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Consistent with this idea, replacement of AGC/AGT codons by TCN codons in spo0A, whose protein 
product positively regulates biofilm entry (by turning on the synthesis of the SinR antagonist SinI), 
resulted in defective biofilm formation (Figure 4C) in contrast to the stimulatory effect of replacing 
AGC/AGT codons with TCN codons in sinR (Figure 1—figure supplement 2).

Discussion
Together, our results implicate serine depletion as an environmental cue that contributes to promoting 
biofilm formation in B. subtilis together with other cues that are sensed by the histidine kinases KinA–D. 
Serine depletion is sensed through a remarkably simple mechanism based on reduced translation 
speed at UCN serine codons in the mRNA for a regulatory protein, SinR, whose repressive effects are 
highly sensitive to small changes in the level of the protein. We presume that UCN codons lower SinR 
levels simply by slowing the rate of ribosome movement along the mRNA (elongation). However, it is 
possible that the reduced translation speed at UCN codons during biofilm entry could be followed by 
downstream events such as ribosome rescue (Keiler et al., 1996) or mRNA decay (Hayes and Sauer, 
2003) that might also contribute to lowering the levels of the SinR protein.

The serine sensing mechanism uncovered here operates through over-representation of the TCN 
serine codons in the sinR gene without the necessity for any other dedicated protein or RNA for sensing 
serine depletion. By contrast, transcriptional attenuation, a widespread mechanism among bacteria 

Gene A B C D E F Function

yeaA 1.34 −2.59 112 138 139 31 hypothetical protein

yezD 2.52 −4.17 145 406 340 25 hypothetical protein

yitJ 3.01 −2.43 2785 10,990 4687 1153 bifunctional homocysteine S-methyltransferase/ 
5,10-methylenetetrahydrofolate reductase

yjbC 3.67 −0.57 104 647 248 222 thiol oxidation management factor; acetyltransferase

yjnA 1.5 −2.81 972 1342 790 149 hypothetical protein

yoaB 2.28 −2.26 2206 5244 2862 792 negatively charged metabolite transporter

yoaC 2.92 −1.89 1200 4459 1436 513 hydroxylated metabolite kinase

yrhB 2.92 −2.93 3806 14,096 1904 333 cystathionine beta-lyase

yrrT 2.97 −3.12 546 2089 443 68 AdoMet-dependent methyltransferase

ytlI 1.66 −3.2 206 318 141 20 LysR family transcriptional regulator

ytmI 3.34 −3.27 3452 17,173 1640 226 N-acetyltransferase

ytmO 3.4 −2.88 3866 20,007 1179 213 monooxygenase

ytnI 3 −2.6 3522 13,770 867 189 redoxin

ytnJ 3.14 −2.86 10,645 45,997 2495 456 monooxygenase

ytnL 3.56 −2.45 1281 7371 354 86 aminohydrolase

ytnM 3.5 −2.6 4542 25,202 1264 277 transporter

yuaF 1.89 −1.74 87 157 158 63 membrane integrity integral inner membrane protein

yvzB 0.95 −2.48 125 118 168 40 flagellin

yxaL 3.54 −0.41 1069 6077 442 442 membrane associated protein kinase

yxbB 3.7 −0.01 108 685 118 155 S-adenosylmethionine-dependent methyltransferase

yxeK 0.86 −2.72 2702 2406 1073 216 monooxygenase

yxeL 1.29 −2.94 437 525 202 35 acetyltransferase

yxeM 0.87 −2.57 3003 2692 1047 233 ABC transporter binding lipoprotein

yxeP 1.75 −2.24 2577 4246 736 207 amidohydrolase

yxjH 2.02 −1.82 4162 8243 3811 1432 methyl-tetrahydrofolate methyltransferase

A—median-subtracted log2 fold-change: biofilm/exponential-phase, B—median-subtracted log2 fold-change: serine starvation/serine rich, C—raw counts: 
biofilm entry, D—raw counts: exponential phase, E—raw counts: serine rich, F—raw counts: serine starvation.
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for sensing amino acids that also relies on changes in translation speed, involves a translation-transcription 
coupling mechanism that is mediated by highly structured mRNAs and leader peptides (Henkin and 
Yanofsky, 2002).

We note that the biased usage of the four TCN serine codons, which act as starvation sensors during 
biofilm formation, is not evident from widely-used phenomenological measures of codon bias such as 
the codon adaptation index (Figure 4D), which primarily reflects codon preferences during exponential 
growth (Sharp and Li, 1987; Andersson and Kurland, 1990). The difference in translation speed 
between the four UCN codons and the two AGC/AGU codons under biofilm-inducing conditions is 
likely mediated by differences in concentration of the corresponding aminoacylated tRNAs (Elf et al., 
2003; Dittmar et al., 2005), as was recently observed in serine-starved E. coli (Subramaniam et al., 
2013). Interestingly, the hierarchy between UCN codons and AGC/AGU codons in B. subtilis during 
serine starvation is similar to the one in E. coli even though copy numbers of the corresponding tRNA 
genes have diverged significantly between these two organisms (Lowe and Eddy, 1997). Despite 
different tRNA gene copy numbers, it is possible that the relative abundances of the serine tRNA isoac-
ceptors are similar between the two organisms or that their relative abundances might be regulated in 
the same manner in response to nutrient deprivation (Doi et al., 1966).

Figure 4. Serine codon bias of biofilm-regulated genes reflects their expression under serine starvation. 
(� ) Relative serine codon fraction in genes for nucleotide biosynthesis (pyrAA, purB), lactate dehydrogenase (ldh) 
and a sporulation regulator (spo0A). Numbers in parentheses indicate the number of serine codons in each gene. 
Relative fraction of serine codons across the B. subtilis genome is shown for comparison. (� ) Fold-change (expressed 
in log2 units) in average ribosome density upon biofilm entry for the four genes shown in � . (� ) Colony morphology 
of a wild-type strain and two spo0A synonymous variants grown on solid biofilm-inducing medium. Seven AGC/AGT 
codons in wild-type spo0A were replaced by either 7 TCC codons or 3 TCC and 4 TCG codons and inserted at 
the chromosomal spo0A locus. Both the wild-type spo0A and the synonymous spo0A variants were inserted with 
a downstream selection marker. (� ) Left: Codon Adaptation Index (CAI) for the four genes shown in � . Right: 
Distribution of CAI values for 4153 protein-coding sequences of B. subtilis.
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