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In the yeast Saccharomyces cerevisiae, 2 types of trehalase activities have been described. Neutral trehalases (Nth1 and Nth2) are con-
sidered to be the main proteins that catalyze intracellular trehalose mobilization. In addition to Nth1 and Nth2, studies have shown that 
acid trehalase Ath1 is required for extracellular trehalose degradation. Although both neutral and acid-type trehalases have been pre-
dominantly investigated in laboratory strains of S. cerevisiae, we sought to examine the phenotypic consequences of disrupting these 
genes in wild strains. In this study, we constructed mutants of the trehalose degradation pathway (NTH1, NTH2, and ATH1) in 5 diverse S. 
cerevisiae strains to examine whether published lab strain phenotypes are also exhibited by wild strains. For each mutant, we assessed a 
number of phenotypes for comparison to trehalose biosynthesis mutants, including trehalose production, glycogen production, cell size, 
acute thermotolerance, high-temperature growth, sporulation efficiency, and growth on a variety of carbon sources in rich and minimal 
medium. We found that all trehalase mutants including single deletion nth1Δ, nth2Δ, and ath1Δ, as well as double deletion nth1nth2Δ, 
accumulated higher intracellular trehalose levels compared to their isogenic wild-type cells. Also, nth1Δ and nth1Δnth2Δ mutants exhib-
ited mild thermal sensitivity, suggesting a potential minor role for trehalose mobilization when cells recover from stress. In addition, we 
evaluated phenotypes more directly relevant to trehalose degradation, including both extracellular and intracellular trehalose utilization. 
We discovered that intracellular trehalose hydrolysis is critical for typical spore germination progression, highlighting a role for trehalose 
in cell cycle regulation, likely as a storage carbohydrate providing glycolytic fuel. Additionally, our work provides further evidence sug-
gesting Ath1 is indispensable for extracellular trehalose utilization as a carbon source, even in the presence of AGT1.
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Introduction
Saccharomyces cerevisiae, the budding yeast, is a model organism 
for investigating fundamental aspects of eukaryotic cell biology 
(Duina et al. 2014). Among S. cerevisiae research studies, many util-
ize a small number of strains adapted to laboratory growth and 
manipulation, which has proven useful for comparing results be-
tween studies in identical strains. One common strain lineage 
started with the S288C strain, which was isolated by Robert 
Mortimer, and its derivatives are among the most widely used la-
boratory strains of S. cerevisiae (Mortimer and Johnston 1986; Engel 
et al. 2014). This strain background has been useful for studying 
mutation effects and gene functions, it was the first eukaryotic or-
ganism to have its genome completely sequenced, and it has been 
the source of multiple strain collections such as overexpression 
and deletion mutant libraries (Mortimer and Johnston 1986; 
Goffeau et al. 1996; Giaever et al. 2002; Huh et al. 2003; Sopko 
et al. 2006). However, this reference strain, like any genetic back-
ground, only represents a subset of the many aspects of natural 
yeast biology, highlighting the risk of extrapolating gene–trait cor-
relations observed in lab-domesticated lineages to species as a 
whole (Warringer et al. 2011; Su et al. 2021; Scott et al. 2023). 
Although laboratory strains such as the S288C derivatives remain 
important for studying fundamental elements of eukaryotic 

biology, investigating the phenotypic variation of S. cerevisiae 
wild isolates can also be useful to identify both the phenotypic 
variability within strains of the same species and the genetic basis 
underlying observed phenotypic variance. As an example, we re-
cently evaluated phenotypic consequences of trehalose biosyn-
thesis mutants in a number of wild yeast strains compared to a 
laboratory yeast strain, which yielded multiple instances of 
strain-to-strain variation that enable evaluation of the genetic ba-
sis of respective phenotypes (Chen et al. 2022).

Trehalose is a nonreducing disaccharide in which 2 glucose 
molecules are connected with a α-1,1-glycosidic linkage. 
Trehalose metabolism is widely distributed in various organisms, 
including bacteria, fungi, plants, insects, and invertebrates (Elbein 
et al. 2003). In the yeast S. cerevisiae, trehalose may constitute as 
much as 15–20% of its dry weight when undergoing environmen-
tal stress (Van Dijck et al. 1995). While yeast cells actively growing 
on rich carbon sources contain very low levels of trehalose, as they 
enter the stationary phase when nutrients are exhausted or dur-
ing growth on nonfermentable carbon sources, the amount of 
intracellular trehalose substantially increases (Yi et al. 2016). 
However, when nutrients are replenished, trehalose is rapidly 
converted to glucose (Nwaka and Holzer 1997). In S. cerevisiae, tre-
halose hydrolysis to glucose depends on 2 types of hydrolase en-
zymes: the neutral trehalases (Nth1 and Nth2) and acid 
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trehalase (Ath1), named due to optimal pH for enzymatic activity 
(Fig. 1) (Jules et al. 2008). The trehalose degradation pathway has 
been examined in multiple laboratory strains, including S288C, 
CEN.PK, and SEY6210, among others, and this work has character-
ized the major genes and proteins involved in yeast trehalose deg-
radation (Nwaka, Mechler, et al. 1995; Jules et al. 2004; Gibney et al. 
2015). A wealth of information exists on the neutral trehalase en-
zymes Nth1 and Nth2, including their role in regulating intracellu-
lar trehalose levels within S. cerevisiae as well as characterization 
in other fungi (Thevelein 1984; Nwaka and Holzer 1997). Nth1 and 
Nth2 localize to the cytosol and have maximal activity at pH 6.8–7; 
Nth2 shares 77% identity at the amino acid level with Nth1
(Nwaka, Kopp, et al. 1995; Nwaka, Mechler, et al. 1995). Deletion 
of NTH1 prevents intracellular trehalose hydrolysis and a loss of 
measurable trehalase activity (Nwaka and Holzer 1997). NTH2
was found to be expressed at low levels in exponentially growing 
cells on glucose and at high levels in stationary phase after glu-
cose exhaustion (Nwaka, Kopp, et al. 1995).

ATH1 encodes an acid trehalase enzyme with an optimal activ-
ity at pH 4.5–5 (Destruelle et al. 1995). Saccharomyces cerevisiae Ath1
includes an N-terminal signal peptide and transmembrane do-
main (Parrou et al. 2005). Deletion of ATH1 prevents cells from util-
izing extracellular trehalose as a carbon source (Nwaka et al. 1996; 
Gibney et al. 2015). Acid trehalase activity has been detected in 
glucose-grown stationary phase cells and on respiratory sub-
strates, suggesting its activity may be subject to glucose repres-
sion, though its association with the general stress response is 
unlikely because no stress response element (STRE) sequences 
have been observed in the ATH1 promoter (San Miguel and 
Argüelles 1994). Divergent observations regarding Ath1 localiza-
tion have led to multiple models for extracellular trehalose con-
sumption: one model proposes that extracellular Ath1
hydrolyzes trehalose into glucose before glucose import, while an-
other model proposes that trehalose is first imported into the cell 
and then the vacuole where it is hydrolyzed to glucose by vacuolar- 
localized Ath1. Despite open questions related to the localization 
of trehalose catabolism by Ath1, there is a clear consensus that 
Ath1 is required for utilization of extracellular trehalose (Nwaka 
et al. 1996; Nwaka and Holzer 1997; Huang et al. 2007; He et al. 2009).

The main goal of this work was to evaluate phenotypic diversity 
of trehalose degradation mutants in wild strains compared to a 
lab strain and then use this information to better understand 
the physiological roles associated with trehalose degradation en-
zymes. To accomplish this goal, we separately deleted each of the 
3 genes encoding proteins for trehalose mobilization (NTH1, NTH2, 
and ATH1), including a double gene deletion mutant of the neutral 
trehalase genes and a triple gene deletion mutant of all 3 trehalase 
genes. We constructed these deletion mutants in 2 commercial 
wine strains (Simi White and CSM), 1 vineyard isolate [Bb32(3)], 
1 oak tree isolate (YPS1000), and an S288C derivative. With regard 
to phenotypic characterization, we employed 2 strategies. First, 
we evaluated a series of phenotypes that were previously evalu-
ated with a panel of trehalose biosynthesis mutants made in the 
same strains; these phenotypes included stationary phase intra-
cellular trehalose and glycogen concentrations, carbon source 
utilization, high-temperature survival and growth, and sporula-
tion efficiency (Chen et al. 2022). This phenotypic characterization 
allows for comparing effects of failing to produce intracellular tre-
halose in biosynthesis mutants with the effects of failing to de-
grade intracellular trehalose in trehalose degradation mutants. 
Such comparisons can be helpful to identify phenotypes that are 
directly related to trehalose levels. Second, we evaluated a series 
of phenotypes that are more directly relevant to trehalose 

degradation mutants, including extracellular trehalose utilization 
and intracellular trehalose utilization during both lag phase and 
spore germination.

