

This file contains three worksheets. Worksheet (A) lists the 43 natural isolates assayed by 850 

growth curves in Figure 1. Worksheet (B) lists the GAL1pr-YFP reporter strains constructed 851 

from a subset of 15 natural isolates. Worksheet (C) lists strains used in time-lapse microscopy 852 

and synthetic GAL induction experiments. 853 

Table S2. Phenotypic measurements of natural isolates.  854 

This file contains four worksheets. Worksheet (A) summarizes the metrics used in the paper 855 

and describes how they are defined and inter-related. Worksheet (B) contains values of the 856 

diauxic lag time and minimum mid-diauxic growth rate metrics from both replicates of the growth 857 

curve experiments in Figure 1. Worksheet (C) contains values of preparation time and other 858 

metrics measured on a subset of 15 natural isolates and used in Figures 3-4. Worksheet (D) 859 

contains growth rate measurements used to determine the galactose cost, as well as GAL 860 

expression data, plotted in Figures 7 and S14. 861 

Figure S1. Growth curves of all 43 strains assayed. 862 

Plots of log2 (OD600) versus time for 43 strains, after subtracting background (0.03) from the raw 863 

OD600 readings. Two replicates are shown in each panel. Time axes have been adjusted so that 864 

OD = 2-6 at time zero, to exclude an initial interval of 0-12 hours during which data can be noisy 865 

due to low OD (examples shown in Figure S2B). The strains are shown sorted from shortest to 866 

longest diauxic lag time from top left to bottom right. Plots with an asterisk “*” in top-right corner 867 

are strains shown in Figure 1B-C based on their galactose growth rate (Figure S3). Plots 868 
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outlined in green represent the 15-strain subset used for GAL induction measurements (Table 869 

S1; Figure 3-4). 870 

Figure S2. Diauxic lag and minimum mid-diauxic growth rate metrics correlate across 871 

replicates. 872 

(A) Measured optical density (i.e. absorbance at 600nm) versus actual culture density, obtained 873 

by serial dilution of a yeast culture saturated under growth curve assay conditions. Dilution 874 

series were prepared in triplicate. OD600 was linear with culture density in this range, and 875 

displayed a background (y-intercept) value of ~0.03. (B) Example growth curves (top) and 876 

growth rate plots (bottom) for 2 strains. Light gray lines show raw discrete derivatives computed 877 

from the growth curve data (Materials and Methods), blue lines show cubic spline fits to the 878 

discrete derivatives, and red lines show derivatives of the splines, or the smoothed 2nd 879 

derivative of the growth curves. Both replicates are shown for each strain. Strain Bb32 (left) did 880 

not have a local growth rate minimum, and therefore its diauxic lag duration was defined to be 881 

zero and its minimum mid-diauxic growth rate was defined to be the time of the inflection point 882 

in growth rate (Materials and Methods). More often, strains displayed a phenotype like SLYG78 883 

(right), a S288C derivative, which had a clear minimum rate during diauxic shift. (C) Scatter 884 

plots of the diauxic lag time (left) and minimum mid-diauxic growth rate (middle) across 2 885 

replicate experiments, and between diauxic lag time and minimum rate (right). All 3 plots are 886 

strongly correlated, showing that our metrics were robust to measurement noise and that the 887 

continuous phenotypic variation in diauxic growth is not an artifact of the lag time metric used in 888 

Figure 1. (D) Diauxic lag time and minimum mid-diauxic growth rate were calculated from a 889 

sliding-window average on the discrete derivatives of growth curves (as opposed to the cubic 890 

spline fit used for Figure 1). This method yielded almost identical results, showing that the 891 

metrics were not sensitive to the method of calculation. 892 
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Figure S3. Diauxic lag time is not correlated with growth rate in glucose-only or 893 

galactose-only medium. 894 

Scatterplots of diauxic lag time (top) and minimum mid-diauxic growth rate (bottom) versus 895 

steady-state growth rates in galactose alone (left) or in glucose alone (right). Steady-state 896 

growth rates were measured in a separate growth curve experiment (Materials and Methods). In 897 

general, the diauxic lag metrics correlated poorly with steady-state growth rates, suggesting that 898 

the phenotypic variation in diauxic growth cannot be solely explained by differences in glucose 899 

or galactose metabolism. Strains with growth rates between 0.5 and 0.6 doublings/hour in 900 

galactose are shown in Figure 1B-C (filled dots). This includes BC187 (blue) and YJM978 (red). 901 

