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Steady-state and dynamic gene expression 
programs in Saccharomyces cerevisiae in 
response to variation in environmental nitrogen

ABSTRACT Cell growth rate is regulated in response to the abundance and molecular form 
of essential nutrients. In Saccharomyces cerevisiae (budding yeast), the molecular form of 
environmental nitrogen is a major determinant of cell growth rate, supporting growth rates 
that vary at least threefold. Transcriptional control of nitrogen use is mediated in large part by 
nitrogen catabolite repression (NCR), which results in the repression of specific transcripts in 
the presence of a preferred nitrogen source that supports a fast growth rate, such as gluta-
mine, that are otherwise expressed in the presence of a nonpreferred nitrogen source, such 
as proline, which supports a slower growth rate. Differential expression of the NCR regulon 
and additional nitrogen-responsive genes results in >500 transcripts that are differentially 
expressed in cells growing in the presence of different nitrogen sources in batch cultures. 
Here we find that in growth rate–controlled cultures using nitrogen-limited chemostats, gene 
expression programs are strikingly similar regardless of nitrogen source. NCR expression is 
derepressed in all nitrogen-limiting chemostat conditions regardless of nitrogen source, and 
in these conditions, only 34 transcripts exhibit nitrogen source–specific differential gene ex-
pression. Addition of either the preferred nitrogen source, glutamine, or the nonpreferred 
nitrogen source, proline, to cells growing in nitrogen-limited chemostats results in rapid, 
dose-dependent repression of the NCR regulon. Using a novel means of computational nor-
malization to compare global gene expression programs in steady-state and dynamic condi-
tions, we find evidence that the addition of nitrogen to nitrogen-limited cells results in the 
transient overproduction of transcripts required for protein translation. Simultaneously, we 
find that that accelerated mRNA degradation underlies the rapid clearing of a subset of tran-
scripts, which is most pronounced for the highly expressed NCR-regulated permease genes 
GAP1, MEP2, DAL5, PUT4, and DIP5. Our results reveal novel aspects of nitrogen-regulated 
gene expression and highlight the need for a quantitative approach to study how the cell 
coordinates protein translation and nitrogen assimilation to optimize cell growth in different 
environments.
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sources are available, a yeast cell will preferentially transport and me-
tabolize particular nitrogen-containing compounds by decreasing 
levels of transcripts and proteins required for use of nonpreferred 
nitrogen sources (Cooper, 1982; Magasanik and Kaiser, 2002). A 
study of yeast cells growing in the presence of different individual 
nitrogen sources provided a genome-wide view of nitrogen-regu-
lated gene expression and suggested that >500 genes are differen-
tially expressed as a function of environmental nitrogen source 
(Godard et al., 2007). On the basis of differential gene expression, 
promoter sequence elements, and published literature, Godard 
et al. (2007) assigned membership of many of these transcripts to 
five regulons that are responsive to environmental nitrogen: the ni-
trogen catabolite repression A (NCR-A) regulon, which includes bona 
fide NCR targets; the potential NCR target (NCR-P) regulon; the gen-
eral amino acid control (GAAC) regulon; the unfolded protein re-
sponse (UPR) regulon; and the SSY1-PTR3-SSY5 (SPS) regulon.

Transcriptional control of the NCR regulon (i.e., both NCR-A and 
NCR-P regulons) is mediated by the transcription factors GLN3, 
GAT1, DAL80, and GZF3, which bind to the 5′-GATAA-3′ consensus 
sequence in target gene promoter regions (Cooper, 2002; 
Magasanik and Kaiser, 2002). Whereas DAL80 and GZF3 act as re-
pressors of NCR transcription, GLN3 and GAT1 activate the tran-
scription of NCR genes in a nitrogen source–dependent manner. 
The evolutionarily conserved TOR complex 1 (TORC1) is believed to 
be an upstream regulator of NCR expression, as it promotes the 
nuclear exclusion of GLN3 by physical association with URE2 in a 
phosphorylation-dependent manner (Beck and Hall, 1999). TORC1 
effects nitrogen-responsive gene expression more broadly, as it pro-
motes expression of the SPS regulon by stabilizing the transcription 
factor STP1 (Shin et al., 2009) and affects GAAC expression by regu-
lating GCN2, which regulates translation of the transcription factor 
GCN4 (Loewith and Hall, 2011).

In addition to its role in nitrogen-use regulation, TORC1 coordi-
nates myriad growth-related processes, ranging from ribosome bio-
genesis to autophagy (Loewith and Hall, 2011). TORC1 directly 
phosphorylates SFP1, leading to the activation of transcripts re-
quired for ribosome biogenesis (the RiBi regulon), and promotes the 
transcription of mRNAs encoding ribosomal proteins (the RP regu-
lon) by phosphorylation of IFH1 (Loewith and Hall, 2011). TORC1 
also has important roles in the posttranslational regulation of protein 
production through phosphorylation of the S6-kinase homologue, 
SCH9 (Urban et al., 2007). The centrality of TORC1 in the biogenesis 
and regulation of ribosomes and protein translation required for cell 
growth and the regulation of nitrogen utilization suggests that these 
two processes are intimately entwined (Cardenas et al., 1999).

To study the effect on mRNA expression of environmental nitro-
gen source variation in nitrogen-limited, growth rate–controlled 
conditions, we studied cells growing in chemostats using six differ-
ent nitrogen sources at four different dilution rates. We show that 
differential expression of the NCR and SPS regulons is primarily a 
function of growth in a nitrogen-limited environment, with the mole-
cular form of nitrogen having minimal effect on differential gene 
expression when cells are limited for nitrogen. By contrast, the 
GAAC and UPR regulons do not respond specifically to nitrogen 
limitation compared with other nutrient-limited conditions. To study 
the dynamics of nitrogen-responsive gene expression, we per-
formed transient perturbation experiments in which different quan-
tities and sources of nitrogen were added to cells growing in nitro-
gen-limited chemostats. The addition of either the preferred 
nitrogen source, glutamine, or the nonpreferred nitrogen source, 
proline, to cells growing in nitrogen-limited conditions results in 
rapid repression of the NCR regulon in a dose-dependent manner. 

INTRODUCTION
Regulated cell growth (increase in biomass and cell size) requires the 
coordination of diverse cellular processes, ranging from macromo-
lecular synthesis to metabolism (Ingraham et al., 1983; Hall et al., 
2004). The rate at which cells grow is determined both by factors 
that are intrinsic to the cell and factors in the external environment. 
In all eukaryotic cells, essential nutrients including carbon, nitrogen, 
and phosphorus are required for growth. The extracellular abun-
dance and molecular form of these nutrients are critical determi-
nants of the growth rate of the cell. As nutrient concentration de-
creases, bacteria (Monod, 1949) and budding yeast (Ziv et al., 2013) 
decrease their growth rates with Michaelis–Menten-type kinetics. 
Different molecular forms of essential nutrients such as carbon (e.g., 
glucose and galactose) or nitrogen (e.g., glutamine and proline) 
support different growth rates and are metabolized with difference 
preferences for reasons that are poorly understood. How cells inte-
grate information about the environmental status of essential nutri-
ents, regulate preferential metabolism of particular compounds 
containing essential nutrients, and coordinate diverse cellular func-
tions with cell growth and division remains one of the central prob-
lems in systems biology (Klumpp et al., 2009; Scott et al., 2010, 
2014).

