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SUMMARY 21 

Trehalose accumulation is a common response to several stresses in the yeast 22 

Saccharomyces cerevisiae. This metabolite protects proteins and membrane lipids from 23 

structural damages and helps cells to maintain integrity. Based on genetic studies, 24 

degradation of trehalose has been proposed as a required mechanism for growth 25 

recovery after stress, and the neutral trehalase Nth1p as the unique degradative activity 26 

involved. Here we have constructed a collection of mutants for several trehalose 27 

metabolism and transport genes and analyzed their growth and trehalose mobilization 28 

profiles along experiments of saline stress recovery. The behavior of the triple 29 

Δnth1Δnth2Δath1 and quadruple Δnth1Δnth2Δath1Δagt1 mutant strains in these 30 

experiments demonstrates the participation of the three known yeast trehalases Nth1p, 31 

Nth2p and Ath1p in the mobilization of intracellular trehalose during growth recovery 32 

after saline stress, discards the participation of the Agt1p H+-disaccharide symporter, 33 

and allows us to propose the existence of additional new mechanisms for trehalose 34 

mobilization after saline stress. 35 

36 
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INTRODUCTION 37 

During saline stress, as in other stress types, the budding yeast Saccharomyces 38 

cerevisiae accumulates big amounts of the nonreducing dissaccharide trehalose (Parrou 39 

et al., 1997). This molecule possesses particular features as structural protector, without 40 

reaching concentration levels that could have notable impact on the osmotic properties 41 

of the cells, like glycerol. Trehalose can interact with phospholipids in membrane 42 

bilayers and also with polar residues in proteins, protecting them during different stress 43 

situations (Crowe et al., 1992). Trehalose accumulation is achieved by the induction of 44 

gene expression, and also regulation of the catalytic activity of enzymes involved in its 45 

synthesis (Winderickx et al., 1996; Parrou et al., 1997; Blomberg, 2000). Also, the 46 

enzymes involved in trehalose degradation show salt-stimulated expression (Parrou et 47 

al., 1997; Zahringer et al., 2000; Garre et al., 2009). The behaviour of different 48 

trehalase mutants under saline stress on exponentially grown (Mahmud et al., 2009) or 49 

stationary (Garre et al., 2009) cells has been recently reported. All these data together 50 

indicate that not only trehalose accumulation is important in salt adaptation but also 51 

trehalose turnover. Several studies based on genetic experiments and phenotypic 52 

behaviour of mutants have revealed the necessity of trehalose mobilization to allow for 53 

an appropriate recovery when the stress condition disappears (Nwaka et al., 1995b; 54 

Singer & Lindquist, 1998b; Pedreño et al., 2002), although no biochemical analysis 55 

have been performed to study trehalose content and growth profile after stress.  56 

Two kinds of trehalase activities have been described in Saccharomyces cerevisiae 57 

(Nwaka & Holzer, 1998). One of them is the neutral trehalase activity encoded by the 58 

NTH1 gene. Nth1p is localized in the cytosol and possesses maximal activity at neutral 59 

pH. The principal function of this hydrolase is the intracellular trehalose breakdown in 60 

two molecules of glucose (San Miguel & Argüelles, 1994) although its participation in 61 
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extracellular trehalose assimilation, together to the Agt1p H+-disaccharide symporter, 62 

has been described (Jules et al., 2004). This enzyme is regulated at the transcriptional 63 

level by glucose repression and also by the general stress response pathway through the 64 

interaction of Msn2/Msn4 transcriptional factors with STRE elements present in the 65 

NTH1 gene promoter (Zahringer et al., 1997; Zahringer et al., 2000). Postranslational 66 

regulatory mechanisms have also been described, as cAMP-dependent phosphorylation 67 

and interaction with the inhibitory protein Dcs1p (Zahringer et al., 1998; De Mesquita 68 

et al., 1997, 2003). The other trehalase activity was named acid trehalase because it has 69 

a lower optimal pH. Localization of the enzyme responsible of this activity, Ath1p, has 70 

been controverted. Classically it was considered vacuolar (Alizadeh & Klionsky, 1996), 71 

but other data point to its localization in periplasmic space (Jules et al., 2004). Recently, 72 

subcellular localization experiments have been developed by gene fusion to the green 73 

fluorescent protein GFP, which have allowed to determinate that Ath1p resides and 74 

functions in the vacuole (Huang et al., 2007). This enzyme has been implicated in the 75 

degradation of extracellular trehalose as carbon source for growth (Nwaka et al., 1996; 76 