Figure S4. Determination of absolute cell concentration by flow cytometric counting. 902 

(A) Absolute cell concentration as measured by flow cytometer versus actual relative culture 903 

density of a dilution series of a yeast culture, prepared in triplicate. Gray line shows predicted 904 

results extrapolated from the lowest density measurement, which agrees well with observed 905 

values. Absolute cell concentration was determined during the diauxic growth experiments in 906 

Figure 2B-C and 5A-B, and are plotted versus time for (B) BC187, (C) YJM978, and (D) a co-907 

culture of BC187 and YJM978. Data for both replicates are shown—these are almost 908 

overlapping. The time axis is adjusted so that the culture is at 106 cells/mL at time zero. This 909 

time was determined by interpolation on a linear fit to four consecutive datapoints. The same 910 

adjustment was applied to the time axis for all plots in Figures 2 and 5. 911 

Figure S5. Strain BC187 can consume galactose and glucose simultaneously. 912 

(A) Glucose and galactose concentrations versus time for (left) a culture of BC187, and (right) a 913 

culture of YJM978, from the same experiment as in Figure 2. Both replicates are plotted. Time 914 

zero corresponds to culture density of 106 cells/mL. To determine whether either strain begins to 915 

consume galactose prior to glucose exhaustion, we computed (B) the sugar depletion rate by 916 

taking discrete derivatives (circles) of the sugar concentrations, or slopes between consecutive 917 
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data points, for both replicate datasets. We then binned the time axis into 1-hour intervals and 918 

computed, via a one-tailed t-test, the probability of observing the discrete derivatives in each 919 

time interval given a null hypothesis that the mean discrete derivative in that interval is 0 or 920 

positive. Mean sugar depletion rate for each bin is shown as lines in (B) and the log10 p-value for 921 

the significance test is shown in (C). Dotted black lines in (C) indicate where p=0.05. For 922 

BC187, there is a 2-hour interval over which there is statistically significant depletion of both 923 

glucose and galactose, at a significance threshold of 0.05. By contrast, the time intervals of 924 

significant glucose and galactose depletion for YJM978 do not overlap temporally. These 925 

conclusions are robust to the width or position of time bins. 926 

Figure S6. GAL1pr-YFP expression is highly variable across natural isolates in glucose + 927 

galactose but not in glucose alone. 928 

Steady-state GAL1pr-YFP expression histograms for 15 strains showing partial expression in 929 

0.0625% glucose + 0.25% galactose (black), basal expression in 2% glucose (purple), and 930 

maximal expression in 2% galactose (orange). Additionally, the parent strains without a GAL1pr-931 

YFP reporter cassette were assayed in 2% glucose (red). Partial expression varies widely 932 

across strains in glucose + galactose, yet YFP signal above autofluorescence is undetectable 933 

from most strains in glucose-only medium (compare purple and red histograms). A number of 934 

strains (YJM981, Y12-WashU, Y9-WashU, YJM975) display bimodal expression in 935 

glucose+galactose. Measurements were taken at steady-state (as in Figure 4D; see Materials 936 

and Methods); distributions are unsmoothed histograms of 20,000 or more cells. 937 

Figure S7. Co-culture method to determine timing of GAL induction relative to glucose 938 

depletion. 939 

(A) Example scatterplot of YFP versus mCherry signal by flow cytometry. Reference strain and 940 

query strain cells are distinguished by mCherry (red vs gray) and the YFP of each 941 

subpopulation is used to compute induction time. (B) Median GAL1pr-YFP expression of 942 
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YJM978 with or without constitutive fluorophore in a co-culture of the two strains. Both strains 943 

contain the GAL reporter, which is unaffected by the constitutive fluorophore. (C) Start time of 944 

