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Abstract 

Glucose repression and derepression play a central role in regulating carbon source utilization in yeasts. However, the 
strength and dynamics of this regulation differ markedly among yeast species. In this study, invertase regulation was 
examined under short- and long-term derepression in several non-conventional yeasts (Pichia farinosa, Pichia anomala, 
Pichia jadinii and Candida milleri). Saccharomyces cerevisiae was included as a reference yeast species. Yeast cells were 
first grown under fermentable and nonfermentable conditions to establish short-term and long-term derepressed 
metabolic states, and subsequently transferred to repressed (2% glucose) or derepressed (0.05% glucose) media prior 
to invertase activity measurements. Growth analysis revealed clear interspecies differences in metabolic performance. 
Non-conventional yeasts, particularly P. jadinii, maintained relatively high growth rates under both rich and minimal 
conditions. Invertase activity showed distinct regulatory patterns among species. S. cerevisiae displayed strong glucose-
dependent repression and robust induction under derepressed conditions, as expected. In contrast, P. farinosa exhibited 
no detectable invertase activity. P. anomala showed a transient increase in activity during short-term derepression, but 
this response was not sustained after long-term derepression. P. jadinii exhibited high and persistent invertase activity, 
especially following long-term derepression. C. milleri maintained elevated invertase activity under both repressed and 
derepressed conditions, indicating reduced sensitivity to glucose availability. Time-course experiments demonstrated 
that invertase regulation is highly dynamic and strongly influenced by prior growth conditions. Overall, these findings 
highlight the diversity of carbon regulation strategies in yeasts and emphasize the metabolic flexibility of non-
conventional yeast species.  
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yeasts 

1. Introduction

Carbon source availability is a central determinant of growth, metabolic organization, and gene expression in yeast. 
Glucose is preferentially utilized and supports rapid fermentative growth. When glucose is abundant, genes required 
for the utilization of alternative carbon sources are repressed, a regulatory phenomenon known as glucose repression 
or carbon-catabolite repression [1-3].  

In Saccharomyces cerevisiae, glucose repression is controlled by a well-characterized regulatory network that links 
carbon availability to transcriptional regulation. The Snf1 protein kinase, the yeast homolog of AMP-activated protein 
kinase (AMPK), plays a central role in this regulation process. Under glucose-rich conditions, Snf1 remains inactive, 
allowing the transcriptional repressor Mig1 to accumulate in the nucleus and repress target genes involved in 
alternative carbon metabolism, including SUC2, which encodes extracellular invertase [4,5]. Upon glucose depletion, 
Snf1 becomes activated, leading to phosphorylation-dependent nuclear export of Mig1 and relief of transcriptional 
repression [6,7].  
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Glucose-responsive transcription is further shaped by additional nutrient-sensing pathways. The cAMP-protein kinase 
A (PKA) pathway responds to extracellular glucose signals and promotes fermentative growth while repressing stress-
responsive gene expression [2,8,9]. In parallel, the target of rapamycin (TOR) pathway integrates carbon and nitrogen 
availability to regulate anabolic growth. Under nutrient-rich conditions, TOR signalling supports biosynthesis, whereas 
nutrient limitation results in TOR inhibition and activation of catabolic and stress-associated programs [10,11,12]. 
Together, these pathways coordinate growth and metabolism in response to nutrient status.  

Within this regulatory framework, invertase occupies a central position as a classical readout of glucose repression and 
derepression. Invertase hydrolyzes sucrose into glucose and fructose outside the cell, enabling subsequent uptake and 
metabolism. In S. cerevisiae, invertase synthesis is tightly regulated at the transcriptional level and responds sensitively 
to glucose availability. Low basal activity under glucose-replete conditions and strong induction upon glucose limitation 
are characteristic features of this system [13,14,15]. Because invertase is secreted and its activity can be readily 
quantified, SUC2 expression and invertase activity have been widely used as experimental markers for monitoring 
glucose repression dynamics. 

Glucose derepression can occur under different physiological contexts. Short-term derepression refers to the acute 
response following glucose depletion and involves rapid signalling and transcriptional changes mediated primarily by 
Snf1 activation and Mig1 relocalization [7]. Long-term derepression develops after prolonged growth on 
nonfermentable carbon sources and is associated with broader metabolic adjustments, including increased respiratory 
activity and changes in enzyme expression [4,16,17,18].  

