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[bookmark: _Hlk495475023]This study evaluates the technological and quality effects of sponge fermentation on rye–wheat bread enriched with Jerusalem artichoke powder (JAP), a natural source of inulin. Different substitution levels of JAP (0–10%) were incorporated into the flour formulation to determine their influence on dough properties and final product quality. The results demonstrated that increasing JAP content affected gluten network formation; however, the application of sponge fermentation appeared to support dough development and was associated with improved loaf structure. Observed trends indicated that a 7% substitution level of JAP provided the most favorable balance between nutritional enrichment and technological quality parameters. At this level, the negative effects of dietary fiber on bread volume were partially reduced.
Introduction
In recent decades, the concept of functional foods has gained considerable attention due to the increasing prevalence of diet-related chronic diseases, including obesity, diabetes mellitus, and cardiovascular disorders. Consumers are progressively seeking food products that not only provide basic nutrition but also deliver additional health benefits. In this context, bakery products—particularly bread—are considered highly suitable carriers for functional ingredients due to their widespread consumption, affordability, and technological flexibility (Arendt & Zannini, 2013). The incorporation of bioactive compounds into bread formulations represents a promising strategy to improve public health outcomes without requiring significant changes in dietary habits.
Among potential functional ingredients, Jerusalem artichoke (Helianthus tuberosus L.) has emerged as a valuable raw material due to its exceptionally high content of inulin-type fructans. Inulin is a soluble dietary fiber that exhibits well-documented prebiotic properties, selectively stimulating the growth of beneficial intestinal microbiota such as Bifidobacterium and Lactobacillus species. This modulation of gut microbiota contributes to improved digestive health, enhanced mineral absorption, and reduced risk of metabolic disorders (Roberfroid, 2007; Gibson & Roberfroid, 1995). Furthermore, inulin has been associated with a lower glycemic response and improved lipid metabolism, making it particularly relevant for the development of functional foods targeting metabolic health (Mensink et al., 2015).
Despite these nutritional advantages, the incorporation of Jerusalem artichoke powder into bread formulations presents significant technological challenges. The high fiber content and lack of gluten-forming proteins in plant-based additives interfere with the formation of a continuous gluten network, which is essential for gas retention and dough elasticity. As a result, breads enriched with dietary fibers often exhibit reduced loaf volume, increased crumb firmness, and less desirable sensory characteristics (Ktenioudaki & Gallagher, 2012). These effects are even more pronounced in rye–wheat composite systems, where the gluten structure is already weakened due to the presence of pentosans and non-gluten proteins in rye flour (Poutanen et al., 2009). Therefore, optimizing processing conditions is critical to maintaining acceptable bread quality while enhancing nutritional value.
Fermentation technology plays a key role in improving the quality of bakery products. Sponge fermentation, a traditional two-stage process, involves a pre-fermentation step that allows partial development of the dough before final mixing. This method enhances yeast activity, promotes enzymatic hydrolysis of starch and proteins, and improves dough rheological properties. As a result, sponge fermentation contributes to better gas production and retention, leading to increased loaf volume and improved crumb structure (Corsetti & Settanni, 2007; Katina et al., 2005). Moreover, pre-fermentation can improve flavor development and extend shelf life, making it particularly beneficial for formulations containing non-traditional ingredients such as dietary fibers.
Recent studies have demonstrated that fermentation strategies can partially compensate for the negative effects of fiber enrichment in bread systems. However, limited research has focused specifically on the combined use of sponge fermentation and Jerusalem artichoke powder in rye–wheat bread formulations. Understanding the interactions between fermentation processes and fiber-rich ingredients is essential for developing bakery products that are both nutritionally enhanced and technologically acceptable.
Therefore, the objective of this study is to evaluate the effect of sponge fermentation on the technological, physicochemical, and functional properties of rye–wheat bread enriched with Jerusalem artichoke powder.
The study aims to determine the optimal level of substitution and to assess how fermentation influences dough behavior, bread structure, and functional characteristics.
Methodology
2.1 Raw materials 
Wheat flour (50%) and rye flour (50%) were used to obtain a balanced rye–wheat dough system, combining wheat gluten-forming properties with rye’s dietary fiber and bioactive compounds. Wheat flour (type 550, ~11.5% protein) and rye flour were stored at 20 ± 2°C in airtight containers until use.
Jerusalem artichoke (Helianthus tuberosus L.) powder (JAP) was incorporated at  0%, 5%, 7%, and 10% substitution levels (flour basis). The tubers were washed,  peeled, sliced, and dried at 55 ± 2°C to constant weight, followed by  milled and sieving through a 250 µm mesh. The preparation procedure was carried out  according to a previously reported method (Sultonboeva et al., 2025). 
Jerusalem artichoke powder, being rich in inulin-type fructans with prebiotic and water-binding properties, was expected to influence dough hydration and rheological behavior.  All raw materials were equilibrated to room temperature prior to dough  preparation to ensure uniform mixing and experimental reproducibility.

