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The polyextremophilic red microalga Galdieria sulphuraria represents a promising platform for waste-to-biomass bioprocesses, as it can grow heterotrophically under acidic and thermophilic conditions that intrinsically limit microbial contamination. However, quantitative data on the combined effects of temperature and pH under continuous heterotrophic operation remain scarce. In this work, G. sulphuraria SAG 21.92 was cultivated heterotrophically in laboratory-scale chemostats operated as CSTRs and fed with a glucose-based medium. Steady-state experiments were performed by varying temperature (30–55 °C) and inlet medium pH (1–5) at fixed residence time (2 d) and inlet organic carbon concentration (6 gC L⁻¹). Biomass concentration and productivity were determined from dry-weight measurements, while carbon-based mass balances quantified respiratory carbon losses. A broad thermal optimum was observed between 35 and 45 °C, with biomass productivities up to 3.0 gX L⁻¹ d⁻¹. Inlet pH acted as an effective control handle for environmental pH, which decreased at steady state due to biological acidification. When analysed as a function of environmental pH, biomass productivity showed a narrow optimum around pH 1.9, corresponding to maximum biomass concentrations (7.7 gX L⁻¹) and minimised respiratory carbon losses. Overall, these results identify favourable operating windows for maximising growth performance and carbon use efficiency, providing quantitative guidelines for process optimisation and scale-up.
Introduction
The valorisation of organic side streams through microbial bioprocesses is receiving increasing attention as a strategy to improve resource efficiency and reduce the environmental footprint of food and agro-industrial systems. Within this context, microalgae represent a versatile platform for the conversion of organic carbon into valuable biomass, combining high growth efficiencies with the possibility of operating under tightly controlled conditions (Craggs et al., 2012). While photoautotrophic cultivation remains the most established approach, heterotrophic microalgal processes offer distinct advantages from an engineering standpoint, as biomass production becomes independent of light availability and can be intensified through respiratory metabolism supported by organic substrates (Perez-Garcia et al., 2011). Moreover, heterotrophic growth typically leads to a strong reduction of photosynthetic pigments, yielding a biomass that is considered more suitable for food applications due to its higher consumer acceptability (Becker, 2007). However, the industrial deployment of heterotrophic microalgal cultivation is often hindered by microbial contamination, especially when non-sterile feedstocks are processed at large scale, compromising culture stability and long-term continuous operation (Day et al., 2017). In this respect, extremophilic microalgae provide a unique opportunity, as their ability to grow under acidic and thermophilic conditions creates an intrinsic selective pressure against competing microorganisms. The red microalga Galdieria sulphuraria is a representative example of this class, combining metabolic versatility with tolerance to low pH and elevated temperatures. These characteristics enable stable heterotrophic cultivation on organic carbon sources while maintaining conditions that are unfavourable for most contaminants (Pleissner et al., 2025). From a process perspective, continuous cultivation offers a particularly suitable framework to assess and optimise heterotrophic microalgal systems. By operating at steady state, continuous reactors allow the direct linkage between operating conditions and measurable performance indicators, such as biomass productivity, substrate conversion efficiency and carbon allocation patterns (Bertucco et al., 2014). Despite this potential, most of the studies on G. sulphuraria heterotrophic growth have been conducted in batch or semi-batch mode, primarily addressing substrate utilisation or trophic versatility. Therefore, quantitative data describing steady-state performance under continuous operation remain scarce. Among the operational variables governing heterotrophic cultivation, temperature and pH play a pivotal role, as they directly influence metabolic rates, maintenance requirements and respiratory carbon losses. In addition, under heterotrophic conditions, respiratory CO₂ release can induce significant acidification of the culture broth, decoupling the environmental pH from the inlet medium pH and introducing further complexity in process control. The present study addresses this gap by experimentally investigating the steady-state heterotrophic growth of Galdieria sulphuraria in laboratory-scale continuous reactors under controlled temperature and inlet pH conditions, quantifying biomass productivity, carbon utilisation and respiratory losses through dry weight (DW) measurements and carbon-based mass balances to identify favourable operating windows.
Materials and methods
Species and cultivation conditions
Galdieria sulphuraria SAG 21.92 (Culture Collection of Algae at Göttingen University) was maintained under sterile conditions in Modified Allen Medium (MAM) in 250 mL flasks, at 30 °C and under an incident light intensity of 75 µmol m⁻² s⁻¹, measured using a photoradiometer (HD 2102.1, Delta OHM). The medium formulation ensured non-limiting nutrient conditions throughout culture maintenance. Heterotrophic acclimation was performed in 250 mL Drechsel bottles operated in darkness and continuously aerated with atmospheric air at a constant flow rate of 1 L h⁻¹. To induce heterotrophic growth, the autotrophic MAM was supplemented with glucose at a concentration of 15 g L⁻¹, corresponding to 6 gC L⁻¹. Glucose was selected as a model organic substrate to represent readily assimilable carbohydrates commonly present in food-derived waste streams, while ensuring high reproducibility of the experimental conditions. For species maintenance and acclimation, the medium pH was adjusted to 2.0 using concentrated H₂SO₄ (95–98 %), in accordance with the acidophilic nature of the species. The pH was then varied according to the experimental plan (section 1.2).
Experimental conditions
Heterotrophic cultivation experiments were carried out in 235 mL laboratory-scale chemostat reactors operated under continuous conditions. Fresh sterile medium was continuously supplied to the reactor at a controlled volumetric flow rate to impose the desired biomass residence time (τ). The reactor working volume was maintained constant by an overflow stream, resulting in an outlet flow rate equal to the inlet value. Aeration was provided through internal sparging with 1 L h-1 atmospheric air, and magnetic stirring ensured complete mixing and homogeneous culture conditions. Under these assumptions, the reactor system was approximated as a continuously stirred tank reactor (CSTR). Continuous heterotrophic cultivation was investigated following a one-factor-at-a-time (OFAT) approach, in which temperature and inlet medium pH were systematically varied while all other operating conditions were kept fixed, as reported in Table 1. This approach was selected to isolate the steady-state effect of each variable while keeping the experimental campaign manageable.
Table 1: Tested operating variables levels for heterotrophic OFAT experimental campaigns.
	Temperature effect experiments