Non-conventional yeast exhibit substantial diversity in carbon metabolism, regulatory sensitivity, and ecological 
adaptation. Comparative physiological and genomic studies indicate that while core components of glucose signalling 
pathways may be conserved, regulatory architectures and metabolic outputs differ among yeast species [19,20,21]. 
Pichia farinosa has primarily been investigated in relation to stress tolerance and alternative metabolic traits, whereas 
information on its glucose-responsive regulation of extracellular carbohydrases remains limited. Pichia anomala is 
known for its metabolic versatility and ability to utilize a broad range of carbon sources. Pichia jadinii (syn. Candida 
utilis) has been widely used as a model for respiratory metabolism and biomass production on nonfermentable 
substrates. Candida milleri (syn. Candida humilis) is frequently associated with sourdough and other mixed microbial 
ecosystems characterized by fluctuating sugar availability, where carbon utilization strategies differ from those 
observed under stable, glucose-rich laboratory conditions [19,22,23].   

In this study, invertase regulation under short-term and long-term derepression was examined in non-conventional 
yeast species and compared with the well-characterized S. cerevisiae model. By combining growth kinetics, invertase 
activity measurements, and time-course analyses, this approach allows direct comparison of glucose-responsive 
regulatory behavior across species and highlights differences in carbon-catabolite regulation beyond the S. cerevisiae 
framework. 

2. Materials and Methods 

2.1. Yeast strains  

The yeast strains used in this study included non-conventional yeasts Pichia farinosa (DGVPG-3626/CBS185), Pichia 
anomala (DBVPG-3511), Pichia jadinii (DBVPG-6160/CBS621), and Candida milleri (DBVPG-6754/CBS8195) which 
were obtained from the DBVPG yeast collection (University of Perugia, Italy). Saccharomyces cerevisiae (BY4741) strain 
used as the reference strain, was obtained from the EUROSCARF (European Saccharomyces cerevisiae Archive for 
Functional Analysis). All non-conventional yeast strains were wild type isolates. The genotype of S. cerevisiae strain 
used in this study is MATa, his3Δ1; leu2Δ0; met15Δ0; ura3Δ0. 

2.2. Growth conditions  

Yeast strains were grown in different media according to their nutritional requirements. Growth in rich YP medium (10 
g/L Yeast Extract and 20 g/L Bacto-Peptone) supplemented with either glucose (YPD) or 2% glycerol and 2% lactate 
(YPGL) was used for P. farinosa P. anomala, and S. cerevisiae. In contrast, P. jadinii and C. milleri were grown in MP 
medium (5 g/L Malt Extract and 20 g/L Bacto-Peptone) supplemented with the same carbon sources as described 
previously [24]. Cultures were incubated with constant shaking (250 rpm) at 30°C. 

For short-term derepression (STD), yeast species were grown in rich medium (YP or MP) containing 2% glucose, 
whereas for long-term derepression cells were grown in rich medium supplemented with 2% glycerol and 2% lactate, 
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both until mid-logarithmic phase (OD600~0.5-0.6). Cultures were then divided into two portions, harvested, washed and 
resuspended in fresh medium containing either 2% glucose (repressed) or 0.05% glucose (derepressed). Cells were 
subsequently incubated for an additional 3 h under the same growth conditions prior to enzyme activity determination.  

For minimal growth conditions, non-conventional yeast species were grown in nitrogen base medium (YNB) (1.6 g/L 
Yeast Nitrogen Base and 5.0 g/L NH4)2SO4) containing either glucose (YNBD) and glycerol-lactate (YNBGL). S. cerevisiae 
yeast cells were grown in YNB medium supplemented with appropriate amino acids (0.02 g/L histidine, 0.06 g/L 
leucine, 0.02 g/L methionine, and 0.02 g/L uracil), and  with appropriate fermentable (glucose) and nonfermentable 
(glycerol-lactate) carbon sources.  

2.3. Growth characteristics: Doubling time and specific growth rates 

Growth characteristics were determined by growing yeast strains in YP, MP, or YNB media supplemented with either 
fermentable or nonfermentable carbon sources at the same conditions up to stationary phase. During the growth period, 
OD600 was measured at 30 min time intervals, growth curves were generated for calculating  doubling times (Td) and 
specific growth rates (µ). Mean doubling times were calculated from three independent experiments for each strain and 
condition.  