Differences in cell growth rate profoundly affect the physiology 
of cells. Classic studies in bacteria showed that the mass of cells 
and the absolute abundance of cellular components, including 
RNA, proteins, and ribosomes, increase as cells grow faster 
(Kjeldgaard et al., 1958; Schaechter et al., 1958). More recently, 
studies of global gene expression using chemostats, in which 
growth rate is controlled by changing the dilution rate (Monod, 
1950; Novick and Szilard, 1950; Kubitschek, 1970), have shown that 
the rate at which populations of bacterial (Ishii et al., 2007) or bud-
ding yeast (Regenberg et al., 2006; Castrillo et al., 2007; Brauer 
et al., 2008) cells grow is a primary determinant of the relative abun-
dance of a large fraction of mRNAs. In budding yeast, the relative 
expression of one-fourth of all mRNAs can be explained by a simple 
linear relationship with population growth rate across a wide range 
of conditions (Brauer et al., 2008). Growth rate–correlated tran-
scripts encode products with functions ranging from energy me-
tabolism to ribosome biogenesis, suggesting that multiple cellular 
functions and processes are systematically modulated as cell 
growth rate varies.

The stereotypic relationship between the relative abundance of 
many mRNAs and growth rate enables estimation of cell growth 
rates on the basis of gene expression using a compendium of diag-
nostic transcripts (Brauer et al., 2008; Airoldi et al., 2009). This 
“instantaneous growth rate” estimation provides a means of detect-
ing changes in a population’s growth rate on time scales that are not 
typically amenable to direct measurement. Our understanding of 
the signaling networks that coordinate cell growth rate with gene 
expression remains incomplete. However, ectopic activation of the 
Ras/protein kinase A (PKA) pathway using an activated Ras allele 
recapitulates some of the gene expression changes associated with 
increased growth rate despite the absence of an actual increase in 
biomass (Airoldi et al., 2009). This suggests a model in which the cell 
establishes a gene expression program that reflects its perception of 
the growth potential of the current environment, transmitted via 
nutrient-responsive signaling pathways, rather than the gene ex-
pression program being determined by growth rate.

The rate at which budding yeast cells grow is sensitive to the 
molecular form of nitrogen in the environment. Yeast cells are able to 
use and discriminate between different nitrogen sources (Cooper, 
1982; Magasanik and Kaiser, 2002). When a variety of nitrogen 
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centrations in batch cultures, the biomass yield is equivalent from 
different nitrogen sources (Figure 1A and Supplemental Figure S1). 
Thus different nitrogen sources support a range of maximal growth 
rates, but, when present in limiting concentrations, yeast cells con-
vert nitrogen to biomass with similar final yields regardless of its 
molecular form.

Studying the effect of different nitrogen sources on cell physiol-
ogy and molecular processes, such as gene expression, may be con-
founded by variation in growth rate. In contrast to growth in batch 
cultures, the chemostat enables experimental control of population 
growth rates. In a steady-state chemostat, the dilution rate is equal 
to the exponential growth rate constant (Monod, 1950; Novick and 
Szilard, 1950; Kubitschek, 1970). We established independent che-
mostat cultures limited for one of six different nitrogen sources, in-
cluding both preferred and nonpreferred nitrogen sources, using 
media containing equimolar concentrations of nitrogen. We found 
that when the growth medium contains a concentration of 800 μM 
nitrogen, the steady-state cell density in a chemostat maintained at 
a very low dilution rate of 0.06 culture volumes/h (V/h) is only mar-
ginally less than the final density in batch cultures that have ex-
hausted all nitrogen from the medium (Supplemental Figure S2). 
This is consistent with a chemostat culture being most similar to a 
batch culture just before an essential nutrient is exhausted (Saldanha 
et al., 2004). We systematically increased the rate at which each ni-
trogen-limited chemostat was diluted, establishing rates of D = 
0.06, 0.12, 0.16, and 0.21 V/h, which correspond to steady-state 
cultures with doubling times of 11.6, 5.8, 4.3, and 3.3 h, respec-
tively. Consistent with chemostat theory (Kubitschek, 1970), in all 
nitrogen-limiting conditions, steady-state culture density declined 
as the dilution rate increased (Supplemental Figure S2), which re-
sults in a concomitant increase in the steady-state nitrogen concen-
tration. Surprisingly, and in contrast to theoretical expectations 

Surprisingly, a sudden increase in environmental nitrogen does not 
correspond to a detectable increase in biomass production or cell 
number, consistent with a time delay between activation of the tran-
scriptional growth program and its manifestation in an increased 
rate of cell growth. To compare global gene expression in dynamic 
conditions with mRNA expression in steady-state conditions, we 
used computational estimation of instantaneous growth rate from 
gene expression profiles (Brauer et al., 2008; Airoldi et al., 2009) and 
defined gene expression responses to growth rate in both steady-
state and dynamic conditions using linear regression. We find that 
the response of transcripts required for protein translation (RP and 
RiBi) in cells provided with an increase in nitrogen exceeds the re-
sponse to growth rate in cells growing in steady-state conditions 
consistent with a transient overproduction of RP and RiBi transcripts. 
Finally, we show that accelerated degradation of some NCR tran-
scripts underlies gene expression remodeling in response to sud-
den relief from nitrogen limitation, indicating the activity of a post-
transcriptional mechanism controlling nitrogen-responsive gene 
expression.

RESULTS
Yeast cells convert different nitrogen compounds 
to biomass with similar yields
The abundance and molecular form of environmental nitrogen are 
important determinants of growth rate and gene expression in yeast 
cells (Cooper, 1982; Magasanik and Kaiser, 2002). We investigated 
the physiological and transcriptional response of yeast cells growing 
in different nitrogen sources, using batch and chemostat cultures. 
Although the maximal growth rate attained by cells depends on the 
molecular form of environmental nitrogen (Cooper, 1982), we found 
that when nitrogen is the growth-limiting agent (i.e., the first nutrient 
exhausted in the growth medium) and provided at equimolar con-

FIGURE 1: Physiology of yeast cultures grown in nitrogen-limited batch and chemostat cultures. (A) When normalized 
for total nitrogen concentration, the biomass yield is the same regardless of nitrogen source. Values are determined by 
regression analysis of cell yield, measured using a Klett colorimeter, in batch cultures containing different concentrations 
of nitrogen. Error bars represent 95% confidence interval of the regression coefficient. (B) Approach to steady-state 
kinetics for glutamine- and proline-limited chemostats. Each chemostat culture was inoculated with 106 cell/ml and 
monitored over an 80-h period. Experimental measurements for proline (black triangles) and glutamine (red circles) are 
in good agreement with a mathematical model of the chemostat (lines).
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transport nitrogen sources other than ammonia (Supplemental 
Table S1). These results show that the NCR-A and NCR-P regulons 
are derepressed in nitrogen-limiting conditions when ammonium is 
the nitrogen source, whereas the SPS regulon is repressed. This con-
firms and extends previous studies in which growth in ammonium-
limited chemostats resulted in derepression of NCR genes (Boer 
et al., 2003; Usaite et al., 2006).