Jules et al., 2004; Basu et al., 2006), and its participation in the degradation of 77 

intracellular trehalose had not been discarded (Nwaka et al., 1995a), although only 78 

recently demonstrated (Garre et al., 2009). Regulation of enzymatic activity of Ath1p is 79 

not clear, and apparently the protein needs to be synthesized “de novo” to be active (San 80 

Miguel & Argüelles, 1994). Acid trehalase activity has been classically considered not 81 

regulated by stress because of the lack of STRE sequences at the ATH1 gene promoter. 82 

However we recently showed the Hog1-dependent transcriptional induction of ATH1 83 

gene under saline stress, and also the parallel increase in acid trehalase activity and the 84 

effects of the ATH1 gene deletion on trehalose levels (Garre et al., 2009). A third gene 85 

related to trehalose degradation has been described, the NTH2 gene which shares a high 86 
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degree of sequence homology (77 %) with the NTH1 gene (Wolfe & Lohan, 1994). The 87 

function of Nth2p is not clear, until now changes in transcript levels have been detected, 88 

but no effect in trehalose levels or neutral trehalase activity had been associated to it 89 

(Nwaka et al., 1995a), but recently a Nth2p-related trehalase activity has been described 90 

in presence of extracellular trehalose (Jules et al., 2008). 91 

In this work, we have performed salt stress experiments and analyzed growth and 92 

trehalose mobilization during yeast cells recovery in a set of single, double, triple and 93 

quadruple mutants in genes related to trehalose metabolism on the same genetic 94 

background. We found that all known trehalases can participate in the intracellular 95 

mobilization and, then influence yeast growth rate, and also the existence of other still 96 

unknown mechanisms for trehalose mobilization during recovery after saline stress. 97 

 98 

MATERIALS AND METHODS. 99 

Yeast strains and construction of null mutants. Strains and oligonucleotide primers 100 

used in this study are summarized in Table 1 and Table 2, respectively. Disruptions of 101 

the NTH2 and AGT1 genes were performed in laboratory strain MCY1264 (S288c 102 

background) or its previously constructed trehalase mutants (Garre et al., 2009)   103 

through homologous recombination with a deletion cassette as described elsewhere 104 

(Güldener et al., 1996). S1 and C2 primers were used for the synthesis of deletion 105 

cassettes. PCR conditions were as follows: 2 min at 94 ºC; 30 cycles of 15 s at 94 ºC, 30 106 

s at 50 ºC and variable time (1 min kb-1) at 72 ºC; 5 min at 72 ºC. Purified PCR products 107 

were used for yeast transformation by the lithium acetate method (Gietz et al., 1995) 108 

and transformants were selected by plating YPD medium with geneticin (200 mg l-1). 109 

Cultivation, stress and recovery conditions. Cells were grown in liquid YPD medium 110 

(2 % glucose, 2 % peptone, 1 % yeast extract) to OD600 6.0 with vigorous shaking at 30 111 
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ºC. For salt stress experiments, cells were harvested by centrifugation, resuspended in 112 

fresh YPD containing 1.2 M NaCl and incubated for 3 hours. For recovery experiments 113 

in liquid medium, cells were first exposed to saline stress as just described, and then 114 

they were harvested and transferred to fresh YPD for the recovery phase and incubated 115 

at 30 ºC between 5 and 9 hours. During the recovery period, samples were taken for 116 

determination of trehalose content and measurement of OD600. Viability after stress was 117 

assayed by viable cells count in Neubauer chamber with the methylene blue method and 118 

by plating serial dilutions (1 × 10-2, 5 × 10-3, 2.5 × 10-3, 1.25 × 10-3, 6.25 × 10-4, 3.125 × 119 

10-4) of cells in YPD and checking growth after 24−49 hours periods of growth at 30 ºC. 120 

Determination of trehalose. For intracellular trehalose determination, cell free extracts 121 

from 10 mg of yeast cells were obtained as described elsewhere (Parrou & François, 122 

1997). Trehalose was determined in 150 µL of cellular extracts or in extracellular 123 

medium (diluted 1/5) by enzymatic degradation with commercial trehalase (Sigma). 124 