GAL induction tlow in BC187yb and YJM978ym cultured alone or in co-culture with each other, 945 

mean and range of 2 replicates. There is no significant difference in induction timing between 946 

separate and mixed cultures. (D) Median GAL1pr-YFP profiles for 15 strains from the co-culture 947 

experiment of Figure 3. Query and reference strain were mixed at three initial ratios. Density 948 

plot in background shows full YFP distributions of the query strain for the 1:4 query:reference 949 

condition (except for strain SLYG78, where 4:1 is shown). (E) Scatterplot of preparation time 950 

from different inoculating ratios. Preparation time was nearly identical across different 951 

inoculating ratios. The three ratios were used as replicates in Figure 3D-E. (F) Scatterplot of 952 

preparation time calculated as the time difference between query and reference strains at 1/32 953 

or at 1/16 of maximal induction. The metric is robust to this difference (Spearman correlation = 954 

0.97). (G) Definition of “ON fraction” as the fraction of cells with YFP signal higher than 1/32 of 955 

the maximal median YFP. (H) Possible ON fraction profiles. If a single population completely 956 

induces from basal to maximal (“Coherent induction”), the ON fraction will increase 957 

monotonically from 0 to 1. If the a culture splits into subpopulations with different induction times 958 

(“Early & late subpopulations”), the ON fraction will in two distinct phases, as in Venturelli et al. 959 

[23]. If a subset of cells never induce (“Non-inducing subpopulation”), the ON fraction will 960 

saturate below 1. (I) ON fraction versus time of the 15 strains in (D), from the 1:4 inoculation. 961 

Each strain is a different colored line, and strains BC187 and YJM978 are highlighted. Most 962 

profiles are consistent with “coherent induction”, although in some strains, a small subpopulation 963 

consisting of less than 10% of all cells may have pre-induction before sampling. In some strains, 964 

the ON fraction decreases after saturating (see also panel D) – this is likely due to an 965 

experimental artifact (Materials and methods). 966 
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Figure S8. GAL1pr-YFP expression reaches steady-state after 8 hours of growth in 967 

galactose medium. 968 

GAL1pr-YFP expression distributions over time in repressing (0.25% glucose), inducing (0.25% 969 

galactose), and mixed-sugar (0.0625% glucose + 0.25% galactose) conditions for BC187yb 970 

(blue) and YJM978ym (red). Cultures were pre-grown in 2% raffinose to minimize the induction 971 

delay upon starting the experiment. Cells were diluted every two hours to maintain a density of 972 

less than 105 cells/mL. After 12 hours, the dilution factor was increased and dilution / sampling 973 

interval increased to 12 hours, and the cultures were monitored up to 48 hours. In conditions 974 

where either strain induces, expression stops increasing after eight hours. 975 

Figure S9. Strains induce GAL1pr-YFP at quasi-steady-state levels during gradual 976 

glucose depletion. 977 

(A) Scatterplot of median GAL1pr-YFP expression of query strains three hours before reference 978 

strain mid-induction time (computed from data in Figure 3) versus the median GAL1pr-YFP 979 

expression of the same strains growing at steady-state in 0.0625% glucose + 0.25% galactose. 980 

(B) Steady-state GAL1pr-YFP distributions for strains BC187 and YJM978 (Bottom) in glucose 981 

+ galactose conditions chosen from different moments of diauxic growth (Top schematic). 982 

BC187 induces at intermediate levels at steady-state in glucose + galactose mixtures, rather 983 

than at basal or maximal levels, as would be expected if the level of GAL expression responds 984 

in a switch-like manner to decreasing glucose. 985 

Figure S10. Pre-growth of YJM978 in a non-inducing galactose concentration accelerates 986 