Phenotypic characterization of these trehalose degradation 
mutants has led to a number of insights, including confirmation 
of lab strain phenotypes in wild strains, identification of novel 
phenotypes, and conceptual models for the roles of trehalose 
and trehalases in cellular physiology. For example, spores from 
nth1Δnth2Δ strains exhibited a germination defect, indicating the 
importance of intracellular trehalose utilization to fuel exit from 
the arrested cell cycle associated with the spore state. Further, 
mutant strains lacking NTH1 exhibited mildly compromised ther-
motolerance, suggesting the importance of intracellular trehalose 
degradation when cells are recovering from thermal stress. As the 
localization and role of Ath1 in intracellular trehalose degradation 
have been controversial, we also present data exploring the func-
tion of Ath1. We confirmed that Ath1 is indispensable to utilizing 
extracellular trehalose, even in a strain that encodes AGT1, a di-
saccharide transporter. These results suggest that Agt1 may not 
be a typical route for natural trehalose import. In addition, slightly 
increased intracellular trehalose was found in many ath1Δ mu-
tants, even with cytoplasmic trehalases present, illustrating the 
potential role of Ath1 in vacuolar degradation of trehalose. 
However, whether vacuolar trehalose or its metabolism has any 
physiological consequences remains unclear. We demonstrate 
that Ath1 is not involved in cytosolic trehalose degradation, as ac-
cumulated intracellular trehalose in nth1Δ nth2Δ mutants is not 
degraded in strains with wild-type or overexpressed ATH1. 
Altogether, these results compare trehalose degradation mutant 
phenotypes across diverse genetic backgrounds, highlight an im-
portant role for trehalose and trehalose degradation in spore ger-
mination, and clarify the role of Ath1 in extracellular trehalose 
utilization. This work provides a well-characterized panel of tre-
halose degradation mutants and expands the knowledge on how 
systems regulating intracellular and extracellular trehalose mo-
bilization are connected.

Materials and methods
Yeast growth media
Yeast cell growth and genetic manipulations were performed 
using standard approaches (Guthrie and Fink 1991). All media 
used were either minimal (YNB: 0.67% w/v yeast nitrogen base 
without amino acids plus 2% w/v indicated carbon sources) or 
rich (YP: 2% w/v bactopeptone, 1% w/v yeast extract, 2% w/v indi-
cated carbon sources). Exceptions are YPGE and SGE media, rich 
and minimal formulations, respectively, containing both 3% w/v 
glycerol and 2% w/v ethanol as respiratory carbon sources. YPD 
indicates rich media containing 2% glucose (dextrose). Solid med-
ia formulations included 2% w/v agar and were poured into stand-
ard round 10 cm plates or rectangular plates (Petri 1887).

Yeast growth evaluation
Cell concentration estimation was evaluated by measuring trans-
mittance of 600 nm light (OD600) through a cell suspension using a 
Gensys 6 UV-Vis spectrophotometer (Thermo Fisher) or using a 
Synergy H1 Hybrid reader (BioTek). For plate reader growth, 
200 µL cultures were prepared in a clear, flat-bottom, Corning 
Costar 96-well plate; plates were sealed with a Breathe-Easy gas- 
permeable membrane from Research Products International 
Corporation. The 96-well plate was incubated at 30 °C with a dou-
ble orbital shaking at a speed of 559 cpm. Measurements of cell 
density and cell size were performed using a Coulter Z2 Particle 
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Count and Size Analyzer (Beckman Coulter) with a 100-µm aper-
ture. Cell size measurements were converted from a spherical 
diameter to volume for reporting. For comparative growth assays, 
cell dilutions were spotted onto relevant solid growth media. Cell 
spotting was performed by dilution of a stationary phase culture 
to an initial OD600 of 1.0, followed by 10-fold serial dilutions. All di-
lutions were then spotted onto solid media using a replica plater 
for 96-well plate, either the 8 × 6 or 12 × 8 array as needed 
(Sigma-Aldrich). Plates were incubated at indicated temperatures 
for times noted in respective figures and captions. For growth in 
minimal media containing trehalose or maltose, cells were first 
grown to stationary phase in YNB + 2% glucose before being di-
luted to OD600 of 0.05 in minimal trehalose/maltose media. 
OD600 measurements were then taken every day for a total of 12 
days. At least 3 independent biological replicates were performed 
on different days for spotting assays shown in figures, and a rep-
resentative image is shown.

Yeast strain construction
The strains used in this study are listed in Supplementary Table 1. 
Gene deletions were constructed by transforming PCR products 
amplified from plasmids containing different deletion cassettes: 
pFA6a-kanMX for kanMX, pAG32 for hphMX, and pAC372 for 
natAC (Supplementary Table 2). Primers were designed with 40 
flanking base pairs identical to the upstream and downstream 
of genes to be deleted by homologous recombination. All gene de-
letions in the S288C background (GAL+, HAP1-repaired, proto-
trophic derivatives) were made by transformation into a diploid 
to yield a heterozygous gene deletion, which was confirmed by 
PCR then dissected to get MATa and MATα segregants before mat-
ing together obtain a homozygous diploid. Similarly, mutant 
strains constructed from non-S288C strains (Simi White, 

YPS1000, CSM, and Bb32) were made in the same way, although 
homozygous diploids were obtained directly after tetrad dissec-
tion (the wild strains are homothallic; thus, after spores germin-
ate, cells can switch mating types and mate to produce colonies 
that are essentially all diploid cells). All gene deletions were con-
firmed by PCR (Supplementary Fig. 1). All combinatorial gene de-
letion/insertion strains were made by mating, sporulating, and 
tetrad dissection, followed by selective plating. Sporulation was 
performed by growing cells to log phase in rich media, collecting 
cells by centrifugation, washing once in 1% w/v potassium acet-
ate, and then resuspending in 1% w/v potassium acetate. Cells 
were then incubated at room temperature on a roller wheel for 
at least 6 days before tetrad dissection.

Plasmid construction
The plasmids used in this study are listed in Supplementary 
Table 2. Plasmids were built using pRS series shuttle vector back-
bones containing the THD3 promoter and CYC1 3′UTR (Sikorski 
and Hieter 1989; Mumberg et al. 1995). All inserts were amplified 
using primers from Integrated DNA Technologies containing 5′ 
end SpeI and 3′end XhoI sites to use for restriction enzyme-based 
confirmation of inserts during cloning. ATH1 expression plasmids 
were cloned using Gibson assembly: plasmids p416GPD and 
p426GPD were linearized using SpeI and XhoI, then incubated 
with PCR inserts containing ATH1 amplified from DBY12007 gen-
omic DNA along with the Gibson Assembly mixture at 50 °C for 
1 h before transforming into TOP10 Escherichia coli (Gibson et al. 
2009). After transformation, individual colonies were screened 
for correct insertion using restriction digest. All gene insertion 
and allele-specific mutations were confirmed by Sanger sequen-
cing at the Cornell Institute of Biotechnology sequencing core 
facility.

Fig. 1. Schematic of trehalose metabolism in S. cerevisiae. Major metabolites (bold), enzymes/proteins (highlighted in gray), and other reactants/products 
are indicated. Additionally, branching pathways for glycolysis and glycogen synthesis are indicated. Tps3 and/or Tsl1 have proposed roles in supporting 
Tps1 and/or Tps2 function, though the mechanism is not clearly understood.