Released glucose was determined by a glucose oxidase/peroxidase assay. The amount of 125 

trehalose is expressed as µg trehalose (mg of cells dry weight)-1. 126 

Glycerol assay. For intracellular glycerol determination, cell free extracts from 5 mg of 127 

yeast cells were obtained as described elsewhere (Panadero et al., 2006). Cells were 128 

collected by filtration and transferred to a cold tube containing 1 mL of distiller water. 129 

The yeast suspension was boiled for 10 min, cooled on ice, and centrifuged at 13000 130 

rpm for 10 min (4 ºC). Glycerol was determined in the supernatant with a commercial 131 

kit (scil Diagnostics GmbH) following the manufacturer’s instructions. The amount of 132 

glycerol is expressed as µg glycerol (mg of cells dry weight)-1. 133 

 134 

RESULTS 135 

Deletion of the ATH1 gene improves the recovery after saline stress. 136 
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Numerous studies have shown that yeast accumulate high quantities of trehalose in 137 

response to some suboptimal conditions, included saline stress (Parrou et al., 1997; 138 

González-Hernández et al., 2005). When the stress condition is removed the 139 

mobilization of this metabolite seems to be essential to recover normal cell functions. 140 

The main enzymatic activities involved in mobilization of intracellular trehalose are the 141 

neutral and acid trehalases, encoded by NTH1 and ATH1 genes respectively, so we 142 

decided to test the implication of both trehalase activities along stress recovery. For this 143 

purpose, we used mutant strains previously constructed by deletion of trehalase coding 144 

genes, NTH1 and ATH1, in the MCY1264 background strain (Garre et al., 2009). 145 

Previous data obtained with trehalase mutant strains in our laboratory indicated the 146 

beneficial effect of ATH1 gene deletion for the cell growth in solid media after saline 147 

stress, particularly in a Δnth1 background (Garre et al., 2009). These data were 148 

confirmed by the growth analysis we performed in liquid media after saline stress by 149 

addition of NaCl 1.2 M (Fig.1). Determination of cell viability was made by the 150 

methylene blue method just at 3 h of saline stress and it showed no significant 151 

differences between the strains (Table 3). The growth curves in fresh medium showed 152 

similar patterns for the control strain MCY1264 and the ∆nth1 mutant. Both started to 153 

grow slowly after 100 − 120 minutes and reached about 5 units of OD600 after 8 hours of 154 

recovery experiment, being the growth of the ∆nth1 mutant slightly slower than that of 155 

the control strain during the first hours, and later disappearing the growth differences 156 

when cells completely recover from stress. However deletion of ATH1 gene, both in the 157 

control and ∆nth1 backgrounds makes the mutant strains ∆ath1 and ∆nth1∆ath1 to 158 

reach higher cell densities, even doubling the growth of the control and the ∆nth1 159 

strains during the time course of the experiments. The ∆ath1 strain showed additional 160 

advantage at the very beginning of growth, displaying the shortest lag phase.  161 
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Novel activities implicated in trehalose mobilization. 162 

To investigate the relationship between yeast fitness and trehalose content, we carried 163 

out the quantification of this metabolite during the recovery after saline stress (Fig. 2). 164 

As expected, the level of trehalose accumulated during the salt stress in the MCY1264 165 

control strain declined quickly and no trehalose was found after only 30 minutes of 166 

incubation in fresh YPD. The behaviour of the ∆ath1 strain, lacking acid trehalase, 167 

showed an identical pattern of trehalose mobilization, despite of the higher trehalose 168 

level accumulated during the salt stress, up to 3-fold higher that the control strain. On 169 

the other hand, the ∆nth1 mutant strain, which accumulated similar amount of trehalose 170 

during the stress than the ∆ath1 strain (about 140 µg trehalose per mg cell dry weight), 171 

displayed a slower mobilization and trehalose concentration decreased to 25 % in 6 172 

hours. The highest trehalose accumulation after 3 hours of incubation in NaCl 1.2 M 173 

was measured for the double mutant ∆nth1∆ath1. This strain reached up to 380 µg 174 

trehalose per mg cell dry weight, 8-fold more than the control strain. The ∆nth1∆ath1 175 

mutant behaviour was surprising because, lacking the described functional trehalases, 176 

the level of intracellular trehalose decayed to 60 µg trehalose per mg cell dry weight 177 

after 4 hours of incubation in fresh YPD, a similar value than ∆nth1 mutant. This data 178 

indicates that other novel mechanisms are implicated in the mobilization of trehalose in 179 

the absence of the major trehalases in the ∆nth1∆ath1 mutant strain. 180 

A role for Nth2p in the mobilization of intracellular trehalose during salt stress 181 

recovery. 182 

Nth2p was described as a putative trehalase due to its great sequence homology with 183 