To identify genes that are differentially expressed when grown in 
the presence of different nitrogen sources in nitrogen-limited che-
mostats, we determined the global gene expression profiles of cells 
growing at four different growth rates in chemostats limited for six 
different nitrogen sources (Materials and Methods). Using the same 
criteria as Brauer et al. (2008; i.e., R2 > 0.7, p < 0.05, for linear regres-
sion of log2-transformed relative gene expression against growth 
rate), we find that 24% of transcripts (1345 of 5590) respond signifi-
cantly to growth rate across different nitrogen-limited conditions 
compared with 27% (1474 of 5452) in Brauer et al. (2008). The small 
discrepancy in these results is likely due to the reduction in statistical 
power associated with the smaller sample size in our study (24 vs. 36 
conditions), as the set of genes that respond to growth rate and the 
magnitude of their responses are very similar between the two stud-
ies (Supplemental Figure S3). Consistent with this finding, we previ-
ously showed that a predictive model of the “instantaneous growth 
rate” trained on gene expression data from diverse nutrient-limited 
chemostats (Brauer et al., 2008) accurately predicts growth rates in 
steady-state nitrogen-limited chemostats on the basis of gene ex-
pression alone (Airoldi et al., 2009). Together these results indicate 
that growth rate–correlated gene expression programs are highly 
reproducible.

To identify genes that are differentially expressed in response to 
variation in environmental nitrogen source, we performed an 
ANCOVA in which we modeled the expression of each gene as a 
function of nitrogen source and growth rate (Materials and Methods 
and Supplemental Table S2). Although the inclusion of nitrogen 
source in the model improves the fit of the data for more than half 
of the transcripts (3520 of 5590 genes at a 10% FDR) compared with 
a simple linear model, the nitrogen-source effect is only significant 
for 38 of the 5590 analyzed genes (Supplemental Table S2). Only 14 
genes that belong to known nitrogen-responsive regulons exhibit a 
significant response to variation in nitrogen source (Figure 2B). The 
majority of these (10 of 14) belong to the NCR-A regulon and en-
code permeases or enzymes required for specific nitrogen sources. 
Thus, in nitrogen-limited conditions, most nitrogen-responsive gene 
expression is regulated in a manner independent of nitrogen source, 
with minimal differential expression in response to variation in the 
molecular form of environmental nitrogen.

Rapid physiological and transcriptional response 
to transient relief from nitrogen limitation
To characterize the physiological and transcriptional response to re-
lief from nitrogen limitation, we studied cells growing in nitrogen-
limited chemostats that were transiently relieved from nitrogen limi-
tation via addition of a “pulse” of nitrogen using an experimental 
design previously applied to carbon-limited cultures (Kresnowati 
et al., 2006; Ronen and Botstein, 2006). This experimental design is 
similar to classic “shift-up” experiments (Kjeldgaard et al., 1958); 
however, our aim was to minimally and transiently perturb the 
steady-state condition and study the coordination of gene expres-
sion and cell growth changes in the absence of wholesale remodel-
ing of cell physiology.

We studied the response of ammonium-limited chemostats 
growing at 0.12 V/h (i.e., a doubling time of 5.9 h) to a pulse of 

(Kubitschek, 1970), by sequentially increasing the dilution rate start-
ing at a very low dilution rate, we were able to maintain proline-
limited chemostats at dilution rates that exceed the reported maxi-
mal growth rate of yeast cells in batch cultures that contain proline 
as the sole nitrogen source.

In batch cultures containing a single nitrogen source, proline 
supports one of the slowest maximal growth rates, whereas gluta-
mine supports one of the fastest (Cooper, 1982). Therefore we re-
peated our analyses of batch and chemostat cultures growing in 
proline- and glutamine-limited media and measured cell counts. We 
found that cell yields in batch cultures are slightly higher in proline-
limited media (36,069 ± 3521 cells/ml per μmol of nitrogen) com-
pared with glutamine-limited conditions (32,445 ± 3422 cells/ml per 
μmol of nitrogen), although the difference is not significant. From 
steady-state glutamine- and proline-limited chemostats growing at 
different dilution rates, we estimated s, the residual nitrogen con-
centration (Supplemental Methods) and used these values to esti-
mate the half-maximal growth rate constant (Ks) for both glutamine 
and proline media (Supplemental Methods). Using these estimated 
parameters, and published maximal growth rates (Cooper, 1982), 
we modeled the approach to steady state in chemostats and found 
that the model is in good agreement with experimental data (Figure 
1B). Thus, in steady-state chemostats containing equimolar concen-
trations of different nitrogen sources at growth-limiting concentra-
tions, growth rates and culture densities are equivalent (Supplemen-
tal Figure S2), and all other environmental factors are essentially 
identical, enabling the dissection of growth rate–specific and nitro-
gen-specific effects on gene expression.

Nitrogen limitation is a primary determinant 
of nitrogen-regulated gene expression
To identify the set of genes that are differentially expressed when 
nitrogen in the form of ammonium sulfate is the growth rate–limiting 
nutrient, we first analyzed the data of Brauer et al. (2008), in whose 
study populations of cells were limited in chemostats for one of six 
different essential nutrients (glucose, ammonium, phosphorus, sul-
fur, leucine, and uracil) at six different growth rates (ranging from 
0.05 to 0.3 h−1), using an analysis of covariance (ANCOVA) in which 
we modeled the expression of each transcript as a function of the 
limiting nutrient and dilution rate (Materials and Methods). We com-
pared this more complex model to the original model used in Brauer 
et al. (2008), in which a growth rate effect on gene expression was 
modeled without consideration of the limiting nutrient (Supplemen-
tal Table S1). The majority of mRNAs (4726 of 5537 at a 10% false 
discovery rate [FDR]) are modeled significantly better by the more 
complex two-factor model, suggesting that nutrient-specific effects 
contribute to expression variation of many yeast genes.

We identified 105 genes for which ammonium limitation contrib-
utes significantly to variation in expression (10% FDR), including 66 
transcripts that are increased in expression and 39 transcripts that 
are decreased in expression compared with growth limitation by the 
five other nutrients used by Brauer et al. (2008; Supplemental Table 
S1). The majority of transcripts belonging to the NCR-A (28 of 39 
measured transcripts, p < 0.05) regulon and many belonging to the 
NCR-P (11 of 42 measured transcripts, p < 0.05) regulon are signifi-
cantly increased in expression in nitrogen-limiting conditions com-
pared with other nutrient-limited conditions (Figure 2A). By contrast, 
transcripts in the GAAC and UPR regulons do not show evidence of 
a specific response to ammonium limitation (Figure 2A). The SPS 
regulon is specifically down-regulated in ammonium-limited che-
mostats (six of seven measured transcripts; p < 0.05) compared with 
other nutrient limitations (Figure 2A), as are specific permeases that 
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experiments and monitored changes in culture density. Surpris-
ingly, pulses of 40 μM glutamine (Figure 3B) and 800 μM (Figure 
3C) and 80 μM (Figure 3D) proline failed to result in the expected 
increase in culture density, and, strikingly, a pulse of 400 μM gluta-
mine resulted in a decline in culture biomass (Figure 3A). This may 
be the result of a pause or delay in population growth before phys-
iological remodeling for growth in an altered environment 
(Kjeldgaard et al., 1958; Ludwig et al., 1977; Waldron, 1977; Kief 
and Warner, 1981) and the continuous dilution of the culture.