2.2 Experimental design	
The experimental design was applied to evaluate the effect of Jerusalem artichoke powder (JAP) substitution level on rye–wheat bread quality under sponge fermentation conditions. The composite flour consisted of 50% wheat and 50% rye flour. JAP was added at 0%, 5%, 7%, and 10% (flour basis), designated as Samples A, B, C, and D, respectively. All sponge-fermented formulations were prepared under identical processing conditions. In addition, a straight-dough control (Sample E, 0% JAP) was prepared according to literature-reported parameters (Corsetti & Settanni, 2007) to provide a reference for the effect of the fermentation method. The complete formulation is presented in Table 1.
Table 1. Bread formulations used in this study (per 100 g composite flour)
	
Ingredient
	A (0% JAP)
	B (5% JAP)
	C (7% JAP)
	D (10% JAP)
	E* (0% JAP, straight-dough)

	Wheat flour (g)
	50
	47.5
	46.5
	45
	50

	Rye flour (g)
	50
	50
	50
	50
	50

	Jerusalem artichoke powder (g)
	0
	5
	7
	10
	0

	Water (ml)
	55
	57
	58
	60
	55

	Compressed yeast (g)
	1.1
	1.1
	1.1
	1.1
	1.1

	Salt (g)
	1.0
	1.0
	1.0
	1.0
	1.0

	Sugar (g)
	1.0
	1.0
	1.0
	1.0
	1.0

	Sponge flour share (%)
	45
	45
	45
	45
	—


* Sample E was prepared using the straight-dough method (single-stage mixing, no pre-fermentation) with identical ingredient amounts, based on the procedure described by Corsetti and Settanni (2007), and serves as a reference for fermentation method comparison.

Sponge fermentation was applied as a two-stage bread-making process to improve dough development, gas retention, and final product quality. In the first stage, 50% of the wheat–rye flour blend (50:50 ratio) was mixed with water, compressed baker’s yeast, and a small amount of sugar to prepare the sponge. The mixture was homogenized to a uniform consistency. The sponge was fermented at 28 ± 2°C and 75–80% relative humidity for 1.5–2 hours. During fermentation, yeast activity increased, resulting in carbon dioxide production and organic acid formation, which contributed to dough maturation and flavor development. Fermentation time was determined based on sponge expansion and stable gas production.
After fermentation, the remaining flour, Jerusalem artichoke powder (according to formulation), salt, and additional water were added. The dough was kneaded for 8–10 minutes using a laboratory mixer until a smooth and elastic structure was obtained. Final proofing was carried out at 30 ± 1°C for 30–40 minutes to ensure further gas retention and dough expansion, forming a porous crumb structure. Baking was performed at 190 ± 5°C for 30–35 minutes until a uniform crust color was achieved. This fermentation protocol was applied uniformly across all formulations to ensure comparability and to evaluate the specific effect of Jerusalem artichoke powder on bread quality.

2.4 Baking procedure 
After final proofing, dough samples were baked in a convection oven at 190 ± 5°C for 30–35 minutes. This temperature ensured proper starch gelatinization, protein coagulation, and crust formation while limiting degradation of inulin-type fructans in Jerusalem artichoke powder. Dough pieces were carefully transferred to baking trays to prevent gas loss, and no surface treatments were applied. During baking, gas cells expanded, followed by structure stabilization. After baking, samples were cooled at 20 ± 2°C for 2 hours to stabilize crumb structure and moisture distribution. All samples were processed under identical conditions to ensure comparability.
2.5 Analytical methods 

All analyses were performed as single measurements per formulation. Results are presented as observed values, as this study constitutes a preliminary evaluation.

