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Introduction 

How the first promoters may have originated is of evolutionary curiosity. Several studies have shown that new promoters arise 
by copying over an existing promoter sequence. Although de novo origination of promoters has also been suggested, there has been 
limited evidence. Hence, we investigate the possibility of de novo origination of promoters in this study using the model organism Ba-
cillus subtilis 168. 10,000 random sequences were generated and alignment to known promoter sequences from B. subtilis 168 were 
used to assess their probability of being putative promoters. Results showed that 380 out of 10,000 random sequences have ≥97% 
probability. In silico evolution was performed to test the possibility of promoter selection using selective pressure and our simulation 
results suggest that the functionality of a random sequence may increase overtime. Therefore, de novo origination of promoters from 
random sequences is possible.

Promoters are responsible for directing RNA polymerase to-
wards the transcription of genes; hence, are key factors of tran-
scriptional regulation. A typical prokaryotic promoter consists of 
a Pribnow box and -35 region [1], which lies between 9-18 base 
pairs (bp) and 35 bp upstream from the start point of transcrip-
tion. The Pribnow box has a sequence similar to 5′-TATAAT-3′ 
while the -35 region has a sequence similar to 5′-TTGACA-3′. These 
consensus sequences are not strictly conserved in prokaryotes; 
however, the promoters of Bacillus subtilis are known to have 
similar sequences [2]. Initiation factors known as sigma (σ) fac-
tors determine the specific promoter sequences RNAP bind to in 
prokaryotes [1]. Different σ factors are produced in response to 
specific stimuli; such as, stress, stationary and growth phases, star-

vation and morphological differentiation [3]; therefore, driving the 
transcription of necessary genes. Some genes may have more than 
one promoter, which allows binding of multiple σ factors under dif-
ferent conditions [4]. 

New promoters may originate either through the mobilisation 
of existing promoters to upstream of the gene to be expressed or 
de novo from random sequences for the activation of new or silent 
genes [5,6]. Promoters originating de novo are referred to as de 
novo promoters [5]. Horwitz and Loeb [7] first demonstrated us-
ing Escherichia coli that chemically synthesised, random sequences 
may mimic or even promote transcription much more strongly 
than wild type promoters. This corroborates the recent findings 
by Yona., et al. [5] that randomly generated sequences can produce 
gene expressions comparable to that of wild type promoters with-
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out mutations or with minimal mutations. Hence, it is of evolution-
ary curiosity as to how the first B. subtilis 168 promoter may have 
originated, which may then undergo mutation and selection into a 
set of promoters of varying strengths.

In this study, we investigate the possibility of de novo origina-
tion of promoters from random sequences using the model Gram-
positive organism, B. subtilis 168. Our results show 3.8% of ran-
dom sequences have ≥97% probability of functioning as putative 
promoters and In silico evolution of a random sequence with low 
probability showed an increasing promoter probability over time.

Methods

In this study, we used the data set of B. subtilis promoters by 
Coelho., et al [1]. The data set of 769 promoters, from now referred 
to as baseline sequences, was used for comparison against the ran-
dom sequences generated to determine putative promoters.

Baseline promoter sequence data set

10,000 random sequences were generated to investigate their 
probability of being putative promoters. The lengths of these ran-
dom sequences were set between 38 and 93 nucleotides, with 
nucleotide compositions of 3535 adenine (A), 3218 thymine (T), 
1763 guanine (G) and 1485 cytosine (C) per 10,000 bases; in ac-
cordance to the length and sequence compositions of B. subtilis 
promoters [1]. Start codons and stop codons were excluded. The 
random sequence data set of variable sequence lengths was gener-
ated using RANDOMSEQ [8].

Random sequence data set

The Smith–Waterman algorithm [9], known as ‘local’ alignment, 
and the Needleman–Wunsch algorithm [10], known as ‘global’ 
alignment, were used for pairwise alignment of the baseline se-
quences. The distribution of the alignment scores was used as a 
measure of putative promoter sequences. Pairwise alignment was 
performed using SEQPROPERTIES in Bactome (https://github.
com/mauriceling/bactome).