2.4. Invertase enzyme assay and time-course analysis 

Secreted invertase activity was determined using whole yeast cells with a previously described protocol [25]. Yeast cells 
were grown to logarithmic phase (OD600~0.5-0.6) in rich media supplemented with fermentable (2% glucose) and 
nonfermentable (2% glycerol and 2% lactate) carbon sources. Yeast cells were harvested, washed and transferred to 
repressed and derepressed conditions and incubated for 3 h. Then, they were harvested, washed, and resuspended in 
200 µL sodium acetate buffer containing 2 mM PMSF (50 mM, pH 5.0). Aliquot of cell suspension was incubated with 
sucrose (200 mM) for 15 min at 37°C.  The reaction was terminated by adding 50 µL of 1M Tris-HCl (pH 8.8), and 
released glucose was quantified enzymatically using the glucose oxidase-peroxidase system using a commercial kit 
(Fluitest®- GLU, Biocon, Germany). Invertase activity was expressed as units, defined as µmol of glucose released per 
minute per 100 mg dry weight of yeast cells.  

For time-course experiments, logarithmically growing cells were transferred to fresh repressed and derepressed media 
containing either fermentable or nonfermentable carbon sources. Invertase activity was then measured at 1 h time 
intervals from logarithmic growth to stationary phase.  

2.5. Effects of temperature and pH on invertase activity 

To evaluate the effect of temperature, logarithmically growing yeast cells were harvested, washed, and resuspended in 
repressed and derepressed media. Cultures were incubated for 3 hours at 25°C, 30°C, 37°C, and 42°C with constant 
shaking, and invertase activity was subsequently determined as described above. To assess the effect of pH, repressed 
and derepressed cultures were prepared in the same manner and divided into aliquots. The pH of each aliquot was 
adjusted to 4.0, 5.0, 6.0, 7.0, or 8.0 using 1 M HCl or 1 M NaOH. Cultures were incubated for 3 hours at 30°C and invertase 
activity was determined. 

2.6. Statistical analysis 

All experiments were performed at least three independent biological replicates. Data are presented as mean ± standard 
deviation (SD). 

3. Results  

3.1. Growth kinetics of yeast species  

To enable a quantitative comparison of growth performance among yeast species, growth kinetics evaluated under 
defined nutritional conditions using fermentable (glucose) and nonfermentable (glycerol-lactate) carbon sources. 
Doubling times (Td) were determined during logarithmic growth and specific growth rates (µ) were calculated to allow 
direct comparison of growth efficiency across species and media (Table 1). P. farinosa displayed relatively uniform 
growth across all tested conditions, with doubling time increasing from rich medium (176 min) to nonfermentable and 
minimal condition (up to 291 min). Correspondingly, specific growth rates gradually declined from 3.95×10-3 to 
2.38×10-3 min-1 with increasing nutritional restriction. P. anomala exhibited consistently rapid growth, with short 
doubling times in rich medium (up to 113 min) and moderate increases under minimal conditions (132 min in glucose 
and 161 min in glycerol-lactate). Specific growth rates remained relatively high (>4.0×10-3 min-1) across all conditions. 
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Among the tested species, P. jadinii showed the highest growth efficiency. Doubling times were low in rich medium (102 
min and 129 min), and growth in minimal medium was even faster (80 min), corresponding to the highest specific 
growth rate value observed (>4.0×10-3 min-1). The reference strain S. cerevisiae grew rapidly in rich medium (113 min) 
as expected but pronounced growth impairment on nonfermentable carbon sources and under minimal condition, with 
doubling times exceeding 460 min and specific growth rate value below 2.0×10-3 min-1.  

Overall, comparison of doubling times and specific growth rates revealed substantial interspecies variation in growth 
efficiency. Non-conventional yeast, particularly P. jadinii and P. anomala, maintained higher growth rates across diverse 
nutritional conditions, whereas C. milleri showed pronounced reduction in growth efficiency under minimal and 
nonfermentable conditions like S. cerevisiae.  