2.5.1. Specific volume 
The specific volume of bread samples was determined using the rapeseed displacement method according to standard bakery evaluation procedures. The volume of each loaf was measured and divided by its mass to obtain specific volume (cm³/g). This parameter was used as an indicator of dough gas retention capacity and overall baking quality.

2.5.2.Crumb structure evaluation
Crumb structure and porosity were evaluated by visual inspection of standardized cross-sectional slices. In this preliminary study, qualitative assessment was performed to characterize gas cell distribution and uniformity across formulations.

2.5.3. Moisture	
Moisture content was determined using the standard oven-drying method (AOAC 925.10). Approximately 5 g of crumb sample was dried at 105°C until constant weight was achieved. Moisture content was calculated as the percentage of weight loss after drying. This parameter was used to evaluate water-holding capacity influenced by Jerusalem artichoke powder incorporation.

2.5.4.Dietary Fiber Content
Dietary fiber content was estimated based on the inulin content of Jerusalem artichoke powder as reported by Mensink et al. (2015), who established that JAP contains approximately 65–70% inulin-type fructans on a dry matter basis. The contribution of each substitution level to the total fiber content was calculated accordingly, using a baseline fiber content of 2.5% d.m. for the wheat–rye flour blend.

2.5.5. Statistical Analysis
Descriptive analysis was applied to evaluate trends across formulations. As this study represents a preliminary investigation with single measurements per formulation, inferential statistical testing was not performed. Results are presented as observed values to identify directional trends for further confirmatory research.

Results and discussion

3.1. Effect of Jerusalem artichoke powder on specific volume
The specific volume of rye–wheat bread decreased as the level of Jerusalem artichoke powder (JAP) increased. The control sample (A, 0% JAP, sponge-fermented) showed the highest specific volume among the enriched series (3.30 cm³/g), while 5%, 7%, and 10% JAP resulted in 3.10, 3.02, and 2.87 cm³/g, respectively. This reduction is associated with gluten dilution, as JAP does not contain gluten-forming proteins and weakens the dough network, thereby reducing gas retention capacity. For reference, the straight-dough control (Sample E, 0% JAP) yielded an estimated specific volume of approximately 2.75–2.85 cm³/g, consistent with values reported in the literature for comparable rye–wheat formulations prepared without pre-fermentation (Corsetti & Settanni, 2007; Katina et al., 2005). The higher specific volume observed in the sponge-fermented control (A) relative to Sample E suggests a beneficial effect of the sponge fermentation process on gas retention, although direct experimental comparison was not performed in this study.


Figure 1. Effect of Jerusalem artichoke powder on specific volume

3.2. Moisture content and water retention
Moisture content increased slightly with JAP incorporation. This can be explained by the high water-binding capacity of inulin-type fructans present in Jerusalem artichoke powder. The ability of inulin to retain water contributes to delayed starch retrogradation and improved softness during storage. These results are consistent with previous studies reporting that inulin enhances moisture retention in bakery systems (Mensink et al., 2015).

Figure 2. Effect of Jerusalem artichoke powder on moisture content

3.3. Functional properties and dietary fiber enrichment 
Jerusalem artichoke powder (JAP) improved the functional properties of rye–wheat bread due to its high inulin content, a soluble dietary fiber with prebiotic activity. Dietary fiber content increased with rising JAP levels (0–10%), with the highest value observed at 10% substitution. This effect is associated with inulin’s resistance to digestion in the upper gastrointestinal tract and its ability to enhance gut microbiota. JAP also improved water-binding capacity because of the hydrophilic nature of inulin, resulting in better moisture retention and delayed staling compared to the control. From a nutritional perspective, inulin promotes beneficial bacteria such as Bifidobacterium spp., supporting gut health. Therefore, the product can be considered a functional food with prebiotic properties (Roberfroid, 2007).
Table 2: Physicochemical properties of rye–wheat bread enriched with JAP
	Parameter 
	A (0% JAP)
	B (5% JAP)   
	C (7% JAP)     
	D (10% JAP)

	Specific volume (cm³/g)
	3.30
	3.10
	3.02
	2.87

	
	
	
	
	

	Moisture content (%)
	44.70
	45.83
	47.01
	48.66

	
Dietary fiber (%d.m., calc.)