Pairwise alignment of baseline sequences

Each random sequence generated was pairwise aligned with 
every baseline sequence to determine the probability of putative 
promoter sequences. Minimum and average pairwise alignment 
scores were generated for each of the random sequences. The prob-
ability of a random sequence being a putative promoter sequence 

Pairwise alignment of random sequences against baseline se-
quences

was determined by the proportion of alignment scores of baseline 
sequences below the minimum and average alignment scores of the 
random sequences. Minimum alignment score was used for high 
stringency while average alignment score was used for low strin-
gency. Pairwise alignment of random sequences against baseline 
sequences was performed using SEQPROPERTIES. 

In silico evolution was performed to investigate the potential of 
random sequences to evolve over several generations to achieve 
characteristics similar to baseline sequences using the method de-
scribed by Kwek., et al [12]. Briefly, a random promoter sequence 
with a minimum alignment score identical to that of baseline pro-
moter sequences was randomly selected as the ancestral genome. 
The ancestral genome is used for cloning the initial population of 
100 digital organisms and deployed in one eco-cell. A 10% back-
ground point mutation rate was used [13,14]. Fitness of each or-
ganism was calculated as the average pairwise alignment score of 
the organism’s genome against a data set of 250 randomly selected 
baseline sequences. Organisms in the lowest 10th percentile by or-
ganism fitness were removed from the population after each gen-
eration. Alternatively, if less than 50% of the population remained 
after the removal, 10 random organisms were randomly removed. 
The remaining organisms were randomly selected for replication 
to maintain a population of 100 organisms at each generation. A to-
tal of 30 simulation repeats were performed and 500 generations 
were simulated each time. 

In silico evolution using digital organism simulation environ-
ment (DOSE) [11]

The minimum and maximum nucleotide lengths for the base-
line sequences were determined to be between 38 bp and 93 bp, 
with an average of 53 bp and standard deviation of 9.56 bp. The 
average distribution of nucleotides in the baseline sequences was 
calculated to be 35.35% A, 32.18% T, 17.63% G and 14.85% C. 

The pairwise alignment results (Figure 1) of both ‘local’ and 
‘global’ alignments were identical (p-value = 1.0). This could have 
been probably due to the short nucleotide lengths of the promoter 
sequences. Both algorithms yielded a total of 221,445 alignments. 
The minimum and maximum alignment scores were determined 
to be 17 and 60 respectively. The average alignment score was 32 
with a standard deviation of 4.60.

Characterisation of B. subtilis 168 Promoters

Results and Discussion
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Figure 1: Distribution of pairwise alignment scores of  
B. subtilis 168 baseline sequences.

Our results show that approximately all the random sequences 
(99.7%) have a minimum alignment score that is equal or greater 
than that of the baseline sequences (Table 1). The range of pair-
wise alignment scores among baseline sequences represents the 
sequence diversity of B. subtilis 168 promoters. Using the same ar-
gument from previous studies [12,17]; if a random sequence is not 
likely to be a putative promoter, then its minimum alignment score 
against the baseline sequences should be lower than the minimum 
alignment score of the baseline sequences. Our results show that 
almost all (99.9%) the random sequences have 9.5% probability of 
being putative B. subtilis 168 promoters (Table 1). Our results also 
show that at high stringency (using minimum alignment score), 

3.8% Random sequences with more than 97% probability as 
putative B. subtilis 168 promoters

Threshold 
score 
(Baseline)

Minimum 
fitness score

Average  
fitness score

Probability of 
B. subtilis 168 

Function
>16.9 99.7% 100.0% 0.0%
>18.9 98.0% 100.0% 0.0%
>20.9 90.5% 100.0% 0.4%
>22.9 77.1% 100.0% 2.5%
>24.9 62.1% 99.9% 9.5%
>26.9 45.1% 96.8% 23.0%
>28.9 25.6% 87.4% 40.8%
>30.9 7.3% 76.3% 58.6%
>32.9 0.2% 64.2% 73.5%
>34.9 0.0% 51.0% 83.9%
>36.9 0.0% 35.9% 90.6%
>38.9 0.0% 19.5% 94.9%
>40.9 0.0% 3.8% 97.6%
>42.9 0.0% 0.0% 99.0%

Table 1: Probability of random sequences functioning as  
B. subtilis 168 promoters.