To study the transcriptional response of cells transiently relieved 
from nitrogen limitation, we performed time-series analysis of the 
transcriptome using DNA microarrays (Figure 4A). Qualitatively, 
many of the observed changes in gene expression were similar in 
response to both the addition of glutamine and the addition of pro-
line. We observed that many of the transcripts that changed in ex-
pression also vary with growth rate in steady-state cultures. There-
fore we computationally predicted the instantaneous growth rate 
(Brauer et al., 2008; Airoldi et al., 2009) after perturbation, using 
gene expression data (Materials and Methods). These predictions 
indicate a rapid increase in the instantaneous growth rate in re-
sponse to large and small doses of both proline and glutamine 
(Figure 4A). Whereas the instantaneous growth rate remains high for 
the large doses of glutamine (Figure 3A) and proline (Figure 3C), 

glutamine, proline, or a mixture of both. On the basis of steady-state 
cell density measurements, we estimate that the steady-state nitro-
gen concentration in chemostats growing at a dilution rate of 
0.12 V/h is ∼80 μM. To study the effect of dose and nitrogen source 
on the kinetics and magnitude of the response, we used either a 
small (80 μM) or large (800 μM) nitrogen pulse of glutamine (40 or 
400 μM) or proline (80 or 800 μM). We also performed a single small 
pulse experiment in which we added a mixture of 20 μM glutamine 
and 40 μM proline.

Using a mathematical model of the chemostat, we simulated 
the expected effect on culture density when a nitrogen-limited 
chemostat is provided with a pulse of nitrogen (Materials and 
Methods and Supplemental Methods). This model predicts a dose-
dependent increase in cell density on addition of 400 μM (Figure 
3A) or 40 μM (Figure 3B) glutamine. Similarly, addition of 800 μM 
(Figure 3C) or 80 μM (Figure 3D) proline is predicted to result in a 
dose-dependent increase in culture density with delayed kinetics 
compared with the same molar amount of nitrogen in the form of 
glutamine. A mixture of proline and glutamine is predicted to have 
a similar effect (Supplemental Figure S4). In all cases, the model 
predicts that the increase in culture density is followed by a gradual 
return to the initial steady-state density as the additional nitrogen 
is consumed and lost through dilution. We performed pulse 

FIGURE 2: Differential gene expression as a function of nitrogen source in nutrient-limited chemostats. (A) The 
nitrogen-responsive NCR-A, NCR-P, and SPS regulons respond specifically to nitrogen limitation, whereas the GAAC 
and UPR regulons are not differentially expressed in nitrogen-limited chemostats compared with carbon, sulfur, 
phosphorus, leucine, and uracil growth limitation. Gene expression values in Brauer et al. (2008) were relative to a 
common reference taken from a glucose-limited chemostat grown at a dilution rate of 0.25 h−1. (B) A small number of 
nitrogen-regulated genes respond significantly to variation in nitrogen source in nitrogen-limited conditions. Regulon 
membership of genes is denoted by color corresponding to A (NCR-A, green; GAAC, orange; NCR-P, blue; UPR, red). 
GDH2 has been proposed to be a member of both NCR-A and GAAC regulons (Godard et al., 2007). Filled symbols 
represent significant effects as determined by permutation testing. Gene expression values are relative to gene 
expression in an ammonium-limited chemostat growing at a dilution rate of 0.12 h−1.
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lar behavior (Supplemental Figure S4). The discordance between the 
inferred growth rate from gene expression (i.e., the instantaneous 
growth rate) and the measured change in culture density is consis-
tent with gene expression reflecting the cells’ perception of the 

cultures provided with a small dose of glutamine (Figure 3B) or 
proline (Figure 3D) return to the original steady-state instantaneous 
growth rates within 2 h. A nitrogen-limited chemostat culture pro-
vided with a mixture of glutamine and proline (Figure 4A) shows simi-

FIGURE 4: Remodeling of the transcriptome in response to relief from nitrogen limitation. (A) We clustered global gene 
expression data for cultures limited for proline and glutamine grown at different growth rates with gene expression 
profiles for ammonium-limited cultures transiently perturbed by the addition of 80 and 800 μM proline or 40 and 
400 μM glutamine or a mixture of 20 μM glutamine and 40 μM proline. Many transcripts that increase (red bar) or 
decrease (green bar) systematically with growth rate in steady-state chemostats are also altered in expression when 
transiently relieved from nitrogen limitation. Average response of the NCR-A, NCR-P, GAAC, SPS, and UPR regulons to 
a (B) large or (C) small pulse of glutamine or a (D) large or (E) small pulse of proline. Gene expression values are relative 
to gene expression in an ammonium-limited chemostat growing at a dilution rate of 0.12 h−1.

FIGURE 3: Kinetics of growth and predicted growth rate response in cultures transiently relieved from nitrogen limitation. 
Ammonium-limited chemostat cultures grown at 0.12 h−1 were subjected to an instantaneous addition of (A) 400 μM 
glutamine, (B) 40 μM glutamine, (C) 800 μM proline, or (D) 80 μM proline. For each perturbation experiment, we modeled 
the change in growth rate as a continuous function of time (blue line). We measured culture density at discrete times 
points (blue points) and predicted the instantaneous growth rate on the basis of global gene expression (red points).
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to the RP and RiBi regulons exhibited a much stronger positive re-
sponse in dynamic than in steady-state conditions. Conversely, tran-
scripts annotated as responding to stress exhibited a much stronger 
negative response to growth rate in steady-state than in dynamic 
conditions (Supplemental Figure S6). These results suggest that the 
transition from a nitrogen-limited to a nonlimited condition results in 
an increased expression of the RP and RiBi regulons relative to their 
expression in steady-state nitrogen-limited environments. This pulse 
of overproduction of transcripts may facilitate accelerated produc-
tion of the corresponding protein products, as proposed for stress-
responsive transcripts (Lee et al., 2011).

To obtain a high-resolution view of mRNA abundance changes 
during the first 10 min after addition of nitrogen, when changes in 
gene expression are maximal (Figure 4), we repeated the pulse 
experiments and assayed global gene expression at 1–2 min inter-
vals after the addition of 40 μM glutamine or 80 μM proline. We 
observed a rapid increase in expression of the RiBi and RP regulons 
in response to a pulse of glutamine, with a concomitant rapid de-
crease in expression of the NCR-A and NCR-P regulons (Figure 5B). 
Consistent with our initial observation, we observed a similar re-
sponse to a pulse of proline (Figure 5C).

Accelerated degradation of mRNAs contributes to 
remodeling of the transcriptome
The majority of NCR transcripts are strongly repressed in response 
to a nitrogen pulse (Figure 4). If gene expression is repressed at the 
promoters of these genes and mRNA synthesis ceases, the decrease 
in mRNA abundance is expected to be a function of the degrada-
tion rate of the corresponding mRNA. Using our high-density time-
series data, we estimated the rate of change in abundance for all 
transcripts, assuming a first-order exponential degradation model 
(Materials and Methods; Supplemental Table S7), which is the stan-
dard method for estimating mRNA degradation rates (Wang et al., 
2002; Grigull et al., 2004). We found that in response to a glutamine 
pulse, 269 genes fit a first-order exponential decay model (FDR < 
0.05; Supplemental Table S4), whereas 458 transcripts fit a first-
order exponential decay model in response to the proline pulse 
(Supplemental Table S4).