NTH1 gene (Wolfe & Lohan, 1994). Although no evidence was available about an 184 

associated trehalase activity and no effects in trehalose levels have been previously 185 

described, changes in NTH2 gene expression have been detected (Nwaka et al., 1995a, 186 
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b), so its functionality had never been completely discarded. Recently a Nth2p-related 187 

trehalase activity has been described in a tps1- mutant yeast strain forced to grow on 188 

galactose in the presence of extracellular 1 % trehalose, demonstrating that the NTH2 189 

gene codes for an active trehalase (Jules et al., 2008). Furthermore, it has been proposed 190 

the participation of the Agt1p H+-disaccharide symporter in trehalose utilization by 191 

transporting this metabolite inside the cell, where it can be degraded (Plourde-Owobi et 192 

al., 1999; Malluta et al., 2000; Jules et al., 2004). In order to identify new activities 193 

involved in physiological intracellular trehalose mobilization in strains lacking the main 194 

neutral and acid trehalases, we carried out the sequential deletion of the NTH2 and 195 

AGT1 genes in the ∆nth1∆ath1 mutant strain and studied the implication of these genes 196 

in controlling trehalose levels. 197 

Growth recovery experiments after saline stress were performed as described above to 198 

compare the fitness of ∆nth1∆nth2∆ath1 and ∆nth1∆nth2∆ath1∆agt1 mutants with 199 

∆nth1∆ath1 mutant and control MCY1264 strains. Fig. 3A shows the growth profiles 200 

for the new mutants compared to the control and the double mutant ∆nth1∆ath1. Both 201 

the triple and the quadruple mutants showed the same growth rate during the 5.5 hours 202 

analyzed but it was lower than for the ∆nth1∆ath1 mutant or the control strain, and they 203 

reached a lower cell density. The identical behaviour of ∆nth1∆nth2∆ath1 and 204 

∆nth1∆nth2∆ath1∆agt1 mutants suggested that deletion of NTH2 gene, added to the 205 

previous NTH1 and ATH1 gene deletions, was the reason of the slower growth during 206 

the recovery in fresh YPD after saline treatment. In order to discard a direct effect of the 207 

NTH2 deletion alone we constructed the single ∆nth2 mutant strain and compared its 208 

behaviour to the control and double ∆nth1∆ath1 mutant strains. As can be seen also in 209 

Fig. 3, the growth recovery profile for the single ∆nth2 mutant strain was identical to 210 

the control strain. When growth recovery after salt stress was assayed on YPD plates for 211 
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the whole set of strains (Fig. 3B) the behaviour of the single ∆nth2 mutant was again 212 

indistinguishable of the control strain growth, whereas the better growth after saline 213 

stress of the double ∆nth1∆ath1 mutant was evident, and the worst performance was 214 

displayed by the triple ∆nth1∆ath1∆nth2 mutant strain. 215 

To gain more information on the effects of the NTH2 gene, intracellular trehalose level 216 

was measured for the ∆nth1∆nth2∆ath1 and ∆nth1∆nth2∆ath1∆agt1 multiple mutants, 217 

and also for the single Δnth2, during the time course of recovery after saline stress as 218 

previously done for the single ∆nth1 and ∆ath1 and the double ∆nth1∆ath1 mutants. As 219 

can be seen in Fig.4, the trehalose content after salt stress and its mobilization profile 220 

for the single Δnth2 mutant are very similar to the control strain. However, the two new 221 

strains lacking NTH1 and ATH1 genes and also the NTH2 gene accumulated 222 

approximately the same amount of trehalose during salt stress and significantly less than 223 

the double ∆nth1∆ath1 strain, although 2-fold the amount found in the control strain. 224 

The profile of trehalose mobilization is also very similar for both strains, and during the 225 

first 30 min the intracellular trehalose concentration in these two mutants decreased 226 

with similar rate than in the double ∆nth1∆ath1 mutant. However, trehalose 227 

mobilization is almost arrested after 30 min and a high level of the disaccharide, slowly 228 

decreasing, is maintained for the next 5 hours, when still significant growth occurs (see 229 