These results are consistent with Horwitz and Loeb [7] demon-
strating that a small portion of chemically synthesised sequences 
can serve as active promoters. Similarly, Yona., et al. [5] had demon-
strated that 10% of the randomly generated sequences were able 
to produce a gene expression comparable to wild-type promoters 
prior to evolution. Therefore, our findings suggest that de novo 
origination of B. subtilis 168 promoters is possible. 

We also screened the random sequences with the highest prob-
ability for similarity to the consensus sequences. We discovered 
similarity to the promoter motifs in all 21 sequences with 38% (n 
= 8) having only a difference of 1 nucleotide in both or either of the 
consensus sequences. This supports the findings of Yona., et al. [5] 
who discovered that random sequences which were active without 
mutation and after mutation showed high similarity to the con-
sensus sequences. In another study [15], it was observed that the 
strength of Lactococcus lactis promoters was dependent on both 
the similarity to promoter consensus sequences and the lengths of 
the spacer sequences. This suggests that random sequences with 
similarity to consensus sequences show greater functionality; thus, 
may be preferentially selected to form strong promoters. 

A random sequence, labelled as Test_9826, which has the mini-
mum alignment score of 17 (average and maximum score of 26 and 
37 respectively) to the baseline sequences was selected for In silico 
evolution. Its sequence is “AAAACAAACAATTTACATTTTTTACGTT-
TATTTTCCATCTCC”. Our simulation results (Figure 2) show a sharp 
increase followed by plateauing in the fitness level of Test_9826. 
The fitness of the organism increased from a score of 26 to 27.4 
(highest average fitness score) and to 28.7 (highest maximum fit-
ness score). The average and maximum fitness scores were used 
to interpret the fitness of the promoter sequence at high and low 
stringencies respectively. Based on these results, the probability of 
Test_9826 being a putative promoter increased from 9.5% to 23% 
(Table 1). Despite the increase in fitness, both fitness scores do not 
surpass the average alignment score of the baseline sequences. 
This could have been due to a low mutation rate or fewer num-
ber of simulated generations. Despite Test_9826 not evolved to 
achieve the average fitness of wild-type promoters, the increase in 
its fitness level is evident of how random sequences may evolve 
into highly functional promoters. Our results are consistent with 
previous findings that evolution increases the functionality of pro-
moters. Yona., et al. [5] had demonstrated that 60% of the random 
sequences evolved expression similar to wild-type promoters with 
a single mutation.

Putative B. subtilis 168 promoters can evolve under selective 
pressure 

21 random sequences (0.2%) have 73.5% probability while at low 
stringency (using average alignment score), 380 random sequenc-
es (3.8%) have 97.6% probability (Table 1) of being putative B. sub-
tilis 168 promoters. 
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Carvunis., et al. [16] had described that in order for a proto-gene 
originating de novo to be expressed, it must be first transcribed. 
Therefore, having a functional promoter is an essential step for 
the expression of genes originating de novo [12,17]. The same ap-
plies for silent genes acquired through mechanisms like horizon-
tal gene transfer (HGT) or already existing without a compatible 
promoter [6]. Our results demonstrate the possibility for de novo 
origination of promoters from random sequences; thus, fulfilling 
the requirement for the transcription of proto-genes and existing 
genes without a compatible promoter. Since gene expression is 
also dependent on other events such as recognition of promoters 
by σ factors, binding of transcription factors and RNA polymerases, 
future studies could assess gene expression and strengths of ran-
dom sequences with the highest probability of being putative B. 
subtilis 168 promoters.

The authors declare no conflict of interest.
Conflict of Interest

Conclusion

Figure 2: Simulation results for random sequence Test_9628. 
Error bars represent standard errors.
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