	Residence time 
[d]
	Inlet medium glucose concentration [eq. gC L-1]
	Temperature 
[°C]
	Inlet medium pH 
[-]

	2.0
	6.0
	30
	2.0

	
	
	35
	

	
	
	45
	

	
	
	50
	

	
	
	55
	

	Inlet medium pH effect experiments

	Residence time 
[d]
	Inlet medium glucose concentration [eq. gC L-1]
	Temperature 
[°C]
	Inlet medium pH 
[-]

	2.0
	6.0
	45
	1.0

	
	
	
	2.0

	
	
	
	3.0

	
	
	
	5.0


Culture monitoring and analytical methods
Culture performance under all tested operating conditions was monitored through combined optical, gravimetric and carbon-based analyses. Optical density (OD) was measured at 750 nm using a double-beam UV–visible spectrophotometer (UV-1900, Shimadzu, Japan) and used as a rapid indicator of culture evolution. Quantitative biomass concentration was determined by dry weight (DW) analysis. Briefly, a known sample volume was vacuum filtered through pre-dried 0.2 µm nitrocellulose filters, conditioned at 105 °C and weighed to determine the tare mass. After filtration and drying at 105 °C for 2 h, biomass concentration (CX) was obtained from the net mass increase normalised to the filtered volume. The corresponding biomass productivity (PX) under steady-state conditions was determined according to Eq(1).
	PX = CX/τ
	(1)


Total organic carbon (TOC) measurements were performed to establish a carbon-based description of heterotrophic metabolism and carbon allocation. Samples were collected at steady state from the inlet medium (IN), the reactor broth (R), and the filtrate obtained during the DW determination (OUT). TOC concentration was analysed using a TOC analyser (TOC-LCPH, Shimadzu, Japan). Under steady-state conditions, differences between TOC concentrations measured at different locations of the system were used to resolve the partitioning of organic carbon between respiratory losses and biomass formation. In particular, the decrease in TOC concentration from the inlet medium (TOCIN) to the reactor broth (TOCR) represents the fraction of organic carbon removed from the liquid phase because of metabolic activity and is attributed to carbon oxidised to CO2 through respiration. Conversely, the difference between the TOC measured in the reactor broth and the value of the clarified filtrate (TOCOUT) corresponds to particulate organic carbon retained during filtration and is therefore associated with carbon incorporated into biomass. Based on these measurements, biomass-specific organic carbon consumption yields were defined. The biomass-specific organic carbon yield associated with respiration (YC/X,resp) representing carbon dissipated as CO₂, was calculated as in Eq(2):
	YC/X,resp = (TOCIN - TOCR)/CX
	(2)


Then, the biomass-specific organic carbon yield associated with biomass growth (YC/X,growth), corresponding to carbon incorporated into particulate biomass, was determined as:
	YC/X,growth = (TOCR - TOCOUT)/CX
	(3)