Table 1 Specific growth rate (µ) of yeast species under different media and carbon sources 

Yeast species Rich medium Minimal Medium 

Fermentable Nonfermentable Fermentable Nonfermentable 

P. farinosa 3.95×10-3 3.14×10-3 2.71×10-3 2.38×10-3 

P. anomala 6.66×10-3 6.16×10-3 5.23×10-3 4.31×10-3 

P. jadinii 6.78×10-3 5.39×10-3 8.62×10-3 4.62×10-3 

C. milleri 4.29×10-3 3.43×10-3 2.65×10-3 1.03×10-3 

S. cerevisiae 6.15×10-3 2.57×10-3 1.51×10-3 1.27×10-3 

3.2. Carbon source-dependent invertase activity in yeast species  

To distinguish immediate glucose-dependent regulation of invertase activity from longer-term metabolic adaptation 
and evaluate species-specific differences in carbon catabolite regulation, invertase activities were analysed under both 
short-term and long-term derepression conditions. Short-term derepression (STD) was defined as the acute response 
following transfer from glucose-rich to glucose-limited conditions, whereas long-term derepression (LTD) reflected 
metabolic adaptation after growth on nonfermentable carbon sources. For STD, cells were initially grown under 
repressed conditions (2% glucose) and then transferred to derepressed conditions (0.05% glucose). In contrast, for 
LTD, they were grown on nonfermentable carbon sources (2% glycerol and 2% lactate), representing a transcriptionally 
and metabolically derepressed state, and subsequently transferred to repressed or derepressed conditions.  

As a well-characterized yeast species in which glucose repression and derepression are extensively studied, S. cerevisiae 
was included as a reference strain to validate the experimental conditions and to provide a benchmark for comparison 
with non-conventional yeast species. Invertase activity in S. cerevisiae showed a clear and pronounced response to 
glucose derepression under both STD and LTD conditions (Figure 1). Under STD, repressed cells exhibited only very 
low basal invertase activity, whereas derepressed cells displayed a strong induction, reaching 1041 units. This 
difference was further amplified under LTD, where invertase activity increased around 2356 units in derepressed 
cultures, while repressed cells remained at comparatively low activity levels. The distinct separation between repressed 
and derepressed conditions demonstrates robust glucose-dependent regulation of invertase in S. cerevisiae and 
supports its use as a reference strain for comparison with non-conventional yeast species.  

In P. farinosa, invertase activity remained extremely low under both repressed and derepressed conditions, and no 
consistent induction was detected under either STD or LTD (Figure 2). In clear contrast to the strong derepression-
dependent induction observed in S. cerevisiae, invertase does not appear to contribute to carbon source utilization in 
this yeast species.  
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Figure 1 Invertase activity of S. cerevisiae under short-term and long-term derepression conditions. Invertase activity 
was expressed as units (µmol glucose/minute/100 mg dry weight of yeast cells) 

 

 

Figure 2 Invertase activity of P. farinosa under short-term and long-term derepression conditions. Invertase activity 
was expressed as units (µmol glucose/minute/100 mg dry weight of yeast cells) 

Invertase activity in P. anomala exhibited a clear but condition-dependent response to glucose derepression (Figure 3). 
Under STD, derepressed cells showed a pronounced increase in invertase activity, reaching 404 units, whereas 
repressed cells displayed only low basal activity. In contrast, this induction was not maintained under LTD, where 
invertase activity remained low following growth on nonfermentable carbon sources, even after transfer to derepressed 
conditions. These results indicate that P. anomala is capable of a rapid and transient invertase response upon acute 
glucose depletion but displays a delayed or limited reactivation of invertase synthesis following prolonged growth on 
nonfermentable substrates. Compared to S. cerevisiae, the invertase response in P. anomala appears weaker and more 
dependent on the metabolic history of the cells.  
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Figure 3 Invertase activity of P. anomala under short-term and long-term derepression conditions. Invertase activity 
was expressed as units (µmol glucose/minute/100 mg dry weight of yeast cells) 

Invertase activity in P. jadinii showed a strong and sustained response to glucose derepression under both STD and LTD 
(Figure 4). Under STD, derepressed cells displayed a clear increase in activity compared to repressed cells, with activity 
levels rising from 486 to over 1100 units. This response became markedly more pronounced under LTD, where 
invertase activity reached 6010 units in derepressed cultures, while repressed cells also exhibited substantial but lower 
activity levels (3585 units). The magnitude of induction under LTD indicates that P. jadinii not only responds rapidly to 
glucose depletion but is also capable of maintaining high invertase activity during prolonged growth under derepressed 
conditions. In comparison to S. cerevisiae, P. jadinii exhibited similarly strong derepression-dependent regulation, with 
even higher absolute activity levels under LTD.  

