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Impact of Nutritionally Stressed Lactobacillus plantarum D1 on Composition of Fermented Cassava

Abstract
Aim: Bacteria in their natural habitat, including Lactobacillus sp., are subjected to various types of stress, including physicochemical and nutritional stress with nutritional stress as one of the most common stress types. Lactobacillus plantarum is a versatile species of Lactic Acid Bacteria (LAB) that is commonly used as a starter culture in cassava fermentation. This comparative study was designed to analyze the product quality of cassava fermented with nutritionally-stressed Lactobacillus plantarum (NS-L) and nutritionally-unstressed L. plantarum (NU-L).
Methodology: The organism was starved by varying the percentage composition of the glucose (0.2% - 0.6% w/v), peptone and yeast extract (0.1 - 0.5% and 0.05 - 0.25% w/v), magnesium sulphate (0.001% - 0.004% w/v), and Tween 80 (0.02% - 0.06% v/v). 
Results: Cassava fermented with NS-L had higher ash content (2.26 ± 0.01% to 2.58 ± 0.01%), crude fat (0.15% to 0.28%), crude protein (1.38 ± 0.01 to 1.76 ± 0.01%), and crude fiber (1.14 ± 0.01 to 1.38 ± 0.00%) compared to NU-L. Mineral content (including phosphorus and iron) increased considerably in NS-L samples. However, anti-nutritional components were reduced in NS-L samples compared to those fermented with unstressed starter culture, with cyanide and phytate levels as low as 0.002 and 0.155 g/100g, respectively. 
Conclusion: Nutritional stress on L. plantarum resulted in better but variable functional characteristics on fermented cassava, indicating physiological adaptation and acclimatization to stress conditions. 
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Introduction
Bacteria spend the most of their existence in stationary phase (Gefen et al., 2013). Temperature, osmotic, oxidative or acid stress, and malnutrition can all cause growth arrest and enter the stationary (Yoav et al., 2019). Microbial stress refers to any element that produces physiological hurdles for microbial function or survival (Guan and Liu, 2020). A changing environment produces challenging conditions for microorganisms. Microbes are not immortal nor resistant to stress. Microbes must have physiological adaptation mechanisms to survive and function in the face of stress; otherwise, they will die. However, these adaptation and acclimation mechanisms create physiological costs at the organism level and can affect the microorganism's normal physiology (Schimel et al., 2007).
Lactic Acid Bacteria (LAB) are known to have an important role in the production of traditional fermented cassava-based foods (gari, fufu, lafun). LAB aids in the preservation of these fermented foods as well as the removal of antinutrients. Lactobacillus plantarum is a well-studied and versatile LAB species that can be found in a variety of ecological settings. Lactobacillus plantarum was shown to be capable of reducing linamarin due to their ability to create linamarase enzyme, which is physiologically identical to that produced by cassava plant materials. Its ability to digest cassava has been related to its amylase enzyme activity. Lactobacillus plantarum isolated from fermenting cassava has detoxifying and amylolytic properties, making it an ideal starter for cassava fermentation (Ahaotu et al, 2013; Ngamsomchat et al., 2022; El-Sayed et al., 2023). However, changes in food properties throughout the fermentation process can be regarded as dynamic variations in the food environment that can serve as a stress source for microorganisms. This study looked at how different stress levels placed on LAB starter culture during cassava fermentation affected the nutritional makeup of the fermented product. 
Materials and Methods
Microorganisms and culture condition
The Lactobacillus plantarum D1 strain (Accession number KJ676851) used in this investigation was obtained from the Microbial Culture Collection at the Department of Microbiology, University of Ibadan. It was originally isolated from cassava that had fermented spontaneously and was identified using 16S rDNA sequencing, then, deposited into GenBank.
Starvation experiments 
Lactobacillus plantarum D1was treated to nutritional stress (starvation) by lowering the quantities of carbon (glucose), nitrogen (peptone and yeast extract), magnesium sulfate, and Tween 80. The starting culture was grown in broth media with different amounts of glucose (0.2%, 0.4%, 0.6% w/v), peptone and yeast extract (0.5% and 0.25%; 0.25% and 0.125%; 0.1% and 0.05% w/v), magnesium sulfate (0.004%, 0.003%, 0.001% w/v), and Tween 80 (0.06%, 0.04%, 0.02% v/v). The control medium included 1% (w/v) bacteriological peptone, 0.5% (w/v) yeast extract, 0.1% (v/v) Tween 80, 0.5% (w/v) sodium acetate, 0.2% (w/v) triammonium citrate, 0.005% (w/v) MgSO4·7H2O, and 0.025% (w/v) MnSO4·4H2O. All media were adjusted to pH 6.5 before sterilization at 121°C for 15 minutes.
Cells were initially incubated overnight in MRS broth under anaerobic conditions to facilitate exponential growth. Following this, harvesting was conducted via centrifugation at 5000 g for a duration of 15 minutes, utilizing a Great Medical England (G+M) Centrifuge, model 80-2. The harvested cells underwent two washing steps with sterile distilled water to remove any residual nutrients, after which they were resuspended in sterile distilled water to achieve an optical density (OD at 620nm) of 0.90, as determined using a Jenway 6405 UV/Vis Spectrophotometer. This resulting cell suspension was then used to inoculate the experimental media at a concentration of 2% (v/v) (Wang JG, Bakken, 1998; Saguir et al., 2008; Al-Naseri et al., 2013; Hussain et al., 2013).
Cassava fermentation with nutritionally-stressed Lactobacillus plantarum
Inoculum preparation
Nutritionally-stressed L. plantarum cells were harvested by centrifugation at 5000 g for 15 minutes and the cells washed twice with sterile distilled water, and resuspended in sterile distilled water. From the suspension, an aliquot of 1 mL containing cell concentration of 1.0 × 106 was used as the inoculum. 
