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Summary (120 words) 20 

Bacillus subtilis var. natto is a naturally occurring biotin auxotroph widely used in 21 

traditional soybean fermentation. In this study, we evaluated its potential as a microbial 22 

biotin biosensor without genetic modification. Using a two-layer agar diffusion assay, 23 

growth responses were examined across biotin concentrations ranging from 0.001 to 24 

200 mg/L. Halo diameters increased proportionally with biotin concentrations. The 25 

strain exhibited detectable responses over more than five orders of magnitude of biotin 26 

concentration without engineering of biotin transport or biosynthetic pathways. These 27 

results demonstrate that B. subtilis var. natto can serve as a simple, safe, and cost-28 

effective biotin bioassay platform and highlight the utility of naturally evolved 29 

auxotrophic microorganisms as biosensors. 30 
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Brief running head: Natural biotin sensor in natto 35 

 36 

 37 

Biotin (vitamin B7) is an essential cofactor required for carboxylase reactions 38 

involved in fatty acid synthesis, amino acid metabolism, and gluconeogenesis in all 39 

domains of life (Tong, 2013). Although many bacteria and plants are capable of 40 

synthesizing biotin, animals and numerous microorganisms depend on environmental 41 

uptake of this vitamin (Lin and Cronan, 2011). Because humans and livestock cannot 42 

synthesize biotin and must obtain it through food or supplementation, its quantification 43 

is important in food and feed applications. Consequently, sensitive microbial bioassays 44 

for biotin quantification have long been used in food, pharmaceutical, and 45 

microbiological studies (Livaniou et al., 2000). 46 

Recent studies developed engineered bacterial strains for broad-range biotin 47 

bioassays (Ikeda et al., 2013; Finkenwirth et al., 2014). In particular, Escherichia coli 48 

mutants lacking both biotin biosynthesis and high-affinity biotin transport systems 49 

enabled highly sensitive detection across an exceptionally wide concentration range 50 

spanning 0.0001 to 200 mg/L (Finkenwirth et al., 2014). However, these systems 51 

require multiple genetic modifications and specialized strain construction. Furthermore, 52 

the use of genetically modified microorganisms can restrict experimental applications 53 
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because of biosafety regulations and containment requirements. In addition, 54 

combinations of multiple strains are often necessary to cover broad concentration 55 

ranges, reducing the simplicity and convenience of these assay systems. 56 

Bacillus subtilis var. natto is a naturally occurring biotin auxotroph widely used in 57 

traditional soybean fermentation (Sasaki et al., 2004; Kubo et al., 2011; Kamada et al., 58 

2015) and has a long history of safe use in food production (Wang et al., 2023). 59 

Previous studies demonstrated that the growth of natto strains is strongly dependent on 60 

environmental biotin concentrations, suggesting that these bacteria possess highly 61 

sensitive physiological responses to biotin availability. Therefore, natto strains may 62 

serve as naturally optimized microbial biotin sensors without the need for genetic 63 

engineering. In addition, the use of a food-grade microorganism may provide practical 64 

advantages over genetically modified biosensor strains by reducing biosafety concerns 65 

and facilitating broader applications in research, education, and industrial settings. 66 

In this study, we examined the growth response of wild-type B. subtilis var. natto to a 67 

broad range of biotin concentrations and evaluated its applicability as a microbial biotin 68 

biosensor. We demonstrate that the natto strain exhibits robust growth responses over a 69 

remarkably wide concentration range without genetic engineering, suggesting that 70 

naturally evolved vitamin-scavenging properties of natto strains may be exploited for 71 
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simple and versatile biotin bioassays. The use of naturally occurring natto strains not 72 

only provides a novel microbial biosensor platform, but also overcomes practical 73 

limitations associated with engineered biosensor strains, including biosafety concerns 74 

and the complexity of strain construction and maintenance. 75 

B. subtilis var. natto Miyagino strain (BANK12184) was grown overnight in LB 76 

medium at 37°C. Cells were harvested, washed three times with 1× minimal medium, 77 

and adjusted to an OD600 of 1.0. A two-layer agar diffusion assay was performed. 78 

Bottom plates consisted of Spizizen minimal medium (SMM, Anagnostopoulos & 79 

Spizizen, 1961) containing 1.5% agarose. The top layer consisted of SMM containing 80 

0.7% agarose, into which bacterial cells were mixed before pouring onto the bottom 81 

layer. Sterile paper disks (8 mm diameter; Advantec, Tokyo, Japan) or circular disks 82 

prepared from blotting paper were placed at the center of each plate and loaded with 10 83 

μL of biotin solution at concentrations ranging from 0 to 200 mg/L (0, 0.0001, 0.001, 84 

0.01, 0.1, 1, 10, 100, and 200 mg/L). Plates were incubated at 30°C for 43 h. Growth 85 

halos surrounding the disks were scanned and quantified using Fiji (ImageJ version 86 

1.54p; Schindelin et al., 2012). Halo diameters obtained using paper disks were 87 

measured from three independent biological replicates and are presented as mean ± SD. 88 

Blotting paper was evaluated in a single experiment. 89 
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To evaluate the applicability of the natto strain as a microbial biotin biosensor, disk 90 

diffusion assays were performed using paper disks containing different concentrations 91 

of biotin. To obtain well-defined halo boundaries, a two-layer bioassay plate system 92 

was employed. After incubation at 30°C for 42–43 h, clear halo formation was observed 93 

around the disks, and halo diameters increased in proportion to biotin concentration 94 