Trehalase cellular roles and phenotypes | 3

http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae215#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae215#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000004246?doi=10.1093/g3journal/jkae215
https://identifiers.org/bioentitylink/SGD:S000029699?doi=10.1093/g3journal/jkae215
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae215#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae215#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae215#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000003809?doi=10.1093/g3journal/jkae215
https://identifiers.org/bioentitylink/SGD:S000006230?doi=10.1093/g3journal/jkae215
https://identifiers.org/bioentitylink/SGD:S000006230?doi=10.1093/g3journal/jkae215


Assessment of thermotolerance
To assess thermotolerance, minimal media cultures were inocu-
lated with a single colony and grown overnight to stationary 
phase. To standardize the growth regime leading to a stationary 
phase culture, cells were then diluted into fresh minimal medium 
to an OD600 = 0.05 and grown another 24 h to stationary phase. 
Two aliquots of 0.8 mL cell culture were then removed into micro-
centrifuge tubes. For the heat shock, one of the aliquots was incu-
bated in a 42 °C thermomixer for 2 h. Both pre- and postheat 
shocked cell dilutions were plated on rich media (YPD) and incu-
bated at 30 °C for 2–3 days to measure viability by counting colony 
forming units. At least 3 independent biological replicates were 
performed for each thermotolerance assay.

Measurement of sporulation efficiency
Sporulation was performed by growing cells to log phase in rich 
media (except plasmid-containing cells, which were grown in 
minimal media for plasmid maintenance), collecting cells by cen-
trifugation, washing twice in 1% w/v potassium acetate, and then 
resuspending in 1% w/v potassium acetate. Cells were then incu-
bated at room temperature on a roller wheel for at least 6 days. 
Sporulated cultures were evaluated by counting tetrads, or asci 
containing 4 spores; 2-spore- and 3-spore-containing asci, dyads 
or triads, respectively, were not observed in any significant frac-
tion. Sporulation efficiency was calculated as the proportion of ob-
served tetrads over the total number of observed cells, with a 
minimum of 300 total cells counted. At least 3 independent bio-
logical replicates were performed for each sporulation efficiency 
assay.

Measurement of trehalose and glycogen
Trehalose and glycogen levels were measured essentially as de-
scribed (Parrou and François 1997). Briefly, 10 OD600 units of sta-
tionary cells were harvested, washed in cold water, and 
resuspended in 250 µL of 0.25 M sodium carbonate. Cell mixtures 
were stored at −80 °C until the assay was performed. To begin the 
assay, cells were boiled at 95 °C for 4 h with occasional agitation— 
this step extracts the trehalose and glycogen, as both are highly 
stable and not heat-degraded (any residual glucose, however, is 
degraded under these alkaline, high-temperature conditions). 
Next, 150 µL of acetic acid was added to the sample, followed by 
600 µL of 0.2 M sodium acetate. After mixing, two 350 µL aliquots 
were removed to fresh tubes, and either 5 µL of 70 U/mL trehalase 
(Megazyme) or 70 U/mL amyloglucosidase (Sigma-Aldrich) was 
added. These reactions were incubated overnight at 37 or 57 °C, 
respectively, in a thermomixer set at 550 rpm (Eppendorf). Next, 
the sample was clarified by centrifugation at maximum speed 
for 3 min, and 200 µL of each sample was used to measure the 
amount of glucose liberated from trehalose or glycogen using 
the Glucose (GO) Assay Kit (Sigma-Aldrich).

Evaluation of germination
Germination was initially evaluated from sporulated cultures 
after being incubated in sporulation medium (1% w/v potassium 
acetate) at room temperature for 6 days. Six tetrads from each cul-
ture were dissected on YPD plates (24 total spores per culture), 
which were incubated at 30 °C for 8 h before the number of result-
ing cells from each germinated spore was counted by visual obser-
vation using the tetrad dissection microscope. To evaluate the 
time required for bud emergence from spores between strains 
and their respective trehalose mutants, 2 tetrads (8 spores) from 
the sporulated cultures were dissected on YPD plates and 

incubated at 30 °C. Through visual inspection each hour, we eval-
uated the number of hours required for bud emergence. Finally, 
time required for bud emergence of S288C-derived strains con-
taining ATH1 expression plasmids were similarly investigated to 
evaluate potential suppression activity of overexpressed ATH1
on nth1Δ nth2Δ delayed bud emergence. Plasmid-containing 
strains were sporulated, and for each, 2 tetrads were dissected 
from 3 independent cultures, resulting in 24 spores per tested 
strain. Bud emergence time was evaluated as described above. A 
number of data points were not included in the resulting figure 
as some spores either failed to germinate within the 10-h assay 
window or failed to germinate after 3 days growth at 30 °C (0/24 
spores removed from ura3Δ0 + p416GPD, 1/24 removed from 
ura3Δ0 + p416GPD-ATH1, 9/24 spores removed from nth1Δ nth2Δ 
ura3Δ0 + p416GPD; 9/24 spores were removed from nth1Δ nth2Δ 
ura3Δ0 + p416GPD-ATH1).

Statistical analysis
All experiments were conducted using at least 3 independent bio-
logical replicates. Mutant phenotypes were evaluated for statistic-
al significance compared to their isogenic wild-type strains using a 
2-tailed paired t-test. Asterisks (*) in figures indicate the mutant 
phenotype showed a difference (P < 0.05) compared to its isogenic 
wild type (P-values were not corrected for multiple hypothesis 
testing). Separately, to evaluate statistically significant phenotyp-
ic differences between the wild strains examined, or also between 
different strains with identical gene deletions, 1-way ANOVA with 
post hoc Tukey honest significant difference (HSD) tests were per-
formed (Supplementary Tables 3–7). Corresponding to the 
F-statistic of 1-way ANOVA, indicated P-values lower than 0.05 
suggest that one or more evaluated treatments were significantly 
different.

Results and discussion
Trehalose mutant phenotypes under 
consideration
Trehalose is a widely distributed carbohydrate in nature that is 
synthesized in S. cerevisiae in response to nutrient limitation and 
during certain environmental stress (Lillie and Pringle 1980; 
Crowe et al. 1984; Thevelein 1984; Tapia et al. 2015). To examine 
the phenotypic diversity of mutants in the trehalose mobilization 
pathway, we constructed single deletion mutants (nth1Δ, nth2Δ, 
and ath1Δ), 1 double deletion mutant (nth1Δnth2Δ), and 1 triple 
deletion mutant (nth1Δnth2Δath1Δ) in 5 different strains of S. cere-
visiae (Supplementary Table 1). These strains included 2 commer-
cial wine strains (Simi White and CSM), 1 vineyard isolate 
[Bb32(3)], 1 oak tree isolate (YPS1000), and an S288C derivative 
for comparison. We initially focused on a core set of relevant phe-
notypes that could be easily compared to phenotypes of trehalose 
biosynthesis mutants in the same strain backgrounds (Chen et al. 
2022). By evaluating these phenotypes, we can compare the con-
sequences of failing to hydrolyze trehalose (excess intracellular 
trehalose) to the consequences of failing to produce trehalose (ab-
sence of intracellular trehalose). These comparisons can then be 
used to evaluate hypotheses about the role of intracellular trehal-
ose on different cellular processes. We first quantified both intra-
cellular trehalose and glycogen levels in single and double 
deletion trehalase mutants. Further, as stress tolerance has 
been correlated to intracellular trehalose concentration, we as-
sessed thermotolerance (42 °C for 2 h) and ability to grow at an 
elevated temperature (growth at 37 °C). We also examined sporu-
lation efficiency, cell size, and growth on multiple carbon sources 
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in both rich and minimal media as trehalose biosynthesis mu-
tants exhibit phenotypes in these conditions (Neves et al. 1995; 
de Silva-Udawatta and Cannon 2001; Gancedo and Flores 2004; 
Walther et al. 2013). We additionally evaluated trehalase roles in 
hydrolysis of both extracellular and intracellular trehalose, as 
these phenotypes are particularly relevant to the function of the 
Nth1, Nth2, and Ath1 enzymes.