We compared the half-lives of rapidly degraded transcripts after 
the glutamine pulse with half-life estimates in steady-state condi-
tions determined using RATE-seq (Neymotin et al., 2014). We found 
that some transcripts decay significantly faster than expected, sug-
gesting that their degradation rate is accelerated in response to the 
glutamine pulse (Figure 6A). Batch culture growth in proline also 
results in derepression of the NCR regulon (Godard et al., 2007). To 
test whether accelerated mRNA decay is specifically a response to 
the nitrogen-limited conditions of a chemostat, we added a pulse 
of glutamine to cells growing in batch cultures containing proline as 
a sole nitrogen source and measured genome-wide gene expres-
sion (Supplemental Table S7). The half-lives of transcripts that ex-
hibit an exponential decrease is similar in chemostat and batch cul-
tures (Supplemental Figure S7B), and many of the same transcripts 
show evidence of accelerated degradation rates in batch cultures 
(Figure 6B and Supplemental Table S4). Strikingly, the five nitrogen 
permease genes GAP1, DIP5, MEP2, PUT4, and DAL5 are the most 
rapidly cleared mRNAs in both the chemostat and batch culture 
experiments.

To verify that the addition of glutamine stimulates accelerated 
degradation of specific NCR transcripts, we performed pulse-chase 
experiments using the metabolic label 4-thiouracil (4-tU). After sev-
eral generations of batch culture growth in proline medium in the 
presence of 4-tU to allow complete labeling of mRNAs, we added 

growth potential of the environment rather than the actual realized 
growth rate.

Because the critical cell size threshold for cell division is affected 
by nutrient abundance, an improvement in nitrogen status may alter 
the average cell size. To assess whether this occurs in response to an 
increase in nitrogen, we measured changes in cell size after the ni-
trogen pulse. We were able to detect a transient increase in the 
median cell size for a large (Supplemental Figure S5A) but not a 
small pulse of glutamine (Supplemental Figure S5B). Similarly, a 
large pulse of proline results in a transient increase in cell size (Sup-
plemental Figure S5C), but a small one does not (Supplemental 
Figure S5D). This suggests that the critical cell size is reset in re-
sponse to an instantaneous increase in nitrogen abundance.

We examined the dynamics of nitrogen-regulated gene expres-
sion in response to the transient relief from nitrogen limitation by 
studying previously defined regulons (Godard et al., 2007). In re-
sponse to a large (Figure 4B) or small (Figure 4C) pulse of glutamine, 
we observed rapid and strong repression of the NCR-A and NCR-P 
regulons. Surprisingly, we also observed repression of the NCR-A 
and NCR-P regulons in response to a large (Figure 4D) or small 
(Figure 4E) pulse of the nonpreferred nitrogen source, proline, the 
magnitude and kinetics of which are less pronounced than in re-
sponse to glutamine. Conversely, the GAAC and SPS regulons are 
induced in response to relief from nitrogen limitation. The activation 
of the GAAC regulon under these conditions is surprising, as it is 
generally believed to respond to amino acid starvation (Hinnebusch, 
2005), although amino acid imbalances may also activate GAAC ex-
pression (Niederberger et al., 1981). The UPR regulon does not 
change dramatically in response to the addition of nitrogen. Thus, 
changes in nitrogen-regulated gene expression occur in response to 
both the preferred nitrogen source, glutamine, and the nonpre-
ferred nitrogen source, proline, when ammonium-limited cells en-
counter a sudden increase in nitrogen abundance.

The RP and RiBi regulons are strongly induced in response 
to relief from nitrogen limitation
Although a compendium of diagnostic transcripts can be used to 
predict growth rate in a variety of both chemostat and nonchemo-
stat conditions (Airoldi et al., 2009), the extent to which any indi-
vidual transcript responds to growth rate may differ between dy-
namic conditions and steady-state conditions. To test this 
hypothesis, we compared the growth rate response of each tran-
script in steady-state nitrogen-limited chemostats in which growth 
rate is experimentally controlled with the response in our perturba-
tion experiments of each transcript to the computationally esti-
mated instantaneous growth rate. In this case, “response” is de-
fined as the slope of the regression of gene expression against the 
measured or predicted growth rate (Supplemental Table S3). This 
approach provides a means of directly comparing gene expression 
differences between steady-state and dynamic conditions. We re-
stricted this analysis to the small glutamine pulse, as this experi-
ment exhibited the strongest transcriptional response without ap-
parent physiological remodeling.

We found that the response of most genes to changes in steady-
state growth rates compared with their response to computationally 
predicted growth rates in dynamic conditions is largely uncorre-
lated, although transcripts that exhibit a strong growth rate response 
(i.e., a strongly negative or strongly positive slope) do so in both 
dynamic and steady-state conditions (Figure 5A). Nonetheless, we 
identified several sets of functionally related transcripts that show 
coordinated but distinct behaviors with respect to growth rate in the 
two conditions. In particular, the response of transcripts belonging 
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ing conditions with the transcriptome in NCR-repressed conditions 
(Figure 7). In NCR-repressed conditions, the RP and RiBi regulons 
comprise 28.4% of the transcriptome, whereas the NCR-A and 
NCR-P regulons comprise just 0.9% of the transcriptome. Con-
versely, in NCR-derepressed conditions, the NCR-A and NCR-P 
regulons expand ninefold to comprise 8.8% of the transcriptome, 
and the RP and RiBi regulons shrink to constitute just 7.6% of the 
transcriptome. Thus, remodeling of gene expression in nitrogen-
limited cells provided with a sudden bolus of nitrogen requires both 
a fourfold expansion of the RP/RiBi regulons and a ninefold reduc-
tion in the NCR regulon. We propose that the transition from NCR-
derepressed to NCR-repressed conditions requires accelerated 
degradation of highly expressed NCR transcripts to liberate ribo-
somes for reallocation to RP and RiBi transcripts to facilitate rapid 
growth.

DISCUSSION
The molecular form of environmental nitrogen is a central determi-
nant of cell growth rate and differential gene expression (Cooper, 
1982; Magasanik and Kaiser, 2002). Although different nitrogen 
sources support different growth rates, we found that yeast cells 

unlabeled uracil to the culture. We allowed the chase to occur for 
13 min and then added either glutamine or water (mock) to the 
cells. We purified labeled transcripts and analyzed GAP1 and DIP5 
mRNAs using quantitative PCR (qPCR) and normalization to external 
spike-ins. Consistent with our genome-wide assay, the addition of 
glutamine results in a clear accelerated degradation of both GAP1 
mRNA (Figure 6C) and DIP5 mRNA (Figure 6D), confirming that the 
transition from NCR-derepressed to NCR-repressed conditions re-
sults in the accelerated degradation of some transcripts.

The NCR and RP/RiBi regulons show reciprocal abundance 
relationships
The rapid induction kinetics of the RP and RiBi regulons and the cor-
responding rapid repression of the NCR-A and NCR-P regulons in 
response to increases in nitrogen are consistent with reciprocal reg-
ulation of these regulons (Cardenas et al., 1999). Whereas the DNA 
microarrays used in our experiments provide a comparative mea-
sure of gene expression, RNA sequencing (RNA-seq) allows estima-
tion of the fraction of the transcriptome represented by sets of co-
regulated mRNAs. We used RNA-seq (Supplemental Table S5) to 
compare the apportionment of the transcriptome in NCR-depress-