Specifically for the inlet pH experimental campaign, environmental pH was measured on the reactor broth after steady state had been reached. The values reported in Table 3 correspond to the average steady-state pH measured under each operating condition, while variability is expressed as standard deviation.
Results and discussion
Effect of temperature
Due to the species thermophilicity, the effect of environmental temperature was investigated in an OFAT campaign on continuous heterotrophic cultivation of the microalga. Table 2 reports the experimental evidence collected on five different tested levels within the 30-55 °C range.
Table 2: Experimental outputs on Galdieria sulphuraria heterotrophic continuous growth at different temperature levels. Errors represent standard deviations. Letters refer to the statistical analysis on measured experimental outputs. Data that do not share a letter are statistically different.
	Temperature [°C]
	CX [gX L-1]
	TOCOUT [gC L-1]

	30
	4.973 ± 1.017a
	3.771 ± 0.705A

	35
	5.860 ± 0.087a
	1.183 ± 0.275B

	45
	5.673 ± 0.369a
	1.970 ± 0.425B

	50
	3.037 ± 0.360b
	1.617 ± 0.175B

	55
	1.603 ± 0.067c
	5.510 ± 0.505C


Although the results show a broad optimal temperature range, 45 °C was selected as the operating temperature for the OFAT campaign on medium pH effect, as it falls within the optimal growth window reported for Galdieria sulphuraria, typically between 40 and 45 °C (Sloth et al., 2006). From a process engineering standpoint, the ability of this species to maintain high heterotrophic growth performance at elevated temperatures represents a relevant advantage, as it may reduce cooling requirements in fermentative systems and improve intrinsic selectivity against contaminants.
Effect of inlet medium pH
The acidophilic trait of this microalga is well established in the literature, as it is reported to withstand environmental pH in the 1-4 range, as highlighted by Sloth et al. (2006). However, no studies quantified the species growth capabilities across different acidic pH levels. According to the rationale in Table 1, heterotrophic growth performances of Galdieria sulphuraria were assessed by modulating medium inlet pH at different levels and assessing steady state biomass productivities as well as yield metrics on organic carbon consumption. Additionally for this specific experimental campaign, also steady-state environmental pH values were collected. The results are presented in Table 3.
Table 3: Experimental outputs on Galdieria sulphuraria heterotrophic continuous growth at different medium pH levels. Letters and symbols refer to the statistical analysis on measured experimental outputs, with different sets according to the type of output under assessment. Data that do not share a letter or symbol within the same set are statistically different.
	Medium inlet pH [-]
	Environment pH [-]
	CX [gX L-1]
	YC/X,growth [gC gX-1]
	 YC/X,resp [gC gX-1]

	1.0
	0.748 ± 0.063A
	3.217 ± 0.090a
	0.530 ± 0.140α
	0.176 ± 0.084*

	2.0
	1.773 ± 0.019B
	5.673 ± 0.369b
	0.478 ± 0.055α
	0.150 ± 0.061*

	3.0
	1.935 ± 0.030C
	7.658 ± 0.498c
	0.450 ± 0.020α
	0.011 ± 0.010**

	5.0
	2.068 ± 0.083D
	5.413 ± 0.293b
	0.432 ± 0.004α
	0.077 ± 0.031***



As observed for all tested conditions, the measured environmental pH resulted to be significantly lower from the starting ones, with the trend clearly shown in Figure 1. Additionally, as the nominally expected environment pH values increase monotonically with the inlet ones, also the actual pH seems to follow a similar pattern. This can be attributed to both biological and physical phenomena occurring within the cultivation environment. Firstly, since the species is cultivated heterotrophically, the exploited metabolism involves the release of CO2 with organic carbon assimilation in the culture environment, as reported in the review by Perez-Garcia et al. (2011). Then, part of this released CO2 can solubilise into the system according to the equilibrium reaction in Eq(4), providing the further acidification of the environment due to the release of free protons.
	CO2 + H2O ↔ H2CO3 ↔ H+ + HCO3-
	   (4)