Construction and phenotypic characterization 
of nth1Δ, nth2Δ, and nth1Δnth2Δ
In S. cerevisiae, degradation of cytoplasmic trehalose is mainly cat-
alyzed by neutral trehalase enzymes, encoded by NTH1 and NTH2
(Fig. 1) (Nwaka, Mechler, et al. 1995). Transcriptional activation of 
NTH1 depends on the general stress response mediated by the 
Msn2/Msn4 transcription factors through the STRE elements pre-
sent in its promoter (Thevelein 1984; Zähringer et al. 2000; Panni 
et al. 2008). The Nth enzymes are also subject to activation through 
posttranslational modification (Alblova et al. 2019). In the present 
study, all nth1Δ and nth2Δ mutants exhibited increased trehalose 
levels compared to their isogenic wild-type strains (Fig. 2a). All 5 
nth2Δ mutants accumulated trehalose to a lower extent than 
nth1Δ mutants, though still higher than their isogenic wild-type 
strains, highlighting that Nth2 plays a minor but significant role 
in intracellular trehalose degradation (Fig. 2a). All nth1Δnth2Δ dou-
ble deletion mutants exhibited additive effects from deleting both 
neutral trehalases as they accumulated the highest level of intra-
cellular trehalose (Fig. 2a). This result agrees with multiple previous 
studies demonstrating that the absence of Nth1 results in yeast 
cells unable to breakdown intracellular trehalose (Thevelein 1984; 
Nwaka, Kopp, et al. 1995; Gibney et al. 2015). Also, increased trehal-
ose levels in nth2Δ mutants align well with the previous finding that 
overexpression of NTH2 in an nth1 mutant resulted in an approxi-
mately 10-fold increase of trehalose-hydrolyzing activity, suggest-
ing Nth2 is a functional trehalase (Jules et al. 2008). Previous work 
using S288C-derived lab strains demonstrated a negative correl-
ation between intracellular trehalose and glycogen levels, suggest-
ing that when trehalose biosynthesis is disrupted, UDP-glucose gets 
shunted to glycogen production (François et al. 1991; de 
Silva-Udawatta and Cannon 2001). However, here we observed 
that intracellular glycogen levels were less consistent: mutants in 
different genetic backgrounds exhibited less, equivalent, or more 
glycogen than their isogenic wild-type strains, suggesting glycogen 
levels are either unrelated to flux through trehalose metabolism or 
the relationship is more complex than overflow metabolism 
(Fig. 2b). It is not clear why trehalase degradation mutants resulted 
in variation in the glycogen levels, but this further suggests that 
intracellular trehalose and glycogen levels are not necessarily an-
ticorrelated, as also observed in trehalose biosynthesis mutants 
(Chen et al. 2022). We did not observe any significant cell size varia-
tions with any of these mutants (Supplementary Fig. 2a).

Trehalose has been proposed to be a protective agent against a 
variety of abiotic stresses (Hottiger et al. 1987; Hounsa et al. 1998; 
Singer and Lindquist 1998a; Elbein et al. 2003). Multiple studies re-
vealed the ability of trehalose to stabilize proteins in vitro by re-
taining their native conformation at elevated temperatures and 
suppressing aggregation of denatured proteins (Singer and 
Lindquist 1998a, 1998b). However, recent work using the Agt1 
overexpression system demonstrated that increased intracellular 
trehalose did not correlate with increased heat resistance (Gibney 
et al. 2015). Therefore, to further investigate the role of trehalose in 
heat stress protection in vivo, we tested thermotolerance in nth1Δ, 
nth2Δ, and nth1Δnth2Δ mutants by exposing the cells to 42 °C for 
2 h. We found that none of the tested mutants had increased 

thermotolerance, despite higher intracellular trehalose levels. In 
contrast, all nth1Δ and nth1Δ nth2Δ mutants in all 5 strains exhib-
ited mildly compromised thermotolerance when exposed to 42 °C 
for 2 h, ranging from 85.0 to 91.9% survival compared to their iso-
genic wild type (Fig. 2c). Four out of 5 nth2Δ mutants exhibited the 
same level of heat resistance as their isogenic wild types, except 
the Bb32 nth2Δ that had a survival rate similar to nth1Δ. 
Comparing results between Fig. 2a and c suggests that trehalose 
accumulation and increased thermotolerance do not correlate, 
further indicating that intracellular trehalose may not have a sig-
nificant role in heat protection in vivo. In addition, mild thermo-
sensitivity associated with these mutants suggests that 
trehalose degradation activity may play a minor role in cellular 
protection against heat, likely associated with recovery. Our 
data align with previous work demonstrating that nth1Δnth2Δ 
cells were found to be more thermosensitive than wild-type cells 
when exposed to 48 °C for 60 min and 50 °C for 20 min (Nwaka, 
Mechler, et al. 1995; Gibney et al. 2015). A possible explanation 
for this phenotype is based on the observation that trehalose 
can interfere with protein folding in vitro, which is also used to ex-
plain the rapid hydrolysis of trehalose in wild-type cells following 
heat shock as a mechanism to allow cells to more rapidly refold 
proteins and recover from heat shock (Singer and Lindquist 
1998a). In addition to examining acute thermotolerance, we eval-
uated the ability of these mutants to grow at an elevated tempera-
ture. None of the deletion mutants exhibited any growth defect 
when incubated at 37 °C (Fig. 2e and f; Supplementary Fig. 3). In 
addition to evaluating heat stress response, we observed that 
sporulation efficiency was unaffected in nth1Δ, nth2Δ, and 
nth1Δnth2Δ mutants in any of the 5 tested genetic backgrounds 
(Fig. 2d).

We also examined whether the absence of neutral trehalase 
enzymes affects utilization of different carbon sources, which is 
a common phenotype associated with deletion of trehalose bio-
synthesis genes but found no noticeable growth defects with tre-
halase mutants (Fig. 2e). Trehalose biosynthesis mutants tps1Δ 
and tps2Δ exhibit defective growth on different carbon sources 
(highly fermentative carbon source growth defects for tps1Δ and 
respiratory carbon source growth defects for tps2Δ), and the sever-
ity of the growth defect is highly variable between strains (Navon 
et al. 1979; González et al. 1992; Stucka and Blázquez 1993; Walther 
et al. 2013; Gibney et al. 2015; Chen et al. 2022). The corresponding 
lack of carbon source utilization defects for the mutants tested 
here suggests that intracellular trehalose concentration is not 
relevant for carbon source utilization signaling. The observed 
phenotypes in trehalose biosynthesis mutants are likely more re-
lated to other hypotheses, including independent signaling roles 
for either Tps1 or trehalose-6-phosphate, among others (Chen 
et al. 2022). The absence of growth defects observed here is in con-
trast to a report using laboratory strain SEY6210, where nth1Δ 
grew poorly on rich media containing glycerol compared to its iso-
genic wild type (Nwaka, Mechler, et al. 1995). Notably, previous 
work has highlighted that multiple laboratory strains (CEN.PK, 
W303, and S288C) of S. cerevisiae are unable to use glycerol as a 
sole carbon source in a minimal medium, suggesting growth on 
rich media containing glycerol may involve utilization of addition-
al carbon sources other than glycerol (Swinnen et al. 2013).

Construction and phenotypic characterization 
of ath1Δ
ATH1 encodes the acid trehalase enzyme with optimal activity at 
an acidic pH range (4.5–5) (Destruelle et al. 1995). We constructed 
ath1Δ mutants in all 5 genetic backgrounds and performed 
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a b

c d

e f

Fig. 2. nth1Δ, nth2Δ, nth1Δ nth2Δ mutant phenotypes. a) Intracellular trehalose levels. b) Intracellular glycogen levels. c) Thermotolerance (heat shocked 
at 42 °C for 2 h). d) Sporulation efficiency. e and f) Growth at 30 and 37 °C on minimal (bottom panels) and rich (top panels) media. Indicated strains were 
grown overnight in YNB + 2% glucose liquid before 10-fold serial dilutions were prepared and spotted onto the indicated media. The initial dilution had an 
OD600 of 1.0. Plates were incubated at 30 °C for 2 days on rich media and 3 days for minimal media. Three biological replicates were performed for all 
tested phenotypes. Asterisks represent statistically significant differences (P < 0.05) between the mutants and their isogenic wild-type strains.
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phenotype tests identical to those for the neutral trehalase mu-
tants. Stationary phase intracellular trehalose levels in 4 of the 
5 tested ath1Δ strains were significantly higher than their isogenic 
wild-type cells, ranging from 132 to 198%; CSM ath1Δ alone main-
tained wild-type levels of trehalose (Fig. 3a). Similarly, a previous 
study reported that ath1Δ in the S288C genetic background main-
tained higher intracellular trehalose accumulation than wild-type 
cells under both a saline-stress condition and in the postdiauxic 
phase during growth in 2% glucose; it was suggested that acid tre-
halase activities might be involved in intracellular trehalose me-
tabolism under these stress conditions (Garre et al. 2009). 
Therefore, it is possible that Ath1 possesses dual roles in trehalose 
mobilization, both intracellular and extracellular, although if ac-
curate, the functional role of intracellular trehalose degradation 
by Ath1 remains unclear. Glycogen levels of ath1Δ were slightly 
higher in the S288C strain, but lower in the 4 wild strains 
(Fig. 3b). We did not observe any significant cell size variations 
with any of the ath1Δ mutants (Supplementary Fig. 2b).