 

Figure 4 Invertase activity of P. jadinii under short-term and long-term derepression glucose repression and 
derepression conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast 

cells) 

Invertase activity in C. milleri was detected under both repressed and derepressed conditions, but the overall response 
to glucose derepression was less pronounced than that observed in some other yeast species (Figure 5). Under STD, 
derepressed cells exhibited higher invertase activity compared to repressed cells, increasing from 1472 to 3066 units. 
However, this difference was not maintained under LTD, where invertase activities in repressed and derepressed 
cultures were comparable, remaining close to 3000 units. In contrast to the strong and sustained derepression-
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dependent induction observed in S. cerevisiae and P. jadinii, C. milleri displays a more limited and condition-dependent 
regulation of invertase activity.  

Taken together, these results demonstrate marked interspecies differences in invertase regulation. While P. anomala 
exhibits a clear but transient invertase induction under short-term derepression, resembling an acute glucose-
responsive behaviour, it fails to sustain this response after long-term growth on nonfermentable carbon sources, in 
contrast to the tightly regulated and persistent derepression observed in S. cerevisiae. In comparison, P. jadinii and C. 
milleri maintain high invertase activity across both repressed and derepressed conditions, indicating reduced 
sensitivity to glucose availability.  

 

Figure 5 Invertase activity of C. milleri under short-term and long-term derepression glucose repression and 
derepression conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast 

cells) 

3.3. Time-course analysis of invertase activity under STD and LTD  

To examine the temporal dynamics of invertase activity and to determine whether short-term or long-term 
derepression triggers rapid or sustained changes in enzyme levels, invertase activities were monitored over time under 
repressed and derepressed conditions in non-conventional yeast species. Although invertase activity was not detectable 
in P. farinosa during the initial 3 h incubation period, this species was included in the time-course analyses to assess the 
possibility of a delayed or low-level invertase activity at later time points. 

Under short-term derepression while cells were maintained under repressed conditions, invertase activity exhibited 
distinct species-specific patterns over the 10 h time-course (Figure 6). S. cerevisiae maintained very low invertase 
activity throughout the experiment, consistent with strong glucose repression. Similarly, P. farinosa and P. anomala 
showed only minimal activity with no pronounced temporal changes. In contrast, P. jadinii displayed high invertase 
activity (3105 units) at the onset of the experiment, which declined rapidly within the first 2-3 h and subsequently 
stabilized at low levels. C. milleri exhibited moderate invertase activity under repressed conditions, with gradual 
increase during the first half of the time-course followed by a slight decline at later time intervals.  
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Figure 6 Time-course invertase activity under short-term derepression while cells were maintained under repressed 
conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast cells) 

Under STD in glucose-limited conditions (0.05% glucose), invertase activity exhibited pronounced and species-specific 
temporal patterns (Figure 7). As expected, S. cerevisiae showed a rapid induction of invertase activity, reaching maximal 
levels (1395 units) within the first 4-5 h, followed by a gradual stabilization at later time points. P. farinosa displayed 
no invertase activity throughout the time-course. P. anomala showed a modest and delayed increase in invertase 
activity, peaking at intermediate time points before declining slightly toward the end of the experiment. Notably, P. 
jadinii exhibited high initial invertase activity (4129 units) that progressively decreased over time, suggesting rapid 
activation followed by downregulation under prolonged derepressed conditions. In comparison, C. milleri displayed a 
strong and sustained induction of invertase activity, with activity levels steadily increasing throughout the time-course 
and reaching the highest value (5246 units) among the non-conventional yeast species.  

Under long-term derepression followed by exposure to repressed condition, invertase activity profiles differed 
markedly among the yeast species over time-course (Figure 8). S. cerevisiae did not immediately adapt to repress 
conditions following long-term derepression, as reflected by sustained invertase activity during early hours, followed 
by a marked decrease after 6 h. Similarly, P. anomala exhibited negligible enzyme activity at all time points, indicating 
strong repression and limited residual enzyme expression. In contrast, P. jadinii displayed very high invertase activity 
(7010 units) at the onset of the experiment, which declined sharply within the first 3-4 h (2090 units at 4 h) and 
subsequently stabilized at lower levels, suggesting incomplete or delayed repression following long-term growth on 
nonfermentable carbon sources. C. milleri showed sustained and relatively high invertase activity under repressed 
conditions, suggesting reduced sensitivity to glucose-mediated repression rather than delayed repression alone. P. 
farinosa again exhibited no invertase activity across the entire time-course.  
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Figure 7 Time-course invertase activity under short-term derepression while cells were maintained under 
derepressed conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast 

cells) 