GAL induction in subsequent medium shift. 987 

Median GAL1pr-YFP expression versus time for YJM978ym cells suddenly transferred from 988 

glucose to galactose (purple), or from glucose + galactose to galactose (black). This strain 989 

induces GAL genes significantly earlier (p=0.008 by 2-sample t-test) in response to sudden 990 

galactose induction when pre-grown in the presence of some galactose. 991 
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Figure S11. Short-lag strains reach saturation faster, but BC187 exhausts glucose more 992 

slowly than YJM978.  993 

(A) Example calculation of saturation time, which is defined as the time for a strain to grow from 994 

the diauxic shift to saturation. (B) Scatterplot of saturation time versus diauxic lag time. The two 995 

metrics are strongly correlated, showing that strains that have a shorter diauxic lag also reach 996 

saturation sooner after diauxic shift. (C) Time to exhaustion of glucose or galactose in cultures 997 

of BC187yb (blue) or YJM978ym (red). YJM978 exhausts glucose significantly before BC187, 998 

even though BC187 exhausts galactose—and therefore both sugars—much faster than YJM978 999 

under the assay conditions. Data are mean and range of n=2 replicates. P-value was calculated 1000 

by 2 sample t-test. 1001 

Figure S12. Absolute and relative fitness of BC187 and YJM978. 1002 

(A) Log2 absolute cell concentration versus time of strains BC187yb (blue) and YJM978ym 1003 

(red) in 0.0625% glucose (left) and 0.0625% glucose + 0.25% galactose (right). Cultures were 1004 

sampled every two hours after they had reached steady-state GAL1pr-YFP expression. Cultures 1005 

were periodically diluted so that raw cell densities (light color) did not exceed 220 or 106 cells/mL. 1006 

Dilution-corrected data (dark color) were used to calculate growth rates. (B) Log2-ratio of 1007 

BC187yb cell count to YJM978ym cell count in the same cultures as shown in (A). Relative 1008 

fitnesses (i.e. growth rate differences) reported in Figure 5C are computed from line fits to these 1009 

plots. (C) Steady-state growth rates of BC187yb (blue) and YJM978ym (red) in 0.0625% 1010 

glucose + 0.25% galactose, 0.0625% glucose, or 0.15% galactose, as determined by linear fit to 1011 

plots as in (A). Bar graphs are mean and s.e.m. of 3-6 replicates. P-values are computed by 2-1012 

sample t-test; “n.s.” indicates p > 0.05. (D) Steady-state GAL1pr-YFP expression distributions of 1013 

BC187 (blue lines) and YJM978 (red lines) in the conditions from (C). Only one timepoint and 1014 

replicate is shown; others had identical fluorescence distributions. 1015 
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Figure S13. Single-cell growth rate correlates negatively with GAL1pr-YFP expression 1016 

(A) Example time-lapse microscopy images of BC187ym microcolonies (1-10 cells) at initial 1017 

(top) and final (bottom) timepoints. Segmentation boundaries (red) were determined by 1018 

analyzing mCherry images, and GAL1pr-YFP reporter concentration was determined as the 1019 

final average YFP signal per pixel of each microcolony (Materials and methods). (B) 1020 

Scatterplots of growth rate versus YFP concentration for microcolonies pre-induced in 0.125% 1021 

glucose (n=165 microcolonies), 0.125% glucose + 0.25% galactose (n=196), or 0.25% 1022 

galactose (n=223) prior to transferring to 0.125% glucose + 0.25% galactose for imaging. 1023 

Growth rate displayed a significant negative correlation with GAL1pr-YFP concentration. (C) 1024 

Distributions of growth rate (top) and YFP concentration (bottom) across microcolonies from the 1025 

3 pre-growth conditions. For clarity, plotted are smoothed probability densities estimated using a 1026 

Gaussian kernel (Materials and methods). P-values are computed by a Kolmogorov-Smirnov 1027 

test against the null hypothesis that growth rates of microcolonies from two pre-growth 1028 

conditions have the same distribution. 1029 

Figure S14. Galactose cost and GAL expression change in a correlated way between 1030 

different media conditions. 1031 

Scatterplot of galactose cost versus mean GAL1pr-YFP expression at steady-state in two 1032 

different sets of glucose or glucose + galactose media. Black circles are the same data as in 1033 

Figure 7B, whereas red circles are data obtained from 0.125% glucose and 0.125% glucose + 1034 

0.25% galactose, which induces GAL genes to a lesser extent. Gray arrows connect strains 1035 

between the 2 conditions. Most arrows point toward the lower left, indicating that as galactose 1036 

stays constant and glucose decreases (such as during diauxic growth), GAL expression 1037 

increases at the same time that the growth cost due to the presence of galactose increases. 1038 
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