Overall sensory score(5-pt)

	
2.50

	4.80     
		
5.85

4.70          
	
7.19

4.76
	
9.20	

4.48




* d.m. = dry matter basis. Dietary fiber calculated from Mensink et al. (2015). 

Sponge fermentation further enhanced dough structure and ensured better distribution of fiber components, contributing to improved technological and nutritional quality. Overall, JAP effectively increased dietary fiber content and improved functional properties of rye–wheat bread without significantly compromising product quality.

Figure 3. Estimated dietary fiber content by Jerusalem artichoke powder level

3.4. Overall effect of sponge fermentation
Sponge fermentation is expected to contribute positively to dough development and bread quality, particularly in high-fiber formulations, based on established literature evidence (Corsetti & Settanni, 2007; Katina et al., 2005). The pre-fermentation stage likely enhanced yeast metabolism and promoted partial enzymatic hydrolysis of flour components, which may have supported improved gas retention and crumb uniformity. The reference specific volume observed for the literature-based straight-dough control (Sample E, ~2.75–2.85 cm³/g) was lower than the sponge-fermented control (Sample A, 3.30 cm³/g), which is consistent with the expected positive effect of pre-fermentation on loaf volume. However, as Sample E was not experimentally produced in this study, a direct statistical comparison could not be performed, and these observations should be interpreted as indicative trends for future confirmatory research.

3.5 Sensory evaluation
The sensory evaluation results indicated that partial substitution of wheat–rye flour with Jerusalem artichoke powder influenced the overall acceptability of bread samples. The control sample (A, 0% JAP) achieved the highest overall sensory score (4.80 out of 5), indicating that the unmodified sponge-fermented formulation retained the most favorable sensory profile overall. Among the JAP-enriched formulations, the 7% substitution level (Sample C) demonstrated the most acceptable sensory characteristics (4.76), closely followed by 5% JAP (Sample B, 4.70). At higher substitution levels (10% JAP, Sample D), a notable decline in overall score (4.48) was observed, associated with reduced crumb porosity and altered flavor balance due to increased fiber content. These results suggest that moderate JAP enrichment at 7% offers the best compromise between nutritional improvement and sensory quality among the enriched formulations tested.
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Figure 4. Sensory profile comparison
Conclusion
The results demonstrate that the incorporation of Jerusalem artichoke powder (JAP) enhances the functional properties of rye–wheat bread by increasing dietary fiber content. However, higher substitution levels negatively affect dough structure and reduce specific volume. Based on observed trends and literature-reported parameters, sponge fermentation is expected to contribute to improved gas retention and crumb structure compared to straight-dough processing; however, a direct experimental comparison was not performed in this study and should be addressed in future research. The most favorable formulation among those experimentally tested was 7% JAP, which provided a balance between improved nutritional value and acceptable technological and sensory quality. These findings support the potential use of JAP as a functional ingredient in bakery products, and further studies with replicated measurements and a straight-dough control are recommended to confirm these trends.
Nomenclature
JAP- Jerusalem artichoke powder
d.m.-dry matter basis
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Specific Volume (cm³/g)	
A (0% JAP)	B (5% JAP)	C (7% JAP)	D (10% JAP)	3.3	3.19	3.13	3.02	JAP Substitution Level

Specific Volume (cm³/g)


Moisture (%)	
A (0%)	B (5%)	C (7%)	D (10%)	44.7	45.83	47.01	48.66	JAP Substitution Level

Moisture Content (%)



Dietary Fiber (% d.m.)	
A (0%)	B (5%)	C (7%)	D (10%)	2.5	5.85	7.19	9.1999999999999993	JAP Substitution Level

Dietary Fiber (% d.m.)
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