FIGURE 5: Growth rate response of gene expression in steady-state and dynamic conditions. (A) We estimated the 
growth rate response of each transcript in steady-state and dynamic conditions by linear regression. In dynamic 
conditions in which nitrogen limitation is transiently relieved, the mRNAs belonging to the RiBi and RP regulons exhibit 
a growth rate response that exceeds that observed in steady-state chemostats. High temporal resolution shows a 
reciprocal relationship between expression of the RiBi and RP regulons, which increase in expression, and the NCR-A 
and NCR-P regulons, which decrease in expression, in response to a (B) 40 μM glutamine pulse and a (C) 80 μM proline 
pulse. Time points (in seconds) at which samples were obtained and analyzed are indicated on the x-axis.
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allow experimental control of cell growth rate independent of media 
composition. On the basis of our reanalysis of the data reported in 
Brauer et al. (2008), we find that the NCR regulon is derepressed 
in ammonium-limited conditions, whereas the SPS regulon is 

convert different nitrogen sources into biomass and total cell num-
ber with similar yields. To study the effect of different nitrogen 
sources on gene expression in nitrogen-limiting conditions, we used 
chemostats (Monod, 1950; Novick and Szilard, 1950), which uniquely 

FIGURE 6: Accelerated mRNA degradation contributes to gene expression remodeling. Upon addition of glutamine to 
NCR-derepressed cells, a subset of transcripts degrade more rapidly than their steady-state degradation rate both 
(A) in cells grown in ammonia-limited chemostats and (B) in cells growing in proline media in batch cultures. All points 
are genes that fit a model of exponential decrease in abundance (FDR < 0.05). Orange points are NCR genes that show 
significant accelerated degradation, blue points are NCR genes that are not significant, green points are non-NCR 
genes that show significantly accelerated degradation, and gray points are genes that are neither accelerated nor NCR. 
The dashed line denotes equal degradation rates in both conditions (i.e., slope equal to 1). Names of nitrogen 
transporter genes are displayed. We measured the transient changes in the degradation rates of (C) GAP1 and (D) DIP5 
mRNA using a pulse-chase experiment. Cells were grown for 24 h in the presence of 4-thiouracil, which was chased at 
t = 0 min by the addition of excess uracil. At t = 13 min, we added either glutamine in water (orange) or equal volume of 
water (blue). We extracted and quantified the abundance of 4-thiouracil–labeled mRNA relative to a thiolated external 
spike-in using qPCR. We found significant acceleration of degradation for both GAP1 and DIP5 mRNAs (p < 0.001). 
Points are the mean of triplicate qPCR measurements, error bars are the propagated SD of transcript and spike-in 
measurements, and dotted lines are the log-linear model fit.
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growth that is required for physiological re-
modeling that is not accounted for in the 
model. A pause in cell growth before physi-
ological adjustment and reinitiation of 
growth at a new growth rate has been ob-
served in up-shift experiments in microbes 
(Kjeldgaard et al., 1958; Ludwig et al., 1977; 
Waldron, 1977; Kief and Warner, 1981). In 
budding yeast, environmental nutrients and 
growth rate affect the critical cell size re-
quired for cell division (Johnston et al., 
1979; Lorincz and Carter, 1979; Tyson et al., 
1979). In the case of our large pulses, we 
were able to detect an increase in cell size. 
The remodeling of cell physiology, resetting 
of the critical cell size, and changes in 
growth rate may be interconnected phe-
nomena (Soifer and Barkai, 2014).

Computational prediction of the instantaneous growth rate using 
global gene expression is consistent with a rapid and dose-depen-
dent increase in cell growth rate when nitrogen-limited cells are pro-
vided with additional nitrogen. The rapid effect on growth rate–re-
lated gene expression is consistent with transcriptional regulation 
downstream of signaling pathways that transmit information about 
the growth potential of the extracellular environment. Previously, we 
reported that the Ras/PKA pathway is involved in transmitting this 
signal (Airoldi et al., 2009). Because nitrogen signaling may gener-
ally be regarded as being transmitted through the TORC1 pathway, 
our results suggest that TORC1 and Ras/PKA signaling converge on 
growth rate–regulated gene expression. This is consistent with the 
observation that TORC1 is both an upstream regulator of Ras/PKA 
and acts in parallel to Ras/PKA to converge on common targets 
(Martin et al., 2004; Soulard et al., 2010).

We developed a novel means of normalizing between different 
experimental conditions by comparing the growth rate response, 
defined as the slope of the linear regression against growth rate, of 
each transcript using either measured or computationally predicted 
growth rate. We identified several transcripts that exhibit distinct 
responses to growth rate in steady-state and dynamic conditions, 
many of which fall within distinct functional classes. Of note, the RP 
and RiBi regulons show an amplified response to growth rate in dy-
namic conditions as compared with steady-state chemostats, sug-
gesting that when a cell transitions from a growth-limited to a 
growth-promoting environment, it undergoes a burst of expression 
in transcripts required for protein translation. The fact that increased 
RP and RiBi transcription inhibits passing START and committing to 
the cell cycle (Jorgensen et al., 2002) is consistent with our observa-
tion that cell size, but not cell number, increases in the chemostat 
upon addition of excess nitrogen to nitrogen-limited cells.

In parallel to the rapid induction of transcripts required for protein 
translation, we detect a rapid repression of NCR transcripts. Both 
NCR-A and NCR-P transcripts rapidly decrease in abundance in re-
sponse to addition of either proline or glutamine and exhibit a dose-
dependent response. The fact that NCR transcripts are repressed in 
response to addition of both glutamine and proline provides further 
support for the argument that the ultimate NCR signal must be 
downstream of the environmental source of nitrogen. It has been 
shown that TORC1-mediated regulation of one of the activators of 
NCR expression, GLN3, depends on intracellular glutamine (Crespo 
et al., 2002). Our results are not inconsistent with this model, as pro-
line is metabolized to glutamate in the cell, which is subsequently 
converted to glutamine, which may elicit a TORC1-mediated 

repressed. By contrast, the GAAC and UPR regulons are not differ-
entially expressed in ammonium-limited chemostats compared with 
other nutrient-limited conditions.

Using chemostats limited for six different nitrogen sources grown 
at matched growth rates, we found that the expression of only 38 
genes depends on nitrogen source. Of note, of the 75 NCR tran-
scripts that we analyzed, only 10 were significantly affected by varia-
tion in nitrogen source in nitrogen-limiting conditions. Many of the 
NCR and non-NCR transcripts that respond to variation in nitrogen 
source in nitrogen-limiting conditions respond to one (e.g., CAR1, 
ARG5,6, ARG3, and CAR2 in arginine-limited conditions and PUT2, 
PUT4, PUT1, and GDH2 in proline-limited conditions) or two (DAL4, 
DAL7, DAL2, and DAL1 in urea- and allantoin-limited conditions) 
specific nitrogen sources and encode enzymes and transporters re-
quired for assimilation of specific nitrogen sources.

Our results support a model in which the NCR regulon is pri-
marily activated by limitation for nitrogen, with finer-scale regula-
tory control exerted in response to the specific molecular form of 
environmental nitrogen. An important implication of this result is 
that the signal leading to regulation of the NCR regulon must be 
downstream of the environmental source of nitrogen. However, it 
remains to be determined how intracellular levels of nitrogen are 
sensed. Our results also suggest that mechanisms must exist by 
which a specific nitrogen source can affect the abundance of tran-
scripts specifically required for their metabolism. One known 
mechanism is the direct interaction of proline with the PUT3 tran-
scription factor (Axelrod et al., 1991; Sellick and Reece, 2003), 
which activates expression of transcripts required for proline me-
tabolism. Additional feedback mechanisms must exist for control-
ling the expression of transcripts specific for use of arginine (e.g., 
CAR1, ARG5,6, ARG3, and CAR2) and allantoin (e.g., DAL4, 
DAL7, DAL, and DAL1), and in some cases, these have been pro-
posed (Messenguy and Dubois, 1983). Identifying the molecular 
bases of these responses is important for understanding the 
mechanisms by which specific metabolic pathways affect gene ex-
pression regulation.