Three (3) kg of cassava roots were weighed into sterilized buckets and washed with many volumes of sterile distilled hot water after which, 4 L of sterile distilled water was added to the sterilized tubers and then inoculation with 1mL of the inoculum. Fermentation experiment was carried out for 96 hours at room temperature.
Nutritional evaluation of fermented cassava  
The samples, which were dried in an oven, underwent analysis for residual moisture and various proximate components following the protocols established by AOAC (1990). The determination of protein content was carried out in accordance with the methodology outlined by Persson et al. (2008), while the mineral content, specifically calcium, phosphorus, and iron, was assessed using the techniques described by (Mbatchou et al., 2013). Additionally, the analysis of anti-nutritional factors, including cyanide, oxalate, phytate, and tannins, was performed based on the methods provided by AOAC (1990).
Data analysis
The analysis of the obtained data was performed using the Analysis of Variance (ANOVA) method in SPSS. The findings are expressed as the mean ± standard deviation based on three replicates for each experimental trial.
Results and Discussion  
[bookmark: _Hlk197936613][bookmark: _Hlk197938858]Behera et al. (2018) emphasized that nutrient stress conditions can influence microbial activity and fermentation outcomes. As presented in table 1, the examination of cassava's proximate composition fermented with L. plantarum under varying stress conditions demonstrated considerable differences in moisture, ash, fat, protein, fibre, and carbohydrate contents. The cassava sample fermented with unstressed L. plantarum D1 strain showed the highest moisture level at 68.15 ± 0.05%, but it also had the lowest concentrations of ash (2.21 ± 0.01%), fat (0.13 ± 0.00%), protein (1.23 ± 0.01%), and fibre (1.12 ± 0.00%) compared with the sample fermented with stressed L plantarum strain. Its carbohydrate content was moderate at 27.17 ± 0.05%. This suggests that, the bacteria primarily facilitate fermentation with impact on the macronutrient profile of cassava. Cassava fermented with glucose starved L. plantarum showed a marked reduction in moisture content, which reached a minimum of 51.00 ± 0.40% at 0.2% glucose. Simultaneously, the levels of ash, fat, protein, and carbohydrates increased, suggesting that lower glucose levels may have promoted microbial metabolism and nutrient production, with the highest carbohydrate content of 44.06 ± 0.41% observed at this stress level. The highest carbohydrate content (44.06%) at 0.2% glucose indicates that limited glucose availability may have altered fermentation pathways, favoring carbohydrate retention or conversion into more complex forms rather than being broken down completely. However, Elsemman et al. (2022) reported that under glucose-limited conditions, glucose availability seems to be the constraint which actively limits microbial growth, thus affecting metabolism. Stressing L. plantarum by limiting glucose could enhance nutrient retention in fermented cassava, potentially improving its nutritional quality.
[bookmark: _Hlk197938487]The highest moisture content of 71.60 ± 0.10% was observed in cassava fermented with nitrogen-starved L plantarum strain with a 0.5% peptone and YE-0.25 stress level as compared with the control. The fermentation by this stressed organism was also observed to increase the ash and fat content of the fermented cassava to 2.41 ± 0.01% and 0.24 ± 0.00%, respectively. Generally, it was observed that as nitrogen concentrations decreased, protein levels increased steadily, culminating in a peak of 1.66 ± 0.01%. Upregulation of nitrogen assimilation pathways in L. plantarum, leading to more efficient utilization of available nitrogen sources and increased synthesis of microbial proteins may be responsible for this. Similarly, fibre content rose in response to lower nitrogen levels, with the maximum fibre content of 1.34 ± 0.00% recorded at 0.1% peptone and 0.05% yeast extract. These findings illustrate the proficiency of Lactobacillus plantarum in utilizing scarce nitrogen sources for its metabolic functions, thereby enhancing the proximate composition. Zhang et al. (2021) affirmed that microbes utilise ammonium nitrogen, free α-amino acids and small molecular peptides during fermentation, some of which are transported into the cell through various specific or non-specific pathways to affect the metabolic process.
The result of cassava fermented with magnesium-stressed L. plantarum strain showed an increase in ash content from 2.34 ± 0.00% at a magnesium concentration of 0.004% to 2.38 ± 0.00% at 0.001%. Similarly, protein and fat concentrations demonstrated a comparable pattern, reaching their maximum values of 1.60 ± 0.01% and 0.22 ± 0.00%, respectively, with the reduction of magnesium levels. Although, fibre content showed slight variations, it consistently remained elevated compared to the control group. Notably, carbohydrate levels displayed an inverse relationship with magnesium concentration, indicating the essential role of magnesium in carbohydrate metabolism during the fermentation process. Metal ions such as magnesium, has been proven to effectively promote cell growth, regulate metabolite accumulations, metabolic pathways and enzyme activities during fermentation process (Chen et al., 2018).
[bookmark: _Hlk197943585]The limitation of fatty acids through the application of Tween 80 led to the highest observed ash content (2.58 ± 0.01%) and fat content (0.28 ± 0.01%) at a concentration of 0.02% (Table 1). Additionally, this condition was associated with elevated levels of protein (1.76 ± 0.01%) and fibre (1.38 ± 0.00%). Conversely, the carbohydrate content peaked at 0.06% Tween 80, measuring 45.31 ± 0.01%, but exhibited a decline as the concentration of Tween 80 decreased. These results suggest that fatty acid stress promotes microbial activity, thereby enhancing the availability of essential nutrients, particularly ash, fat, and protein, at optimal Tween 80 concentrations. This pattern illustrates the capacity of stressed L. plantarum to improve the nutritional profile of fermented cassava.
Table 1. Proximate composition of cassava fermented with nutritionally-stressed L. plantarum 
	Type of Stress
	Level of stress (%)
	Moisture content (%)
	Ash (%)
	Fat (%)
	Protein (%)
	Fibre (%)
	Carbohydrate (%)