As extensively discussed by Zeebe and Wolf-Gladrow (2001), the different extent of pH decrease observed at increasing inlet pH values can be attributed to the logarithmic nature of the pH scale, which results in a non-linear acidification response at low proton concentrations. At very low values, increasingly larger amounts of protons are required to achieve the same pH change, resulting in the non-linear acidification response that can be appreciated in Figure 1. For the rest of this section, the results discussion will be done with respect to the experimental environment pH levels collected.
 [image: ]
Figure 1: Comparison between expected and measured environment pH values for each tested medium inlet pH levels. Letters refer to the statistical analysis on measured environment pH values. Data that do not share a letter are statistically different.
The trends for the abovementioned experimental outputs collected are presented in Figure 2. Starting from the biomass concentration trend, the discussion is analogous to temperature dependency on growth: away from the optimal range growth performances are reduced, resulting in a bell-shaped curve (Hata et al., 2001). In this specific case, the optimal region appears to be quite narrow, i.e. around 1.9, with even slight variations in pH, such as ±7 % approximately, inducing cultivation performance drops by also -26 %. Nevertheless, within the tested pH range, all the experiments reported satisfying cultivation outcomes, confirming once more the species capability to thrive in acidic environments. From the TOC analyses some considerations can be also proposed on derived yield metrics. As expected, data on the amount of carbon within biomass, i.e. YC/X,growth, are not influenced by the varying cultivation environment, as it stabilises at a constant average value of 47 %. This value aligns with the elemental composition of microalgal biomass, with almost 50 % of it being carbon (Lage and Gentili, 2023). Differently, the respiratory carbon yield YC/X,resp appears to be influenced by the surroundings. Indeed, it exhibits higher values at low environmental pH, followed by a decrease near the optimal productivity range. Although data variability prevented a clear statistical resolution across all conditions, this trend suggests increased maintenance requirements under more acidic conditions, associated with an increased stress induction to the cells (Van Bodegom, 2007). Across all heterotrophic conditions investigated in this study, the harvested biomass qualitatively appeared weakly pigmented, consistent with the expected reduction in photosynthetic pigmentation under dark heterotrophic growth (data not shown).
 [image: ]
Figure 2: Experimental trends on organic carbon yields (a) and biomass concentrations (b) for heterotrophic Galdieria sulphuraria continuous cultivation on different environment pH levels. Letters and symbols refer to the statistical analysis on measured experimental outputs, with different sets of letters and symbols according to the type of output under assessment. Data that do not share a letter within the same set are statistically different. Scatterplot dotted line is just eye guide.
Conclusions
This study provided a quantitative assessment of heterotrophic continuous cultivation of Galdieria sulphuraria under controlled acidic and thermophilic conditions, focusing on the effects of temperature and inlet medium pH on steady-state biomass cultivation and carbon allocation. The experimental results highlighted the existence of a broad thermal operating window between 35 and 45 °C, within which biomass concentrations remained above 5.5 gX L⁻¹ and corresponding productivities reached values up to 3.0 gX L⁻¹ d⁻¹ at a residence time of 2 d. Outside this range, cultivation performance declined sharply, with biomass concentration decreasing by more than 70 % at 55 °C, identifying temperature as a key variable for sustaining high process efficiency. Inlet medium pH emerged as an effective control handle for regulating the environmental pH established at steady state. Regardless of the inlet value, biologically induced acidification led to systematically lower environmental pH levels, which ultimately governed growth performance. When analysed as a function of environmental pH, biomass productivity exhibited a narrow optimum around pH 1.9, corresponding to a maximum biomass concentration of approximately 7.7 gX L⁻¹. Outside this optimal region, deviations towards either more acidic or higher pH conditions resulted in biomass concentration reductions of up to approximately 60 %, confirming the presence of a well-defined optimal operating window. Carbon-based mass balances further showed that the fraction of organic carbon incorporated into biomass remained nearly constant across the tested pH range, with YC/X,growth stabilising around 0.45–0.48 gC gX⁻¹. In contrast, the biomass-specific respiratory carbon yield was sensitive to environmental pH, reaching minimum values close to the optimal productivity region and increasing under more acidic conditions, indicating enhanced maintenance requirements. Overall, these findings demonstrate that temperature and pH act as complementary tunable operational variables in heterotrophic continuous cultivation of the species. The identification of favourable operating windows under steady-state conditions offers practical guidelines for process optimisation and supports the development of robust and scalable extremophilic microalgal bioprocesses.
Nomenclature
CX – biomass concentration, gX L-1

TOCIN – Total Organic Carbon in inlet medium, gC L-1
TOCOUT – Total Organic Carbon in clarified filtrate, gC L-1
TOCR – Total Organic Carbon in reactor broth, gC L-1
YC/X,growth – biomass-specific carbon consumption yield for biomass growth, gC gX-1
YC/X,resp – biomass-specific carbon consumption yield for respiration, gC gX-1
PX – biomass productivity, gX L-1 d-1
τ – residence time, d
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