(Figure 1A). Notably, the characteristics of halo formation differed between paper disk 95 

and blotting paper, indicating that the choice of paper material can influence the 96 

detectable range of the assay. For paper disk, halo diameters were measured from three 97 

independent biological replicates, whereas blotting paper was evaluated in a single 98 

experiment. Linear regression analysis across the entire concentration range yielded 99 

coefficients of determination (R²) of 0.911 and 0.982 for paper disk and blotting paper, 100 

respectively. Although halo formation could be detected at concentrations as low as 101 

0.01 mg/L (paper disk) and 0.001 mg/L (blotting paper), the most linear response was 102 

observed within the range of 0.01–100 mg/L (R² = 0.996) for paper disk and 0.001–100 103 

mg/L (R² = 0.979) for blotting paper (Figure 1B). 104 

Consistent with these observations, wild-type B. subtilis var. natto exhibited clear 105 

growth responses across a remarkably broad range of biotin concentrations. In minimal 106 

medium lacking biotin, the strain showed little or no detectable growth, confirming its 107 
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auxotrophic phenotype. Supplementation with increasing concentrations of biotin 108 

progressively restored growth over more than five orders of magnitude of biotin 109 

concentration. To assess practical applicability, commercial soybeans with a known 110 

biotin concentration (Watanabe et al., 2014) and a biotin supplement (Jizokugata Biotin, 111 

DHC Corporation, Tokyo, Japan; product no. 32847) were analyzed using paper disks. 112 

For the soybean sample, the biotin concentration estimated from the halo size was 0.024 113 

mg/L, whereas the expected concentration of the sample was 0.087 mg/L. For the biotin 114 

supplement, the estimated concentration was 0.65 mg/L, compared with the expected 115 

concentration of 0.50 mg/L (Figure 1). These results confirmed that the assay provides 116 

sufficient accuracy for practical use. They demonstrate that B. subtilis var. natto can 117 

convert environmental biotin concentrations into quantifiable growth responses without 118 

any genetic manipulation of biotin uptake or biosynthetic pathways, highlighting its 119 

utility as a simple agar-based biotin bioassay system for the analysis of complex 120 

biological samples. 121 

Detectable growth responses were observed even at extremely low biotin 122 

concentrations (0.001 mg/L), while robust growth was maintained under substantially 123 

higher concentrations (200 mg/L). This broad responsiveness resembled the behavior 124 

previously reported for engineered E. coli and C. glutamicum biotin-sensing strains 125 
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lacking endogenous biotin biosynthesis and transport systems (Ikeda et al., 2013; 126 

Finkenwirth et al., 2014). In contrast to those engineered systems, however, the natto 127 

strain used in this study required no genetic manipulation. 128 

The naturally broad biotin responsiveness of natto strains may reflect adaptation to 129 

nutrient-limited fermentation environments. Natto fermentation occurs under conditions 130 

of dense microbial growth and intense nutrient competition, where efficient scavenging 131 

of trace vitamins could provide a selective advantage. The naturally evolved 132 

auxotrophic lifestyle of natto strains may therefore have promoted highly efficient 133 

biotin acquisition systems or physiological responses that enable survival across 134 

fluctuating environmental biotin concentrations. 135 

Further studies will be necessary to clarify the molecular mechanisms underlying the 136 

broad biotin responsiveness observed in natto strains. In particular, characterization of 137 

biotin transport systems, vitamin-scavenging pathways, and responses to biotin 138 

precursors may provide insights into the ecological adaptation of natto strains and 139 

improve the utility of microbial vitamin biosensors. Although this topic was beyond the 140 

scope of the present study, which aimed to establish a biosensor system without genetic 141 

modification, biotin transporters have not yet been clearly identified in natto strains 142 

(Finkenwirth et al., 2013; Warneke et al., 2024). The biotin sensor described here may 143 
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provide a useful platform for identifying and characterizing such transport systems in 144 

the future. 145 
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 194 

Figure 195 

Fig. 1. Broad-range biotin-dependent growth response of Bacillus subtilis var. 196 

natto. 197 
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A. Representative agar plate bioassay images showing growth zones formed in response 198 

to increasing biotin concentrations (0–200 mg/L). The numbers in the lower right corner 199 

of each image indicate the halo size (mm). Particularly at biotin concentrations below 200 

0.001 mg/L, blotting paper improved the resolution of halo size differences. The third 201 

row shows the measurement results obtained using soybeans and a biotin supplement 202 

with known biotin concentrations. The estimated concentrations shown in the third row 203 

were calculated from halo sizes using the calibration curve shown in (B). B. 204 

Quantification of halo size in the agar diffusion assays. Values for paper disk represent 205 

the mean ± SD of three independent biological replicates (n = 3), whereas blotting paper 206 

was evaluated in a single experiment. Statistical significance for paper disk data was 207 

determined using Welch’s t-test. Comparisons were performed between 0.0001 and 0.01 208 

mg/L, 0.001 and 0.01 mg/L, and 100 and 200 mg/L biotin concentrations; *P < 0.05, 209 

**P < 0.01, and §P = 0.058. The R² values for blotting paper and paper disk were 210 

obtained from linear regression analyses over the ranges of 0.001–100 mg/L and 0.01–211 

100 mg/L, respectively. The symbols (◆) and (◇) indicate the measured biotin 212 

concentrations of the soybean sample and the biotin supplement, respectively. Blotting 213 

paper enabled discrimination of biotin-dependent growth responses over five orders of 214 

magnitude. 215 