Deleting ATH1 did not significantly compromise thermotoler-
ance of any tested strain (Fig. 3c). Several previous studies investi-
gated the effect of Ath1 absence on stress resistance, though some 
of them were difficult to interpret because they were affected by a 
confounding difference in an auxotrophic nutrient requirement 
associated with a ura3Δ mutation between mutant and reference 
strains (Nwaka, Mechler, et al. 1995; Kim et al. 1996; Chopra et al. 
1999). Nwaka, Mechler, et al. (1995) detected no significant Ath1 ac-
tivity from cells recovered from thermal stress, suggesting that un-
like NTH1, the ATH1 gene is not involved in the recovery of cells 
after heat shock. Notably ATH1 transcription is not activated by 
stress likely due to lack of a STRE in its promoter, which mediates 
general stress-induced transcriptional activity by binding the 
Msn2/4 transcription factor (Destruelle et al. 1995; Nwaka et al. 
1996). As with thermotolerance, none of the ath1Δ strains exhib-
ited a growth defect when incubated at high temperature, 37 °C 
(Fig. 3f; Supplementary Fig. 4). Sporulation efficiency and carbon 
source utilization were similarly unaffected by the absence of 
Ath1 in any of the 5 tested genetic backgrounds (Fig. 3d and e).

Comparing trehalose degradation phenotypes to 
trehalose biosynthesis phenotypes
It is noteworthy that many of the phenotypes evident in trehalose 
biosynthesis mutants are not evident in trehalose degradation 
mutants (Chen et al. 2022). Trehalose biosynthesis mutants evalu-
ated with a similar panel of phenotypic tests exhibited heat sur-
vival defects, temperature-sensitive growth defects, sporulation 
defects, and carbon source utilization defects. Other than a mild 
defect in heat survival associated with nth1Δ, trehalose degrad-
ation mutants did not exhibit variability compared to wild-type 
cells for these phenotypes. Comparison of these phenotypes sug-
gests that lack of trehalose itself is not responsible for the pheno-
types described above associated with biosynthesis mutants. For 
example, accumulation of intracellular trehalose either by dis-
ruption of NTH genes or via import using constitutively expressed 
AGT1 is sufficient to induce both desiccation tolerance and freeze– 
thaw tolerance (Tapia et al. 2015; Chen and Gibney 2022). 
Together, these results suggest that trehalose itself acts as a mo-
lecular chaperone under desiccation or freeze–thaw conditions, 
both conditions with low water activity that may align with the 
notion that trehalose can act as a molecular chaperone by re-
placing the hydrogen-bonding activity associated with water mo-
lecules (Olsson et al. 2016; Shao et al. 2019). In contrast, 
accumulation of trehalose does not appear to enhance heat sur-
vival, suggesting that trehalose itself may not act as a molecular 

chaperone for heat shocked cells in conditions with high intracel-
lular water activity (Gibney et al. 2015). The absence of phenotypes 
observed for trehalose degradation mutants compared to biosyn-
thesis mutants, along with repeated observation in multiple 
strains, provides a useful comparison to evaluate direct effects 
of trehalose. Multiple studies have sought to further distinguish 
the trehalose-independent roles of trehalose metabolism in car-
bon source utilization, heat survival, and sporulation, though de-
tailed molecular mechanisms that incorporate known phenotypic 
data remain elusive (Gibney et al. 2015; Chen et al. 2022). Another 
contrast to the phenotypic characterization of trehalose biosyn-
thesis mutants is strain-to-strain phenotypic variability. For 
most of the biosynthesis mutants, at least one strain failed to ex-
hibit the phenotype associated with the other strains. This was 
not the case with trehalose degradation mutants, which exhibited 
more uniformity among phenotypes tested here. One notable ex-
ception, similar to trehalose biosynthesis mutants, was the vari-
ability in stationary phase intracellular glycogen concentrations 
between strains. It is possible that these variations are related to 
variations in stationary phase between strains, such as differen-
tial timing for stationary phase initiation or differential expres-
sion levels of glycogen metabolism enzymes.

Extracellular trehalose utilization by Ath1
Beyond phenotypes useful for comparison with trehalose biosyn-
thesis mutants, we sought to evaluate the consequences of treha-
lase gene deletion on a number of phenotypes directly relevant to 
conditions of enzymatic trehalose hydrolysis, including intracellu-
lar and extracellular trehalose utilization. Yeast growth using 
extracellular trehalose is relatively slow in a number of laboratory 
strain backgrounds (CEN.PK, S288C, and JF657). The assimilation 
of this disaccharide is purely oxidative, and in an S288C derivative 
background, it yields a doubling time of approximately 17 h 
(Nwaka et al. 1996; Jules et al. 2004; Gibney et al. 2015). Conflicting 
evidence regarding Ath1 localization and activity has resulted in 
multiple conceptual models for extracellular trehalose degrad-
ation. To investigate the cellular localization of Ath1, Huang et al. 
(2007) expressed a C-terminal, GFP-tagged Ath1 in cells grown in 
minimal glucose media to log phase, then used trafficking mutants 
to illustrate Ath1 reaches the vacuole via the multivesicular body 
pathway. They suggest a conceptual model wherein vacuolar Ath1
consumes extracellular trehalose in the vacuole. However, the 
publication also reports only roughly 50% of the acid trehalase ac-
tivity is vacuolar, but did not specify localization of remaining ac-
tivity (Huang et al. 2007). Furthermore, no evidence was presented 
regarding how extracellular trehalose is transported both into the 
cell and then into the vacuole. In contrast, He et al. (2009) used 
mCherry fused to Ath1 to demonstrate both vacuolar and plasma 
membrane localization. By disrupting delivery of Ath1 to the vacu-
ole, this study demonstrated no effect on either Ath1 enzymatic 
activity or growth rate of cells on extracellular trehalose, indicat-
ing that vacuolar-localized Ath1 is not important for extracellular 
trehalose utilization (He et al. 2009). He et al. (2009) also demon-
strated that fusing the signal peptide of invertase to an 
N-terminally truncated Ath1 missing its native signal sequence 
was sufficient to allow ath1Δ growth on trehalose, suggesting 
that functional localization of Ath1 at the cell periphery is required 
for extracellular trehalose mobilization. Additionally, fusion of the 
Ath1 signal sequence and transmembrane domain to an invertase 
allele lacking its own signal sequence and transmembrane domain 
is required to recover invertase activity and growth on sucrose in a 
suc2Δ mutant (He et al. 2009). This study supports the conceptual 
model that extracellular trehalose is hydrolyzed to glucose outside 
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of the cell by extracellular Ath1. The 2 models are not mutually ex-
clusive, as both mechanisms could be applicable. It is also possible 
that plasma membrane localization represents functional expres-
sion of Ath1, while vacuolar-localized Ath1 is merely a conse-
quence of membrane recycling and is not connected to Ath1
function (Harris and Cotter 1988; Alizadeh and Klionsky 1996; 
Jules et al. 2004; Parrou et al. 2005; Huang et al. 2007). It is note-
worthy that both studies employed fluorescent protein fusions to 
Ath1, as these strategies can lead to potential confounding arti-
facts. For example, GFP protein fusions causing mislocalization 
to the vacuolar lumen or YFP protein fusions forming nonnative 

structures (though the same study demonstrated that this was 
not an issue with an mCherry protein fusion) (Roberts et al. 1992; 
Swulius and Jensen 2012). These observations suggest caution 
should be applied to protein localization or quantification of local-
ization based only on 1 type of data. Further, both Ath1 localization 
studies localized Ath1 during growth on glucose, a condition in 
which proper Ath1 localization for extracellular trehalose mobil-
ization is likely unimportant (Huang et al. 2007; He et al. 2009).