To study the dynamics with which cells respond to an instanta-
neous increase in environmental nitrogen, we performed transient 
perturbation experiments. In contrast to the response predicted by 
mathematical modeling of the chemostat, a sudden excess of nitro-
gen does not result in an increase in cell number or culture density. 
In the most dramatic case, a 10-fold molar increase in nitrogen in the 
form of glutamine led to a decrease in culture density. We suggest 
that this discord between model and data is due to a halt in the cell 

FIGURE 7: Transcriptome allocation is dramatically altered in response to nitrogen availability. 
RP and RiBi transcripts represent 28.4% of the transcriptome and NCR transcripts comprise just 
0.9% of the transcriptome in NCR-repressing conditions (growth in yeast extract/peptone/
dextrose media; data from Waern and Snyder, 2013). In NCR-derepressing conditions (minimal 
media depleted of nitrogen), the RP and RiBi transcripts comprise 7.6% of the transcriptome 
and NCR mRNAs comprise 8.8%.

NCR derepressedNCR repressed

NCR 8.8%

RP & RiBi 7.6%
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thereby accelerating physiological remodeling of the cell for rapid 
growth.

MATERIALS AND METHODS
Strains and culturing conditions
We used the prototrophic haploid strain FY4 (MATa), which is iso-
genic to the S288c reference strain, for all experiments. We used 
minimal defined media for all experiments, using a common base 
medium for nitrogen limitation, as described previously (Brauer 
et al., 2008; Boer et al., 2010). The appropriate concentrations of 
allantoin, glutamine, glutamate, urea, ammonium sulfate, proline, 
and arginine were added from 100 mM stock. Batch culture experi-
ments were performed in 30°C shaking incubators using 100-ml cul-
tures. Continuous culturing in chemostats using Sixfors bioreactors 
(Infors, Laurel, MD) was performed as described (Brauer et al., 2008; 
Boer et al., 2010) using a 300-ml working volume. Culture parame-
ters were determined using either a Klett colorimeter or a Coulter 
counter after sonication. For perturbation studies, a single bolus of 
proline, glutamine, or a mix of both was added to the chemostat to 
a final concentration of 80 or 800 μM nitrogen.

RNA analysis
Cell samples for mRNA analysis were preserved by rapid filtration 
and quick freezing using liquid nitrogen. We isolated total RNA us-
ing hot acid–phenol extraction and subsequently purified RNA sam-
ples using RNeasy columns. We performed gene expression profil-
ing using Agilent (Santa Clara, CA) 60-mer DNA microarrays and 
Cy3 and Cy5 incorporation as previously described (Brauer et al., 
2008). We used a common reference obtained from a sample grow-
ing in an ammonium sulfate–limited chemostat at a dilution rate of 
0.12 h−1 for all hybridization experiments and hybridized labeled 
cRNA to Agilent Yeast DNA microarrays for 20 h at 65°C. We washed 
arrays and scanned microarrays using an Agilent two-color scanner 
and extracted hybridization signals using Agilent Feature Extractor 
Software. Supplemental Table S6 gives the entire data set of pro-
cessed log2 ratios.

Pulse chase
Cells were grown in 600 ml of minimal medium containing 800 μM 
proline, 500 μM uracil, and 500 μM 4-thiouracil at 30°C for 24 h. The 
culture was divided into two 300-ml cultures, and uracil was added 
to a final concentration of 2 mM. We acquired 20-ml samples after 
the chase using rapid filtration and flash freezing in liquid nitrogen. 
At 13 min after starting the chase, we added either glutamine to a 
final concentration of 400 μM or an equal volume of water and ac-
quired additional samples.

After RNA extraction, samples were mixed with an in vitro–tran-
scribed thiolated spike-in (BAC1200) at a ratio of 1 ng of spike-in to 
25 μg of total RNA and reacted with EZ-Link HPDP-Biotin (Thermo-
Fisher Scientific, Waltham, MA) at 2 mg/ml for 200 min. Reactions 
were cleaned up by centrifugation and ethanol precipitation and 
then conjugated with 180 μl of streptavidin magnetic beads 
(M0253L; NEB, Ipswich, MA). Labeled RNA was eluted using 5% 
β-mercaptoethanol.

Samples were reverse transcribed with Moloney murine leuke-
mia virus reverse transcriptase (NEB) and random hexamer priming. 
We performed qPCR in technical triplicate on a LightCycler 480 
(Roche, Branchburg, NJ) using the following primers: 5′-ACGGTAT-
CAAGGGTTTGCCAAG-3′ and 5′-GCATAAATGGCAGAGTTAC-3′ 
for GAP1, 5′-TGGCGTACATGAATGTGTCTTCA-3′ and 5′-GGT-
GATCCAACTCAAGATTC-3′ for DIP5, and 5′-CTGGACGACTTC-
GACTACGG-3′ and 5′-ATCAGCCTTTCCTTTCGTCA-3′ for the 

response. However, intracellular glutamine does not explain all 
TORC1-mediated transcriptional responses (Crespo et al., 2002; 
Loewith and Hall, 2011). Testing the role of glutamine sensing by 
TORC1 under these conditions will be important for understanding 
the mechanism underlying coordinated regulation of transcription 
required for cell growth and nitrogen catabolism.

Consistent with repression of the SPS regulon in steady-state ni-
trogen-limiting conditions, we observed its activation upon addition 
of both proline and glutamine to nitrogen-limited cells, which may 
reflect TORC1-dependent stabilization of STP1 (Shin et al., 2009). 
Surprisingly, we also observed activation of the GAAC regulon. Be-
cause addition of nitrogen is expected to lead to increased TORC1 
activity, we expected to observe decreased expression of GCN4 
targets as a result of TORC1 phosphorylation of GCN2. The ob-
served activation of GCN4 targets may reflect different time scales 
for transcriptional regulation by GCN4 regulation and translational 
regulation of GCN4.

Some mRNAs are rapidly degraded when cells transition from 
NCR-activating to NCR-repressing conditions in both chemostats and 
batch culture. Comparison with mRNA degradation rates suggests 
that the degradation of some of these transcripts is accelerated. 
Using in vivo metabolic labeling with 4-tU, we provide additional evi-
dence that the addition of glutamine to nitrogen-limited cells acceler-
ates the degradation of specific transcripts. A previous study of the 
transcriptional response to glucose addition in carbon-limited che-
mostats suggested a role for accelerated degradation of mRNAs 
(Kresnowati et al., 2006), and there is increasing evidence that mRNA 
stability plays an important role in regulating gene expression pro-
grams (Puig et al., 2005; Bennett et al., 2008; Baumgartner et al., 
2011). Consistent with a posttranscriptional mechanism underlying 
the rapid clearing of some NCR transcripts, previous work showed 
that GAP1 mRNA transiently decreases in abundance during a nitro-
gen up-shift in the absence of URE2 (ter Schure et al., 1998), which is 
required for NCR repression by sequestering GLN3 in the cytoplasm. 
Several studies have shown that TORC1 can affect transcript stability 
(Albig and Decker, 2001; Munchel et al., 2011). Our results suggest 
that posttranscriptional regulation of mRNA stability may play an im-
portant role in remodeling gene expression in response to changes in 
environmental nitrogen. Transient stabilization of the RP and RiBi 
regulons also could contribute to their rapid increase in expression 
(Yin et al., 2003). Defining the role of regulated changes in mRNA 
stability in dynamic conditions is an important area for further study.