	Control
	
	68.15±0.05a
	2.21±0.01g
	0.13±0.00c
	1.23±0.01f
	1.12±0.00de
	27.17±0.05d

	Carbon  (Glucose) 
	0.2
	51.00±0.40d
	2.26±0.01f
	0.15±0.00bc
	1.38±0.01e
	1.15±0.01d
	44.06±0.41a

	
	0.4
	54.30±0.10d
	2.30±0.01e
	0.18±0.00b
	1.43±0.01d
	1.15±0.01d
	40.65±0.08b

	
	0.6
	62.40±0.10c
	2.31±0.01e
	0.18±0.00b
	1.48±0.00cd
	1.14±0.01d
	32.50±0.12cd

	Nitrogen 
	Pep-0.5
[bookmark: _Hlk188467746]YE-0.25
	71.60±0.10a
	2.41±0.01d
	0.24±0.00a
	1.65±0.01ab
	1.26±0.01b
	22.85±0.11d

	
	Pep-0.25 
Y E-0.125
	65.40±0.10b
	2.43±0.01d
	0.22±0.01ab
	1.66±0.00ab
	1.30±0.00ab
	28.99±0.12d

	
	Pep-0.1 
Y E-0.05
	61.25±0.05c
	2.46±0.00c
	0.25±0.01a
	1.66±0.01ab
	1.34±0.00a
	33.05±0.04c

	Magnesium 
	0.004
	58.70±0.10c
	2.34±0.00e
	0.20±0.00b
	1.51±0.01c
	1.16±0.01d
	36.09±0.12c

	
	0.003
	63.65±0.15bc
	2.35±0.01e
	0.20±0.00b
	1.55±0.01c
	1.21±0.01c
	31.05±0.17d

	
	0.001
	60.10±0.10c
	2.38±0.00d
	0.22±0.00ab
	1.60±0.01b
	1.24±0.00bc
	34.47±0.11c