As multiple previous studies have demonstrated that Ath1 is 
required for extracellular trehalose degradation, we first sought 
to evaluate whether this holds true for the nonlaboratory strains 

a b

c d

e f

Fig. 3. ath1Δ mutant phenotypes. a) Intracellular trehalose levels. b) Intracellular glycogen levels. c) Thermotolerance (heat shocked at 42 °C for 2 h). d) 
Sporulation efficiency. e and f) Growth at 30 and 37 °C on minimal and rich media. Indicated strains were grown overnight in YNB + 2% glucose liquid 
before 10-fold serial dilutions were prepared and spotted onto the indicated media. The initial dilution had an OD600 of 1.0. Plates were incubated at 30 °C 
for 2 days on rich media and 3 days for minimal media. Three biological replicates were used for all tested phenotypes. Asterisks represent statistically 
significant differences (P < 0.05) between the mutants and their isogenic wild-type strains.
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tested here (Alizadeh and Klionsky 1996; Nwaka et al. 1996; Jules 
et al. 2004). We included deletion of the NTH genes, nth1Δ nth2Δ, 
with or without deletion of ATH1 for comparison with strains lack-
ing either all cellular trehalase enzyme activity or only lacking 
cytosolic trehalase activity, respectively. Both ath1Δ single mu-
tants and nth1Δnth2Δath1Δ triple mutants failed to grow on trehal-
ose in all 5 genetic backgrounds, whereas nth1Δnth2Δ mutants 
exhibited similar growth rates compared to their isogenic wild- 
type strains in trehalose-containing media (Fig. 4). To evaluate ef-
fects of ATH1 overexpression on extracellular trehalose utiliza-
tion, we used the S288C laboratory strain background due to an 
available auxotrophic mutation that prevents uracil biosynthesis, 
ura3Δ0, which was subsequently used in all experiments requiring 
plasmid selection. We also examined yeast cells overexpressing 
ATH1 from a low- or high-copy plasmid under control of the 

strong, constitutive TDH3 promoter (Mumberg et al. 1994). We 
found that low-copy overexpression of ATH1 (p416GPD-ATH1) in 
both wild type and nth1Δ nth2Δ decreased lag phase and increased 
growth rate in a minimal medium containing trehalose as the sole 
carbon source, highlighting the sufficiency of Ath1 for extracellu-
lar trehalose mobilization (Fig. 5a). This result also demonstrates 
that the presence or absence of Nth1/2 activity had no effect on 
extracellular trehalose utilization. Expression of ATH1 from a low- 
copy plasmid (p416GPD-ATH1) did not have any effects on growth 
rate in minimal glucose medium (Fig. 5b). These observations 
align with a previous study that observed constitutive overexpres-
sion of ATH1 under the control of the TDH3 promoter increased 
acid trehalase activity 4-fold in intact cells, with a 3-fold reduction 
of time in lag phase (Jules et al. 2004). ATH1 overexpression from a 
high-copy plasmid (p426GPD-ATH1) resulted in similar lag phase 

a b

c d

c

Fig. 4. Extracellular trehalose utilization via Ath1. Growth of wild type, nth1Δ nth2Δ, ath1Δ, and nth1Δ nth2Δ ath1Δ mutants in trehalose: S288C a), Simi 
White b), YPS1000 c), CSM d), and Bb32 e). Cells were first inoculated into YNB + 2% glucose, incubated overnight, washed once with water, and 
subcultured to OD600 of 0.05 into YNB + 1% trehalose. OD600 was recorded every day for 12 days. Three biological replicates were performed, and the 
values are presented as the mean ± SD.
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reduction and increased growth rate, though expression at high- 
copy levels also had negative consequences for cellular physi-
ology, including lower stationary phase cell concentrations and 
a slower growth rate in standard minimal glucose medium 
(Fig. 5c and d). One potential interpretation of this phenomenon 
is protein burden, which has been observed in overexpression sys-
tems of multiple glycolytic proteins (Vind et al. 1993; Gong et al. 
2006). It is also possible that as a membrane-localized protein, ex-
cessive Ath1 expression levels could decrease the efficiency or 
function of the protein secretion machinery or membrane func-
tionality, ultimately leading to a growth defect. Together, these re-
sults corroborate the necessary and sufficient role of Ath1 in 
extracellular trehalose utilization, along with increased Ath1 ac-
tivity associated with its overexpression.

However, these results do not inform whether or not trehal-
ose is consumed by extracellular hydrolysis to glucose or import 
and hydrolysis in the vacuole. If consumption of extracellular 
trehalose occurs through import of trehalose into cells and 
then into the vacuole for subsequent hydrolysis to glucose by 
Ath1, then one possibility for trehalose import and transport to 

the vacuole is endocytosis. One study mentioned that an endo-
cytosis mutant failed to grow on trehalose, potentially support-
ing this model, though no data were shown (Nwaka et al. 
1996). Therefore, to test this hypothesis, we constructed an 
end3Δ mutant, which is reportedly defective in receptor- 
mediated and fluid-phase endocytosis (Raths et al. 1993). 
Despite its decreased endocytic activity, end3Δ had a similar 
growth defect on trehalose compared to its growth defect on glu-
cose: roughly 50% slower than wild type on either carbon source 
(Fig. 6). This suggests that endocytosis is not a major mechanism 
of trehalose import, and no alternative model for extracellular 
trehalose transport to the vacuole has been proposed. This re-
sult supports the alternative model described previously in 
which extracellular trehalose is metabolized to glucose by extra-
cellular Ath1 tethered to the plasma membrane (Jules et al. 2004; 
He et al. 2009). However, we and others have observed an in-
crease in intracellular trehalose in an ath1Δ strain, which may 
represent accumulated trehalose in the vacuole, though the cel-
lular role or significance of vacuolar-localized trehalose is un-
clear (Fig. 2) (Garre et al. 2009).

a b

c d

Fig. 5. Plasmid-based ATH1 overexpression increases the rate of extracellular trehalose utilization. Growth of wild-type and trehalase mutants with and 
without ATH1 overexpressed from a low-copy a and b) or high-copy c and d) plasmid. a and c) Cells were grown to stationary phase in YNB + 2% glucose, 
washed once with sterile water, and subcultured to OD600 of 0.05 in YNB + 1% trehalose followed by daily measurement of cell concentration. b and d) 
Cells were grown to stationary phase in YNB + 2% glucose before subcultured to OD600 of 0.05 in YPD in a 96-well plate, which was then incubated at 30 °C 
for 48 h. Growth curves were used to calculate doubling time during exponential growth. Three biological replicates were performed for each experiment, 
and the values are presented as the mean ± SD. Asterisks represent statistically significant differences (P < 0.05) between the mutants and their isogenic 
control strains.
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The role of Agt1 in extracellular trehalose 
utilization
In addition to Ath1, some S. cerevisiae strains possess an alternate 
path for consuming extracellular trehalose: Agt1-mediated tre-
halose transport into the cytoplasm followed by intracellular 
Nth1/2-mediated hydrolysis (Jules et al. 2004; Gibney et al. 2015). 
The Agt1 transporter is a proton-disaccharide symporter also 
known as Mal11. Agt1 has accumulated mutations conferring a 
broader substrate range than its ancestral maltose transporter 
and can transport trehalose among other disaccharides (Fig. 1) 
(Han et al. 1995; Brown et al. 2010; Gibney et al. 2015). The observa-
tion that deletion of ATH1 abrogates growth on trehalose in all 
tested strains implies that trehalose import through the Atg1 
transport protein may not be a common, natural alternate route 
for trehalose import. To further investigate this possibility, we 
first designed primers to selectively amplify a fragment AGT1
(Supplementary Fig. 5). PCR amplification and gel electrophoresis 
revealed that S288C, YPS1000, and Bb32 contain AGT1, while Simi 
White and CSM do not (Supplementary Fig. 5). As AGT1 belongs to 
the MAL gene family, we hypothesized that preculturing on mal-
tose might induce native Agt1 expression, enabling growth on tre-
halose despite the absence of ATH1; pregrowth in maltose to 
increase trehalose utilization has been previously described 
(François and Parrou 2001). Therefore, we first evaluated whether 
these strains contain a maltose transport gene and the ability to 
grow in maltose. MAL31, another gene in the MAL family, encodes 
a transport protein specific to maltose. While PCR confirmed that 
all 5 tested strains contain MAL31, S288C and YPS1000 did not 
grow in maltose (Supplementary Fig. 5). S288C-derived strains en-
code a mutated, inactive maltose regulator protein, resulting in 
failure to express any MAL gene and concomitant inability to 
grow on maltose (Supplementary Fig. 5) (Brown et al. 2010). 
Consequently, we were only able to pregrow Simi White, 
Bb32, and CSM in maltose (though Bb32 is the only 1 of these 
3 containing AGT1), while S288C and YPS1000 were pregrown in 
glucose. While all wild-type strains were able to grow in minimal 