Under long-term derepression followed by incubation under derepressed conditions, invertase activity displayed 
pronounced and sustained species-specific patterns over time (Figure 9). S. cerevisiae maintained moderately high 
invertase activity throughout the experiment, with only minor fluctuations, indicating effective re-induction of invertase 
synthesis after prolonged growth on nonfermentable carbon sources. In contrast, P. anomala and P. farinosa showed no 
invertase activity at all time points. P. jadinii exhibited very high enzyme activity at early time points (around 8000 
units) which gradually declined over the course of the experiment but remained substantially elevated compared to 
most other species. Notably, C. milleri showed a strong and dynamic response, with invertase activity increasing sharply 
to a pronounced peak at intermediate time points (7869 units at 6 h) before gradually decreasing at later stages.  

 

Figure 8 Time-course invertase activity under long-term derepression while cells were maintained under repressed 
conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast cells) 
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Figure 9 Time-course invertase activity under long-term derepression while cells were maintained under 
derepressed conditions. Invertase activity was expressed as units (µmol glucose/minute/100 mg dry weight of yeast 

cells) 

Overall, the time-course analyses reveal marked species-specific differences in both the kinetics and magnitude of 
invertase regulation in response to glucose availability. Whereas S. cerevisiae exhibits rapid and tightly controlled 
repression-derepression dynamics, non-conventional yeast species display more diverse and often delayed responses, 
highlighting distinct regulatory strategies underlying carbon source adaptation.  

4. Discussion  

Glucose repression and derepression provide a well-established framework for assessing how yeast cells regulate the 
utilization of alternative carbon sources. In this study repression-derepression analyses were applied to distinguish 
between rapid regulatory responses to glucose limitation (short-term derepression) and longer-term metabolic 
adaptation following growth on nonfermentable carbon sources (long-term derepression). Using the canonical S. 
cerevisiae model as a reference, this approach enabled direct comparison of the regulatory capacity, kinetics, and 
sensitivity of invertase regulation among non-conventional yeast species.  

Differences in specific growth rates among the yeast species examined in this study provide an essential basis for 
understanding their carbon utilization strategies. As an integrative physiological parameter, specific growth rate 
reflects the efficiency of carbon uptake, respiratory capacity, and metabolic regulation. S. cerevisiae showed high growth 
rates on fermentable carbon sources but a marked decline under nonfermentable and minimal conditions. This pattern 
is consistent with its strong dependence on fermentative metabolism and tight glucose repression, which limits 
respiratory growth when glucose availability is reduced [16,26,27].  

In contrast, non-conventional yeast such as P. anomala  and P. jadinii maintained relatively high growth rate across both 
fermentable and nonfermentable conditions, including minimal media. This indicates a greater metabolic flexibility and 
an enhanced ability to support respiratory growth. Recent studies have shown that many non-Saccharomyces yeasts 
possess increased mitochondrial activity and reduced sensitivity to glucose triggered repression, allowing sustained 
growth under carbon-limited or fluctuating environments [19,28,29]. The high growth efficiency of P. jadinii observed 
here is in agreement with these findings and suggests that its growth is less constrained by carbon source identity. 
Notably, C. milleri exhibited a pronounced reduction in growth rate under nonfermentable and minimal conditions 
despite maintaining high invertase activity. This indicates that elevated extracellular enzyme activity alone does not 
guarantee efficient growth and highlights the importance of downstream metabolic integration and energy generation. 
Similar uncoupling between enzyme activity and growth efficiency has been reported in other yeast species, where 
carbon catabolite regulation is often linked to stress adaptation rather than optimization of growth rate [30,31]. These 
observations suggest that growth rate and enzyme regulation represent partially independent traits shaped by species-
specific metabolic priorities.  

Invertase regulation in S. cerevisiae followed the well-established model of strict glucose repression and derepression. 
Low basal activity under repressed conditions and strong induction upon glucose limitation, particularly after long-
term derepression, reflect tight transcriptional control of SUC2 via Snf1-Mig1 signalling pathway [5,14,15]. The 
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enhanced activity observed following prolonged growth on nonfermentable carbon sources is consistent with previous 
reports linking derepressed metabolic states to sustained transcriptional activation [4,8]. 