	Fatty acid (Tween 80) 
	0.06
	49.00±0.00de
	2.47±0.01c
	0.24±0.00a
	1.70±0.00a
	1.28±0.00b
	45.31±0.01a

	
	0.04
	67.50±0.10b
	2.51±0.01b
	0.26±0.00a
	1.73±0.01a
	1.35±0.01a
	26.66±0.12de

	
	0.02
	62.50±0.10c
	2.58±0.01a
	0.28±0.01a
	1.76±0.01a
	1.38±0.00a
	31.50±0.13d


Values are Means ± Standard Deviations of triplicate data. Means with different superscript alphabet across each column are significantly different at p<0.05 using the Duncan Multiple Range Test of Analysis of Variance (ANOVA)

Table 2 revealed the influence of various stress types and intensities on the concentrations of cyanide, phytate, tannins, and oxalate on the fermented cassava samples. In the cassava fermented with unstressed L. plantarum D1, the concentrations of cyanide (0.113 g/100g), phytate (0.233 g/100g), and tannins (0.156 g/100g) are observed to be the highest, while oxalate levels are relatively moderate at 0.167 g/100g. Fermentation with L. plantarum under glucose stress, showed a significant reduction in cyanide levels (table 2) along with slight decreases in phytate and tannin concentrations. The oxalate levels also show a gradual decline but remain higher than those observed under most nitrogen stress conditions (table 2).
Fermentation of cassava with nitrogen-stressed L. plantarum, using varying concentrations of peptone (Pep) and yeast extract (YE), results in a significant reduction in all anti-nutritional factors, with cyanide levels dropping as low as 0.005 g/100g at Pep-0.1 and YE-0.05. Phytate, tannins, and oxalate levels also decline markedly, with oxalate reducing to 0.101 g/100g under the same conditions (table 2). This suggests nitrogen stress is particularly effective at minimizing the concentrations of anti-nutritional compounds compared to other stress types.
Fermentation of cassava with fatty acid stressed L plantarum, induced by Tween 80, shows the lowest cyanide content (0.002–0.003 g/100g) and phytate concentrations (0.155–0.162 g/100g) (table 2). However, oxalate levels surge dramatically, peaking at 0.841 g/100g under 0.06% Tween 80. This indicates that while fatty acid stress significantly reduces cyanide, it may lead to adverse increases in oxalate levels. Overall, nitrogen stress proves to be the most effective in reducing all anti-nutritional factors comprehensively, while fatty acid stress presents trade-offs that require careful consideration.
Table 2. Anti-nutritional component of cassava fermented with nutritionally-stressed L. plantarum stressed
	Type of Stress
	Level of stress (%)
	Cyanide (g/100g)
	Phytate (g/100g)
	Tannins (g/100g)
	Oxalate (g/100g)

	Control
	
	0.113±0.00a
	0.233±0.00a
	0.156±0.00a
	0.167±0.00c

	Carbon  (Glucose) 
	0.2
	0.014±0.00b
	0.221±0.00c
	0.144±0.00b
	0.152±0.00c

	
	0.4
	0.014±0.00b
	0.225±0.00b
	0.144±0.00b
	0.147±0.00c

	
	0.6
	0.014±0.00b
	0.227±0.00b
	0.143±0.00b
	0.146±0.00c

	Nitrogen 
	Pep-0.5
YE-0.25
	0.006±0.00c
	0.194±0.00f
	0.120±0.00d
	0.113±0.00e

	
	Pep-0.25
YE-0.125
	0.006±0.00c
	0.192±0.00f
	0.117±0.00d
	0.110±0.00e

	
	Pep-0.1
YE-0.05
	0.005±0.00c
	0.184±0.00g
	0.114±0.00d
	0.101±0.00f

	Magnesium 
	0.004
	0.010±0.00b
	0.215±0.00d
	0.134±0.00c
	0.132±0.00d

	
	0.003
	0.010±0.00b
	0.212±0.00d
	0.131±0.00c
	0.129±0.00d

	
	0.001
	0.008±0.00bc
	0.200±0.00e
	0.130±0.00c
	0.124±0.00d

	Fatty acid (Tween 80) 
	0.06
	0.003±0.00c
	0.162±0.00h
	0.110±0.00de
	0.841±0.00a

	
	0.04
	0.003±0.00c
	0.160±0.00h
	0.103±0.00f
	0.710±0.00b

	
	0.02
	0.002±0.00c
	0.155±0.00i
	0.100±0.00f
	0.715±0.00b


Values are Means ± Standard Deviations of triplicate data. Means with different superscript alphabet across each column are significantly different at p<0.05 using the Duncan Multiple Range Test of Analysis of Variance (ANOVA)