trehalose medium, none of the ath1Δ mutants exhibited growth 
under the same conditions, regardless of pregrowth regime 
(Supplementary Fig. 5e). As a positive control, we compared the 
growth of ath1Δ strains with an ath1Δ mutant strain overexpres-
sing Agt1 from the S288C genetic background (Gibney et al. 
2015). As expected, based on previous literature, overexpressed 
Agt1 restored growth on trehalose, recapitulating the observation 
that the Agt1 transporter allows growth in trehalose when ATH1 is 
absent (Supplementary Fig. 5e) (Jules et al. 2004; Gibney et al. 2015). 
In our experiment, the only tested strain able to pregrow on mal-
tose that also encodes AGT1 was Bb32. As Bb32 ath1Δ was also un-
able to grow using extracellular trehalose regardless of pregrowth 
regime, it is possible that either Bb32’s AGT1 allele contains 
loss-of-function mutations, or that it is not expressed in the con-
ditions tested potentially due to promoter mutation or because it 
is part of a silenced copy of the MAL regulon in the subtelomeric 
region of the chromosome (Brown et al. 2010). Based on these re-
sults, while AGT1 can clearly be used to transport extracellular 
trehalose when constitutively overexpressed, it is unclear how of-
ten native expression of AGT1 supports growth on extracellular 
trehalose. Evaluation of further strains will be required to demon-
strate a role for native expression of AGT1 in extracellular trehal-
ose utilization.

Intracellular trehalose utilization during lag 
phase
Slow growing or nongrowing cells produce and accumulate high 
levels of intracellular trehalose, up to 15–20% of dry cell weight, 
which is quickly mobilized after addition of sufficient nutrients 
(Silljé et al. 1999). To further examine the role of trehalase en-
zymes in intracellular trehalose degradation, we monitored the 
change in intracellular trehalose levels during lag phase in wild- 
type cells and multiple trehalase mutants from the S288C genetic 
background. When we transferred stationary phase cells to fresh 
growth media, we observed that most of the intracellular trehal-
ose in wild-type cells was hydrolyzed within 1–2 h (Fig. 7a). By tak-
ing time points at 1 and 2 h after exposure to fresh media, we 
expect that reduction in trehalose levels represents intracellular 
enzymatic trehalose degradation rather than dilution by cell div-
ision. As anticipated, when both NTH1 and NTH2 were deleted 
(nth1Δnth2Δ), the initial concentration of intracellular trehalose 
and rate of trehalose degradation was much slower compared to 
wild type. In the ath1Δ mutant, intracellular trehalose was still 
consumed, though not as completely as observed for wild-type 
cells. In the triple trehalase gene deletion strain 
(nth1Δnth2Δath1Δ), intracellular trehalose levels did not change 
significantly between tested time points. This is consistent with 
previous findings by Parrou et al. (2005) that demonstrated that 
an nth1nth2 mutant could still mobilize trehalose during pro-
longed incubation in the stationary phase, but further deletion 
of ATH1 completely abolished this mobilization (Parrou et al. 
2005). These results align with the notion that the majority of 
intracellular trehalose degradation relies on the Nth1/2 enzymes, 
with Ath1 also playing some role in intracellular trehalose utiliza-
tion, potentially related to vacuolar localization.

We also evaluated the effect of ATH1 overexpression on the 
degradation rate of intracellular trehalose during lag phase. 
Plasmid-based ATH1 expression was insufficient to degrade intra-
cellular trehalose to wild-type levels when the Nth1/2 enzymes 
were absent (Fig. 7b and c). This suggests that increased Ath1 ac-
tivity associated with overexpression is unable to hydrolyze bulk 
cytoplasmic trehalose, a function performed by Nth1/2 enzymes, 
which also aligns with their pH optima. However, unconsumed 

Fig. 6. Comparison of doubling times between wild type and end3Δ 
mutant in glucose and trehalose. Cells were grown to stationary phase in 
YNB + 2% glucose before being diluted into fresh YNB + 2% glucose or 
YNB + 1% trehalose liquid media to an initial OD600 of 0.05 in 96-well 
microplates. The plates were then shaken at 30 °C, and the absorbance of 
each well was measured every 15 min (48 h in total) in double orbital 
shaking mode at a speed of 559 cpm. Three biological replicates were 
performed to calculate exponential doubling times, and the values are 
presented as the mean ± SD. Asterisks represent statistically significant 
differences (P < 0.05) between the mutants and their isogenic control 
strains. Note that the average doubling time ratio (end3Δ/WT) from the 3 
replicates is reported below each carbon source; the 2 doubling time 
ratios are not significantly different based on a t-test with a significance 
threshold of P < 0.05.
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trehalose in ath1Δ mutants during lag phase indicates that a frac-
tion of Ath1-susceptible intracellular trehalose produced in the 
cytoplasm by glucose-grown stationary phase cells can accumu-
late in a cellular compartment not accessible to or functionally 
compatible with Nth1/2, likely the vacuole. While there is no evi-
dence that extracellular trehalose is transported into the vacuole 
as a utilization route, these results suggest that intracellular tre-
halose can enter the vacuole, though the mechanism of transport 
is not characterized. Together, these results suggest that Ath1 de-
grades vacuolar-localized trehalose, though the biological signifi-
cance of vacuolar trehalose accumulation/degradation remains 
unclear and unrelated to the role of Ath1 in extracellular trehal-
ose utilization. Overall, these results indicate that intracellular 
cytoplasmic trehalose is primarily hydrolyzed by Nth1/2, though 
Ath1 also has a minor role in intracellular trehalose hydrolysis, 
likely inside the vacuole.

Intracellular trehalose utilization during spore 
germination
Sporulation in the budding yeast S. cerevisiae involves meiotic cell 
division followed by formation of 4 haploid spores containing high 

levels of trehalose (Geijer et al. 2012). Upon exposure to glucose 
and other nutrients, spores exit dormancy through germination 
and resume growth. Spore germination of S. cerevisiae is a multi-
step developmental path in which trehalose is rapidly mobilized 
(Rousseau et al. 1972). Therefore, we sought to evaluate the role 
of intracellular trehalose in spore germination. Germination was 
evaluated after tetrads were dissected on glucose-containing 
rich media. All 5 tested nth1Δnth2Δ mutants exhibited significant-
ly slower germination than their isogenic parent and respective 
ath1Δ mutant (Fig. 8a). This germination defect was associated 
with the first cell division, as all evaluated nth1Δnth2Δ mutants 
displayed significantly slower emergence of the first cell com-
pared to their isogenic wild-type parent (Fig. 8b). There was no ef-
fect on subsequent exponential growth rate, or, presumably, cell 
cycle progression, as all the trehalase mutants had statistically in-
distinguishable doubling times compared to their isogenic wild- 
type parent (Fig. 8c). Similar results were observed in the fission 
yeast Schizosaccharomyces pombe when spores from strains lacking 
neutral trehalase (ntp1-) were induced to germinate: the onset of 
this process was markedly delayed and germination rate was re-
duced (Beltran et al. 2000). To determine whether this was a 