Fig. 3A). These results indicate that the NTH2 gene participates in the mobilization of 230 

the accumulated trehalose in response to saline stress, at least in the absence of 231 

functional Nth1p and Ath1p trehalases. They also show that the H+-trehalose symporter 232 

encoded by the AGT1 gene does not contribute to trehalose mobilization for cell 233 

recovery under these stress conditions. Intracellular trehalose mobilization could be 234 

associated to the export of the dissacharide and also to glycerol biosynthesis, so growth 235 

recovery experiments on SD medium were also developed for all the strains in order to 236 
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measure extracellular trehalose, and intracellular glycerol was determined in cells from 237 

growth recovery experiments on liquid YPD. The results of extracellular trehalose 238 

quantification indicated low levels of the disaccharide in the medium without significant 239 

differences between strains (data not shown). Oscillations in the very low level of 240 

extracellular trehalose did not correlate to the amount of intracellular trehalose 241 

mobilized by the different strains, supporting that quantitatively trehalose export is not 242 

the main event in mobilization of intracellular trehalose after saline stress. Intracellular 243 

glycerol quantification (Fig. 5) indicated that all the strains displayed high content of 244 

this metabolite just after the salt stress and a fast decrease during growth recovery, 245 

without significant differences between them, Even more challenging is the finding that 246 

the absence of the three trehalases and the trehalose transporter did not completely 247 

impaired trehalose mobilization during cell growth recovery, as a small but significant 248 

decay in the trehalose pool and a slow growth were still observed in the multiple 249 

∆nth1∆nth2∆ath1 and ∆nth1∆nth2∆ath1∆agt1 mutants.  250 

 251 

DISCUSSION 252 

The presence of saline and other stresses provokes in Saccharomyces cerevisiae the 253 

accumulation of trehalose (Parrou et al., 1997; González-Hernández et al., 2005; 254 

Mahmud et al., 2009). The increase in the intracellular pool of trehalose in response to 255 

stress is in agreement with the high mRNA levels for the genes coding for the subunits 256 

of the trehalose synthase complex, TPS1, TPS2, TPS3 and TSL1 (Winderickx et al., 257 

1996) and, also Tps1p protein accumulation (Parrou et al., 1997), described in cells 258 

exposed to NaCl. However the increased transcription of these biosynthetic genes is 259 

accompanied by induction of genes coding for degradative enzymes and activation of 260 

the corresponding trehalase activities, as has been described for NTH1 (Zahringer et al., 261 
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2000) and ATH1 genes (Garre et al., 2009). This simultaneous expression and 262 

functioning of biosynthetic and degradative machineries has a still controversial role in 263 

metabolism, and such futile cycles have been proposed both as metabolic mistakes and 264 

as key points in metabolic control (Hottiger et al., 1987; Mahmud et al., 2009). In the 265 

case of trehalose metabolism, having both machineries ready to use under the control of 266 

the very fast mechanisms of enzymatic regulation could be the energetic payment for a 267 

suitable system to quickly accumulate trehalose when protection is needed, and then 268 

efficiently eliminate it, allowing fast cell growth recovery after stress (Hottiger et al., 269 

1987; Van Dijck et al., 1995; Singer & Lindquist, 1998b; Wera et al., 1999; Sebollela et 270 

al., 2004). Trehalose elimination is determinant to resume normal growth due to its 271 

capability to establish interactions with membranes and proteins. This action not only 272 

protects the structure of biomolecules, but also can block enzymatic activities (Sebollela 273 

et al., 2004) and/or obstruct chaperones access to partially denaturated proteins to 274 

restore functionality (Singer & Lindquist, 1998a). 275 

Evidences from genetic experiments supported the importance of trehalose mobilization 276 

for stress recovery and the term poor stress recovery was proposed from the behaviour 277 

of the first nth1 mutant described in literature (Nwaka et al., 1995b). In this work we 278 

combine a genetic strategy with biochemical analysis to determine the contribution of 279 

the different trehalase enzymes, not only in the phenotypic behaviour of the constructed 280 

mutants, but also in the trehalose profiles when yeast cells recover growth after saline 281 

stress in a rich medium. To our knowledge, these are the first biochemical and 282 

physiological data obtained from cells recovering growth after stress. Our results are in 283 

agreement with the genetic data from other authors (Parrou et al., 1997; Mahmud et al., 284 