What is the underlying rationale for rapid induction of RP/RiBi 
transcripts occurring in parallel with accelerated degradation of 
NCR transcripts? We propose that accelerated degradation of NCR 
transcripts may allow for reallocation of ribosomes to transcripts re-
quired for growth and proliferation (Kief and Warner, 1981; Lee 
et al., 2011). Our observations are consistent with a model in which 
TORC1 orchestrates the balance between transcripts required for 
protein production and transcripts required for the acquisition and 
assimilation of nitrogen. When nitrogen is abundant, TORC1 acti-
vates the expression of the RP and RiBi regulons while actively re-
pressing the NCR-A and NCR-P regulons. Conversely, when nitro-
gen levels are in growth-limiting concentrations, TORC1 activity 
decreases, leading to reduced activation of the RP and RiBi regulons 
and derepression of the NCR-A and NCR-P regulons. In NCR-dere-
pressing conditions, NCR transcripts, including GAP1, MEP2, and 
PUT4, are the most abundant transcripts (Supplemental Table S5). 
When a cell encounters a sudden increase in environmental nitro-
gen, some highly expressed transcripts may be targeted for acceler-
ated degradation to increase the pool of free ribosomes facilitating 
rapid translation of newly transcribed RiBi and RP transcripts, 
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where the parameters are R, the concentration of the limiting nutri-
ent in the medium, and Y, the culture yield per mole of the limiting 
nutrient. D is the dilution rate of the culture. Monod (1949) proposed 
that growth rate (μ) is related to the concentration ([s]) of the limiting 
nutrient with saturating kinetics as described by the relationship

s
K ss

maxµ
+

where Ks is the substrate concentration at half-maximal μ. ODEs 
were solved using XXPAUT (www.math.pitt.edu/∼bard/xpp/xpp 
.html). Refer to the Supplemental Methods for details of parameter 
estimation and modeling.

mRNA decay estimation
We estimated rates of mRNA decay for all transcripts using high–
temporal resolution data. We used ratios (yt) of hybridization intensi-
ties for each transcript obtained from two-color DNA microarrays 
cohybridized with a common reference. Data were normalized to 
the initial data point (y0) and then log-transformed. We modeled the 
degradation rate kdeg of each gene:

ln
y
y k tt

0
deg





 = ⋅

where t is the sampling time in minutes. Transcript half-lives were 
computed as ln(2)/kdeg. Accelerated degradation was assessed by 
fitting the model
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where ksteady-state deg is the specific degradation rate for transcript i 
as reported in Neymotin et al. (2014). For all linear modeling, we 
assessed statistical significance of coefficients using a t statistic and 
determined empirical p values by permuting data for each gene 
1000 times. The false discovery rate was determined using the 
qvalue package in R.

RNA-seq analysis
We prepared RNA from replicate cultures growing in minimal me-
dium containing glutamine 24 h after inoculation, at which point 
nitrogen is depleted from the media (NCR-derepressing conditions). 
Total RNA, fragmented to an average molecular weight of 350 nu-
cleotides, was depleted of rRNA using RiboMinus (ThermoFisher 
Scientific). The efficiency of rRNA depletion was assessed with Bio-
analyzer (Agilent Technologies). First-strand synthesis of RNA was 
performed using the Super Script III kit (ThermoFisher Scientific) and 
random hexamer/poly dT priming. Second-strand synthesis was 
performed with dUTP in place of dTTP to enable strand-specific se-
quencing. Samples were end repaired, A tailed, and ligated to 
adaptors (BIOO Scientific, Austin, TX) containing DNA Barcodes for 
multiplex sequencing. Adapter dimers were removed using AMPure 
beads (Beckman Coulter, Indianapolis, IN). Samples were treated 
with UNG (uracil-DNA glycosylase) and amplified using 12 cycles of 
PCR before sequencing. Samples were sequenced in 6-plex using 
an Illumina 2000 paired-end 50–base pair run.

Sequence reads were filtered for rRNA sequences by aligning to 
the ribosomal DNA of the yeast genome using Bowtie with default 
settings. All remaining reads were then aligned to the rest of the 
yeast genome using Bowtie2 and TopHat. The combined BAM files 
were filtered to remove PCR duplicates and alignment quality scores 
(MAPQ) of <20. We calculated FPKMs (fragments per kilobase of 
transcript per million mapped reads) for each gene using Cufflinks 
(Trapnell et al., 2010).

BAC1200 spike-in. Cp values were calculated for each sample and 
the spike-in and log-linear regression performed using the ratio of 
either GAP1 mRNA or DIP5 mRNA to the spike-in in R.

Estimation of gene expression response to growth rate
We estimated the response of each gene to growth rate by perform-
ing a linear regression of gene expression against growth rate as in 
Brauer et al. (2008). In brief, we modeled the level of gene expres-
sion Xij for gene i in condition j growing at rate Rj using the linear 
model

X Rij i i j ijα β ε= + ⋅ +  (1)

in which αij is the intercept (i.e., average expression), βi is the slope 
of the regression (i.e., effect of growth rate on expression), Rj is the 
growth rate (i.e., the actual chemostat dilution rate), and εij is the 
error. To estimate the significance of the growth rate response βi, we 
bootstrapped the data 100,000 times, creating 100,000 artificial 
gene expression profiles. We fitted the linear regression in Eq. 1 to 
the artificial expression profiles and used the resulting distribution 
of growth rate coefficients estimated on these artificial expression 
profiles as the null distribution to determine the significance of each 
regression coefficient, βi, obtained for the observed expression pro-
files. We used a two-sided threshold of FDR-corrected p values at 
0.05 to identify genes that are significant.

Estimation of gene expression response to nutrient source 
and growth rate using analysis of covariance
We searched for genes differing in growth rate response in at least 
one nutrient by performing an ANCOVA, with nutrient source as a 
factor and growth rate as a covariate. In brief, we model the level of 
gene expression Xij for gene i in array j growing at rate Rj with nutri-
ent limitation k using the linear model

α β γ ε= + ⋅ + +X Rijk i i j k ijk  (2)

in which αi is the intercept (i.e., average expression in the absence 
of growth and nutrient-specific effects), βi is the slope of the regres-
sion (i.e., effect of growth rate on expression), Rj is the actual chemo-
stat dilution rate, γk is a nutrient-specific shift in expression due to 
limiting nutrient k, and εijk is the error.

To estimate the significance of the nutrient source–specific re-
sponse, γk, we bootstrapped the data 100,000 times. We fitted the 
linear regression in Eq. 2 to the artificial expression profiles and 
used the resulting distribution of nutrient source–specific coeffi-
cients estimated as the null distribution to determine the signifi-
cance of each regression coefficient, γk, obtained for the observed 
expression profiles. We used a two-sided threshold of FDR-cor-
rected p values at 0.05 to identify genes that are significant. We 
then performed ANCOVA to compare the fit of the models in Eqs. 
1 and 2 and confirm that indeed a nutrient source–specific effect 
was present for those genes that were found to have a significant 
response to a nutrient source using the bootstrap analysis.

Mathematical modeling of chemostat growth
We modeled the population growth rate (dx/dt) and the rate of 
change in the limiting nutrient concentration (ds/dt) using the cou-
pled system of ordinary differential equations (ODEs)

µ= + −dx
dt
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