a

b

c

Fig. 7. Intracellular trehalose utilization during lag phase. a–c) Stationary phase cells (0 h) from indicated strains pregrown overnight in YNB + 2% glucose 
were diluted into fresh YNB +2% glucose liquid media with an OD600 of 0.5 and then incubated at 30 °C for 1 hour (1 h) and 2 hours (2 h) before samples 
were taken for trehalose content measurement. Three biological replicates were performed, and the values are presented as the mean with SD. Asterisks 
represent statistically significant differences (P < 0.05) between an individual time point compared to its respective time 0.
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germination-specific defect or a general lag phase defect asso-
ciated with dormant cells, we also examined single-cell lag phase 
times for quiescent trehalase mutants (nth1Δnth2Δ and ath1Δ) and 
observed no lag phase extension (Supplementary Fig. 6). These re-
sults indicate that intracellular cytoplasmic trehalose hydrolysis 
has an important role in promoting exit from spore dormancy, 
though not in exiting the quiescent state. None of the ath1Δ spores 
or quiescent cells exhibited slower cell division upon exposure to 
nutrients, and all exhibited the same logarithmic growth rate as 
their isogenic wild types in glucose media, indicating that failure 
to degrade vacuolar trehalose, if present, has no effect on spore 
germination or postquiescent lag phase (Fig. 8a and c). It seems 
likely that the germination defect in neutral trehalase mutants re-
sults from decreased available trehalose-derived glucose, sug-
gesting an important role for trehalose as a storage 

carbohydrate specifically during sporulation, though not during 
quiescence. This result contrasts with that described by Shi et al. 
(2010), where wild-type CEN.PK cells were able to recover from 
quiescence faster if they contained more intracellular trehalose 
(pregrowth in rich medium) compared to cells with less intracellu-
lar trehalose (pregrowth in minimal medium). While Shi et al. in-
dicates a correlation between intracellular trehalase content 
and lag phase duration postquiescence, a number of other expla-
nations could also explain the result, including that the laboratory 
CEN.PK strain lineage contains a mutation in adenylate cyclase 
(cyr1-K1867M) that affects nutrient sensing and signaling, or vari-
able survivability in rich vs minimal medium (Vanhalewyn et al. 
1999; Dumortier et al. 2000).

Previous studies have suggested the possibility that intracellu-
lar trehalose accumulation may be important for cell cycle 

a

b

c

d

Fig. 8. Absence of neutral trehalases results in a spore germination defect. a) Cells were grown overnight in YPD before being sporulated for 6 days at room 
temperature. Six tetrads for each strain were dissected onto YPD plates, and the number of cells grown from each germinated spore was counted after an 
8-h incubation at 30 °C. b) Two tetrads (8 spores) from each sporulated cultures were dissected on YPD plates and incubated at 30 °C. Through visual 
inspection each hour, the number of hours required until bud emergence was recorded. c) Doubling times for indicated strains in YPD were calculated 
from plate reader-based growth curves as described in Materials and methods. d) Six tetrads (24 spores) from 3 independent sporulated cultures were 
dissected on YPD plates and incubated at 30 °C. Bud emergence time was evaluated as above. Values are presented as the mean with SD. Asterisks 
represent statistically significant differences (P < 0.05) between the mutants and their isogenic wild-type strains.
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regulation. As G1/G0 cells accumulate intracellular trehalose and 
hydrolyze it upon cell cycle start, it has been proposed that trehal-
ose is important for entering the cell cycle, though no cell cycle de-
fects have been observed for trehalose metabolism mutants 
growing in standard growth media conditions (Küenzi and 
Fiechter 1969; Silljé et al. 1999; Futcher 2006; Chen et al. 2007; Shi 
et al. 2010). In this conceptual model, cells require glucose from 
hydrolyzed trehalose as the glycolytic fuel to initiate the cell cycle. 
In support of this notion, trehalose and glycogen hydrolyzing en-
zymes are regulated by cell cycle regulators, and cells lacking both 
neutral trehalase and glycogen phosphorylase activity 
(nth1Δnth2Δgph1Δ) exhibited significant changes in the dynamics 
of central carbon metabolites and amino acid metabolism during 
cell cycle progression, alongside a complete loss of sporulation 
ability (Ewald et al. 2016; Zhao et al. 2016). In the same studies, 
Nth1 was activated at the G1/S transition, which would funnel 
trehalose-derived glucose into glycolysis during S phase; this acti-
vation was proposed to support cell cycle progression in poor nu-
trient environments. In accordance with this observation, Ewald 
et al. (2016) demonstrated that cells unable to hydrolyze trehalose 
and glycogen (nth1Δnth2Δgph1Δ) had a lower probability of com-
pleting a cell cycle after shifting from 0.005% w/v glucose to 0% 
glucose in a microfluidic device. This phenotype was reversed 
when Nth1 function was restored (Ewald et al. 2016). The spore 
germination defect observed associated with all nth1Δnth2Δ 
strains tested in this study demonstrates another cell cycle pro-
gression defect associated with failure to hydrolyze trehalose.

The germination defect associated with nth1Δnth2Δ also pro-
vides an opportunity to further test whether Ath1 has a role in lib-
erating glucose from intracellular trehalose to support cellular 
growth. If ATH1 overexpression is able to suppress the germin-
ation defect associated with nth1Δnth2Δ, this would be evidence 
for a functional role associated with Ath1-based hydrolysis of 
intracellular trehalose. However, overexpression of ATH1 did 
not decrease the amount of time required for bud emergence 

from nth1Δnth2Δ spores (Fig. 8d). This result further suggests 
that Ath1 does not appear to have a meaningful intracellular 
role in producing glucose from intracellular trehalose. It is note-
worthy that in this experiment, 8 of the 48 tested nth1Δnth2Δ 
spores completely failed to germinate, compared with 1 of the 
48 tested wild-type spores (Supplementary Fig. 7). This suggests 
that the increased germination lag phase observed in these mu-
tants can sometimes result in a complete germination failure, 
though the mechanism determining these variable outcomes re-
mains elusive. Similarly, Ewald et al. (2016) demonstrated that 
mutants unable to hydrolyze trehalose and glycogen 
(nth1Δnth2Δgph1Δ) had a significantly higher rate of cell divisions 
resulting in nonviable cells during starvation compared to wild 
type, ∼15% vs ∼3%.

Conceptual model for trehalose degradation 
in S. cerevisiae
In Fig. 9, we have produced a conceptual model for intracellular 
and extracellular trehalose utilization in S. cerevisiae. Previously 
published information along with data presented here support 
the notion that extracellular trehalose is primarily utilized 
through the action of extracellular Ath1. This enzyme can hydro-
lyze trehalose into glucose, which is then imported and can be 
used for glycolysis. Further, while the Agt1 protein has the ability 
to transport trehalose when overexpressed, it remains unclear 
how often this route of trehalose import/utilization is used in-
stead of Ath1-based hydrolysis, especially when AGT1 is under 
the regulation of its native promoter. Previously published infor-
mation along with data presented here support the notion that 
cytosolic trehalose is primarily utilized through the action of 
Nth1/2. We also demonstrated that Nth1/2-based trehalose mo-
bilization is required to support rapid germination from the spore 
state. Overexpression of ATH1 was unable to completely hydro-
lyze intracellular trehalose during lag phase and failed to sup-
press the nth1Δnth2Δ germination defect, further suggesting that 

Fig. 9. Conceptual model illustrating multiple modes of trehalose degradation in S. cerevisiae. Left: extracellular utilization of trehalose as a carbon source 
requires extracellular degradation of trehalose into glucose via the Ath1 trehalase enzyme. While the Agt1/Mal11 protein (not pictured) can also import 
extracellular trehalose when overexpressed, it remains unclear whether it is expressed/utilized for trehalose consumption in wild strains. Center: 
cytoplasmic trehalose is degraded into glucose via the Nth1 and Nth2 trehalase enzymes, an activity required for proper spore germination. Right: while 
of unclear functional significance, vacuolar trehalose enters the vacuole through an uncharacterized mechanism and is degraded by the Ath1 trehalase 
enzyme.
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Ath1 does not typically function to release glucose from intracel-
lular trehalose. This is in line with its reported plasma membrane 
and vacuolar localization, in addition to its acidic pH optimum. 
Finally, we suggest that the fraction of intracellular trehalose pre-
sent in ath1Δ mutants represents vacuolar trehalose. While it ap-
pears that vacuolar Ath1 can hydrolyze vacuolar trehalose, the 
functional consequences of this activity are an open question. 
Similarly, it remains to be seen whether Ath1 vacuolar localiza-
tion is important for cellular physiology or if it is simply an artifact 
associated with plasma membrane recycling.

Data availability
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firm that all data necessary for confirming the conclusions of the 
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