2009), showing that the deletion of the NTH1 gene was linked to high trehalose 285 

accumulation during the saline stress (Fig. 2, time point zero). However, according to 286 
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our previous description of Ath1p involvement in the response to saline stress (Garre et 287 

al., 2009), salt- stressed cells of the ∆ath1 mutant strain also contained high amount of 288 

trehalose, in fact, a similar content than the ∆nth1 mutant. Accordingly, deletion of both 289 

trehalases caused higher overaccumulation of this metabolite in the double ∆nth1∆ath1 290 

strain. The elevated trehalose levels at the end of saline stress showed by ∆ath1 and 291 

∆nth1∆ath1 mutants point to the participation of Ath1p in mobilization of intracellular 292 

trehalose. Although these are the first observations showing a relationship between 293 

mobilization of intracellular trehalose and acid trehalase activity, early data from Nwaka 294 

et al. (1995b) previously suggested this function for Ath1p in experiments showing poor 295 

glycerol growth in ath1 mutants. Participation of Ath1p in trehalose accumulation 296 

during saline stress could be typical of stationary phase cells as no clear effects of ATH1 297 

deletion has been observed when the saline stress is applied to exponentially growing 298 

cells (Mahmud et al., 2009), in agreement with the previously described profile of acid 299 

trehalse activity along the yeast growth curve (San Miguel & Argüelles, 1995; Garre et 300 

al., 2009). Despite of these indirect early data, traditionally the only described function 301 

for acid trehalase has been the hydrolysis of extracellular trehalose in agreement with 302 

the incapacity of the ∆ath1 mutant strains to growth on trehalose as unique carbon 303 

source (Nwaka et al., 1996). Subsequently, Jules et al. (2004) identified a new way for 304 

extracellular trehalose utilization, dependent on the Agt1p transporter coupled to the 305 

intracellular action of Nth1p. The same authors described more than 90 % acid trehalase 306 

activity in the periplasmic space in cells growing on trehalose, which is consistent with 307 

extracellular trehalose degradation when cells are grown under those conditions (Jules 308 

et al., 2008). However, experiments of subcellular localization by gene fusion to the 309 

green fluorescent protein GFP showed the acid trehalase as a transmembrane protein 310 

localized in the vacuole (Huang et al., 2007). This last finding corroborates previous 311 
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published work about acid trehalase purification and transport (Keller et al., 1982; 312 

Harris & Cotter, 1988; Destruelle et al., 1995; Alizadeh & Klionsky, 1996) and better 313 

fits our model of Ath1p function in mobilization of intracellular trehalose. However, a 314 

dual and likely regulated subcellular localization of the acid trehalase is also possible, as 315 

the different results from different groups have been obtained under very different 316 

growth conditions. Acid trehalase might be mainly periplasmic when yeast cells are 317 

forced to grow without glucose, due to the tps1 mutation, and in the presence of 318 

trehalose (Jules et al., 2008), but might be localized in the vacuole under normal growth 319 

in glucose or during the salt stress response (Garre et al., 2009) and subsequent growth 320 

recovery in rich medium, as described by GFP gene fusion experiments (Huang et al., 321 

2007). Alternatively, acid trehalase could be present at both localizations 322 

simultaneously and only change its percentage distribution under different 323 

environmental conditions. 324 

We have shown that ATH1 deletion caused a fast growth recovery after saline stress, 325 

reaching a higher cellular density than the control strain (Fig. 1). Instead NTH1 gene 326 

deletion was not advantageous in our experimental conditions, but it neither presented 327 

the deep poor recovery phenotype described under several other stress conditions as 328 

thermic shock (Nwaka et al., 1995a, b) or oxidative stress (Pedreño et al., 2002). The 329 

same kind of improved performance was shown for a yeast strain carrying the ATH1 330 

gene deletion which displayed better tolerance to dehydration, freezing and ethanol, 331 

linked to high trehalose levels (Kim et al., 1996). In our experiments, the recovery 332 

improvement is not due exclusively to the elevated trehalose level because the simple 333 

∆nth1 mutant began the recovery period with similar level of trehalose than the ∆ath1 334 

mutant but it did not show any growth improvement. The fast recovery phenotype we 335 
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observed for the ∆ath1 mutant could be due to a rise in fermentative metabolism in 336 

concordance with previous published data (Jung & Park, 2005).  337 

The most unexpected finding was the significant trehalose mobilization in the double 338 

mutant ∆nth1∆ath1 because it lacked of both trehalase activities described to date, 339 

although published data showing NTH2 gene expression did not allow to completely 340 

discard the existence of an associated trehalase activity (Nwaka et al., 1995a, b). 341 