Table 3 illustrates the mineral content of cassava fermented under different stress levels. When cassava was fermented with unstressed strains of Lactobacillus plantarum, the calcium (84.45 mg/100g) and phosphorus (64.51 mg/100g) levels are moderate, while the iron concentration is relatively low at 0.73 mg/100g. In contrast, as carbon stress is applied by increasing glucose concentrations from 0.2% to 0.6%, there is a slight decline in calcium levels compared to the control group. However, both phosphorus and iron concentrations show a progressive increase. At a glucose concentration of 0.6%, phosphorus reaches its peak at 68.15 mg/100g, and iron rose to 0.87 mg/100g, suggesting that carbon stress contributes to a moderate enhancement of these two nutrients.
Nitrogen stress (Peptone and YE combinations) significantly enhances all three minerals compared to the control and carbon stress conditions. Calcium levels increase to a maximum of 90.40 mg/100g (Pep-0.1 and YE-0.05), while phosphorus and iron peak at 72.80 mg/100g and 2.20 mg/100g, respectively. These values indicate that nitrogen stress is highly effective in boosting mineral concentrations, especially iron, which is approximately three times higher than under control conditions.
Fatty acid (Tween 80) stress yields the highest mineral concentrations overall, with calcium peaking at 91.71 mg/100g and phosphorus and iron reaching maximum values of 73.65 mg/100g and 2.39 mg/100g, respectively, at 0.02% Tween 80. These results suggest that fatty acid stress, particularly at lower concentrations, is the most effective at enhancing mineral content, outperforming both nitrogen and carbon stress. This highlights the potential application of fatty acid stress for nutritional enrichment.
Table 3. Mineral composition of cassava fermented with nutritionally-stressed L. plantarum
	Type of Stress
	Level of stress (%)
	Calcium (mg/100g)
	Phosphorus (mg/100g)
	Iron (mg/100g)

	Control
	
	84.45±0.15b
	64.51±0.01b
	0.73±0.01f

	Carbon  (Glucose) 
	0.2
	80.59±0.02c
	66.71±0.01b
	0.78±0.01e

	
	0.4
	80.85±0.01c
	67.91±0.01ab
	0.81±0.01e

	
	0.6
	81.61±0.01c
	68.15±0.05ab
	0.87±0.01d

	Nitrogen 
	Pep-0.5
YE-0.25
	87.81±0.01ab
	71.43±0.03a
	2.17±0.01b

	
	Pep-0.25 
Y E-0.125
	89.41±0.01a
	72.18±0.03a
	2.18±0.02b

	
	Pep-0.1 
Y E-0.05
	90.40±0.00a
	72.80±0.00a
	2.20±0.01b

	Magnesium 
	0.004
	84.91±0.01b
	70.13±0.01a
	0.90±0.00cd

	
	0.003
	84.95±0.01b
	70.63±0.03a
	0.94±0.00c

	
	0.001
	85.15±0.05b
	70.85±0.01a
	0.98±0.01c

	Fatty acid (Tween 80) 
	0.06
	91.62±0.02a
	72.70±0.26b\a
	2.28±0.01a

	
	0.04
	90.81±0.01a
	73.41±0.01a
	2.34±0.00a

	
	0.02
	91.71±0.01a
	73.65±0.01a
	2.39±0.01a


Values are Means ± Standard Deviations of triplicate data. Means with different superscript alphabet across each column are significantly different at p<0.05 using the Duncan Multiple Range Test of Analysis of Variance (ANOVA)
Conclusion
The results of this investigation indicate that the imposition of targeted stress conditions on Lactobacillus plantarum used for cassava fermentation has a significant impact on its proximate composition, anti-nutritional factors, and mineral content. Notably, nitrogen stress emerged as the most effective method for diminishing anti-nutritional compounds, including cyanide, phytate, tannins, and oxalates, while concurrently increasing the concentrations of protein, fibre, and essential minerals. In contrast, the application of fatty acid (Tween 80) stress was particularly advantageous for enhancing mineral content, specifically calcium, phosphorus, and iron, although it resulted in a considerable increase in oxalate levels. On the other hand, glucose stress led to a moderate improvement in carbohydrate and nutrient profiles while still achieving reductions in anti-nutritional factors. These findings highlight the capacity of L. plantarum to adaptively improve the nutritional quality of cassava under defined stress conditions.
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