In non-conventional yeasts, invertase regulation was more variable and species-specific. P. farinosa showed no 
detectable invertase activity under any condition, suggesting that sucrose utilization is either absent or mediated 
through alternative pathways. The ability to utilize sucrose and the level of extracellular invertase activity vary widely 
among yeast species, indicating that sucrose metabolism is not universally conserved across yeasts. P. anomala 
displayed a transient invertase induction under short-term derepression but failed to sustain activity after long-term 
growth on nonfermentable carbon sources, indicating limited long-term maintenance of derepressed states. The 
variable derepression patterns observed in Pichia species suggest the glucose-dependent regulation differs in 
magnitude and timing across species, without implying a conserved underlying signalling pathway [25].  

Among the species examined, P. jadinii exhibited the strongest and most persistent invertase activity, particularly under 
long-term derepression, exceeding that observed in S. cerevisiae. High basal activity following growth on 
nonfermentable carbon sources and delayed repression upon glucose re-addition suggest reduced sensitivity to 
glucose-mediated repression. Such regulatory behaviour is characteristic of yeasts adapted to nutrient-poor or variable 
environments, where sustained expression of carbohydrate-degrading enzymes provides a selective advantage [26,32]. 
The parallel observation of high invertase activity and high growth rates further supports an integrated strategy linking 
carbon acquisition to growth efficiency in this species.   

The other non-conventional yeast, C. milleri, maintained relatively high invertase activity under both repressed and 
derepressed conditions, with limited discrimination between glucose availability states. This attenuated repression 
response contrasts with the strict control observed in S. cerevisiae and suggest the glucose repression in C. milleri 
operates through relaxed or alternative regulatory mechanisms. Glucose-responsive regulation in Candida (including 
glucose repression mediated by Mig proteins) shows distinctive features and is tuned to host-relevant sugar levels, 
supporting metabolic flexibility and niche adaptation rather than simply maximizing growth on glucose. In contrast, 
glucose repression is not uniformly attenuated across the genus Candida. In Candida albicans, glucose repression is 
mediated by Mig-family repressors, and genetic evidence supports a functional Snf1-Mig circuit in controlling glucose-
responsive transcription [33]. Moreover, classical reviews of yeast carbon catabolite repression describe glucose-
dependent repression of sugar utilization systems in C. albicans, indicating that strict repression can occur in at least 
some Candida lineages [1,34,35]. Therefore, the sustained invertase activity observed in C. milleri under both repressed 
and derepressed conditions in our experiments likely reflects species-specific regulatory wiring rather than a genus-
wide trait. Considering that C. milleri (syn. Candida humilis) is frequently associated with sourdough ecosystems, where 
sugar availability fluctuates and co-metabolism with lactic acid bacteria is common, relaxed repression or incomplete 
downregulation of extracellular carbohydrase activity could be advantageous in this niche [22].  

Time-course analyses further demonstrate that invertase regulation is highly dynamic and dependent on metabolic 
history. While S. cerevisiae showed rapid induction and repression consistent with tight regulatory control, non-
conventional yeasts frequently exhibited delayed or sustained activity profiles. These differences likely reflect variation 
in transcriptional control, enzyme stability, and post-translational regulation. Overall, the combined analyses of growth 
kinetics and invertase activity indicates that carbon catabolite regulation in yeasts spans a continuum of strategies 
rather than single conserved. 

5. Conclusion 

This study demonstrates that yeast species differ markedly in their growth behavior and invertase regulation in 
response to carbon source availability and environmental conditions. Non-conventional yeast, particularly P. jadinii and 
C. milleri, exhibited greater metabolic flexibility, maintaining robust growth and sustained invertase activity under 
minimal, nonfermentable, and environmentally variable conditions. In contrast, P. anomala, like S. cerevisiae, displayed 
tighter glucose-dependent regulation, characterized by strong repression of invertase activity under high-glucose 
conditions and pronounced sensitivity to nutrient limitation. Time-course analysis further revealed that the dynamics 
of derepression and persistence of enzyme activity are species-specific and influenced by prior carbon source history. 
Together, these findings highlight the diversity of regulatory strategies governing carbon utilization in yeasts.  
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