Previous enzymatic analysis with the single ∆nth1 and the double ∆nth1∆ath1 (Garre et 342 

al., 2009) showed a low level of neutral trehalase activity we always named residual, 343 

that likely correspond to Nth2p, as suggested recently (Jules et al., 2008). In our 344 

experiments, the involvement of Nth2p in the mobilization of intracellular trehalose for 345 

yeast cell recovery from saline stress and its influence on the growth rate suggest the 346 

physiological relevance of this function, at least when the action of the main trehalases 347 

Nth1p and Ath1p is impaired. In addition to the interest of this discovery, it was even 348 

more unexpected the ability to mobilize trehalose of the triple ∆nth1∆nth2∆ath1 and 349 

quadruple ∆nth1∆nth2∆ath1∆agt1 mutants, which quickly mobilized part of the 350 

disaccharide, approximately at the same rate than the control strain during the first 30 351 

min. It is worth to note that trehalose level decay to approximately one half during the 352 

time course of the recovery experiments in the absence of Nth2p and that the main 353 

decay occurs when no cell growth is yet detectable, during the first 30 min so the 354 

decrease in trehalose content can not be explained by dilution. Moreover, these strains 355 

recover growth, although very slowly. The analysis of extracellular trehalose during 356 

growth recovery in the different mutants indicates that mobilization of the dissacharide 357 

is mainly achieved by intracellular trehalose degradation as was also suggested by the 358 

identical behaviour in growth and trehalose accumulation for the triple 359 

∆nth1∆nth2∆ath1 and quadruple ∆nth1∆nth2∆ath1∆agt1 mutants. The analysis of 360 
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intracellular glycerol during the same process points to the use of the glucose resulting 361 

from trehalose hydrolysis mainly to obtain energy for growth as no differential 362 

accumulation of this osmolite is observed between strains. 363 

We find specially challenging to investigate the activities or mechanisms accounting for 364 

the fast trehalose mobilization during the first 30 minutes on fresh rich medium after the 365 

salt-induced growth arrest when no more described candidates are remaining. Global 366 

gene expression analysis are underway in order to identify new regulatory circuits and 367 

mechanisms involved in trehalose mobilization for yeast cell recovery after salt stress.  368 
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TABLE AND FIGURE LEGENDS. 497 

Table 1. Strains used in this study. 498 

Table 2. Oligonucleotide primers used in this study. 499 

Table 3. Viability percentage after 3 hours of saline stress. Viability was measured with 500 

the methylene blue method in triplicate. 501 

Fig. 1. Growth recovery after saline stress in control strain MCY1264 and trehalase 502 

mutants. Cells from cultures in stationary phase were subjected to 1.2 M NaCl during 3 503 

hours. After stress, cells were transferred to fresh liquid YPD media and incubated with 504 

shaking at 30 ºC for 8.5 hours. Growth was measured as the OD600 increment with 505 

respect to the inoculated OD600 in recovery media. The data are given as the average and 506 

standard error of at least three independent experiments. 507 

Fig. 2. Trehalose mobilization after saline stress in the control strain and trehalase 508 

mutants. The cellular trehalose content was measured along the incubation in liquid 509 

YPD for 8.5 hours. The average and standard error correspond to at least three 510 

independent experiments. 511 

Fig. 3. Effect of NTH2 and AGT1 gene deletions on cell growth during recovery after 512 

saline treatment. (A) After 3 hours of saline stress, cells were transferred to fresh liquid 513 

YPD media and incubated with shaking at 30 ºC for 5.5 hours. The growth was 514 

measured as the OD600 increment with respect to the inoculated OD600 in recovery 515 

media. The average and standard error correspond to three independent experiments. 516 

(B) Growth recovery in solid media. Dilutions of MCY1264 and trehalase mutant 517 

strains were spotted on YPD plates after incubation for 3 hours in liquid YPD 518 

containing 1.2 M NaCl or without salt (control), and then incubated at 30 ºC for 25 519 

hours. A representative result from two independent experiments is shown. 520 
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Fig. 4. Effect of NTH2 and AGT1 gene deletions in mobilization of the trehalose during 521 

recovery after saline treatment. The cellular trehalose content was measured along the 522 

incubation in liquid YPD for 5.5 hours. The average and standard error correspond to 523 

three independent experiments. 524 

Fig. 5. Intracellular glycerol levels along recovery after 3 hours of saline stress in 525 

control and trehalase mutants. The intracellular glycerol content was measured along the 526 

incubation in liquid YPD for 5.5 hours. The average and standard error correspond to at 527 

least three independent experiments.528 
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Table 1. Strains used in this study. 529 

Strain Genotype Source or reference 

MCY1264 MATα, gal, Δhis3, leu2::HIS3, 

lys2-801, ura3-52 
M. Carlson 

∆nth1 MCY1264 nth1∆1::LoxP Garre et al., 2008 

∆ath1 MCY1264 ath1∆1::LoxP Garre et al., 2008 

∆nth1∆ath1 MCY1264 nth1∆1::LoxP 

ath1∆1::LoxP 

Garre et al., 2008 

∆nth1∆nth2∆ath1 MCY1264 nth1∆1::LoxP 

ath1∆1::LoxP nth2∆1::LoxP 

This study 

∆nth1∆nth2∆ath1 ∆agt1 MCY1264 nth1∆1::LoxP 

ath1∆1::LoxP nth2∆1::LoxP 

agt1∆1::LoxP 

This study 

 530 
531 
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Table 2. Oligonucleotide primers used in this study. 532 

Primers Sequence (5’→3’)‡ 

AGT1 S1 AACATTTCTGAGTCTTCAAGAGATATTGTAAACCAACAG 

GCGTACGCTGCAGGTCGAC 

AGT1 C2 CCCTTTTACTTAACATTTATCAGCTGCATTTAATTCTCGCA

CTAGTGGATCTGATATC 

NTH2 S1 ATTTGACGCAGGTTCGGATCAGACATTTGGTATATAAGGA

CGTACGCTGCAGGTCGAC 

NTH2 C2 TTACACAACTTGATTAATAATATTTGACCTTACTCTAACTA

GTGGATCTGATATC 

‡ Underlayer sequence is 5’ end (S1) or 3’ end (C2) of corresponding gene. The end of 533 

primer sequence is homologous to the pUG6 template (no underlayer sequence). 534 

535 
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Table 3. Viability percentage after 3 hours of 536 

saline stress. Viability was measured with the 537 

methylene blue method in triplicate. 538 

Strain Viability percentage 

MCY1264 76.86 ± 7.72 

∆nth1 83.65 ± 4.23 

∆ath1 80.59 ± 1.57 

∆nth2 79.48 ± 6.92 

∆nth1∆ath1 77.60 ± 12.14 

∆nth1∆nth2∆ath1 83.94 ± 1.92 

∆nth1∆nth2∆ath1∆agt1 76.65 ± 10.96 

 539 
 540 
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	RESULTS
	Deletion of the ATH1 gene improves the recovery after saline stress.
	Novel activities implicated in trehalose mobilization.
	A role for Nth2p in the mobilization of intracellular trehalose during salt stress recovery.
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Fig. 1. Growth recovery after saline stress in control MCY1264 and 
trehalase mutants. Cells from cultures in stationary phase were subjected to 
1.2 M NaCl during 3 hours. After stress, cells were transferred to fresh 
liquid YPD media and incubated with shaking at 30 ºC for 8.5 hours. 
Growth was measured as the OD600 increment with respect to the 
inoculated OD600 in recovery media. The data are given as the average and 
standard error of at least three independent experiments.
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Fig. 2. Trehalose mobilization after saline stress in the control strain and 
trehalase mutants. The cellular trehalose content was measured along the 
incubation in liquid YPD for 8.5 hours. The average and standard error 
correspond to at least three independent experiments.
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Fig. 3. Effect of NTH2 and AGT1 gene deletions on cell growth during 
recovery after saline treatment. (A) After 3 hours of saline stress, cells 
were transferred to fresh liquid YPD media and incubated with shaking at 
30 ºC for 5.5 hours. Growth was measured as the OD600 increment with 
respect to the inoculated OD600 in recovery media. The average and 
standard error correspond to at three independent experiments. (B) 
Growth recovery in solid media. Dilutions of MCY1264 and trehalase 
mutant strains were spotted on YPD plates after incubation for 3 hours in 
liquid YPD containing 1.2 M NaCl or without salt (control), and then 
incubated at 30 ºC for 25 hours. A representative result from two 
independent experiments is shown.   
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Fig. 4. Effect of NTH2 and AGT1 genes deletions in mobilization of the 
trehalose during recovery after saline treatment. The cellular trehalose content 
was measured along the incubation in liquid YPD for 5.5 hours. The average 
and standard error correspond to three independent experiments.
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