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human monozygotic and dizygotic twins and their mothers, and a 
time series study of adult germ-free mice after they received human 
fecal microbiota (Fig. 1, Supplementary Table 1 and Supplementary 
Discussion). This analysis combined ten full 454 FLX runs and one 
partial run, totalling 3.8 million bacterial 16S rRNA sequences from 
previously published studies, including reads from different regions 
of the 16S rRNA gene.

QIIME is thus a robust platform for combining heterogeneous 
experimental datasets and for rapidly obtaining new insights about 
various microbial communities. Because QIIME scales to millions 
of sequences and can be used on platforms from laptops to high-
performance computing clusters, we expect it to keep pace with 
advances in sequencing technology and to facilitate characterization 
of microbial community patterns ranging from normal variations to 
pathological disturbances in many human, animal and other envi-
ronmental ecosystems.

Note: Supplementary information is available on the Nature Methods website.
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Intensity normalization improves color 
calling in SOLiD sequencing
To the Editor: Applied Biosystems’ SOLiD system1 is a commonly 
used massively parallel DNA sequencing platform for applications 
from genotyping and structural variation analysis1 to transcriptome 
quantification and reconstruction2. Like other sequencing technolo-
gies, it measures fluorescence intensities from dye-labeled molecules to 
determine the sequence of DNA fragments. Ultimately, sequences are 
determined by complicated statistical manipulations of noisy inten-
sity measurements, and systematic biases may mislead downstream 
analysis3. Several proposed methods improve base calling and qual-
ity metrics for other sequencing technologies3–5, and we now present 
Rsolid, software implementing an intensity normalization strategy for 
the SOLiD platform that substantially improves yield and accuracy at 
small computational costs (6% increase in total matches, 13% increase 
in perfect matches, 5% reduced error rate and a substantial reduction 
in false positive single-nucleotide polymorphism (SNP) calls in an 
Escherichia coli genomic DNA sample).

In the SOLiD system, the proportions of color calls across sequenc-
ing cycles are extremely variable (Fig. 1a), even though they should be 
equal across sequencing cycles and proportional to the dinucleotide 
content of the library (Supplementary Methods). This bias can be 
traced to the fluorescence intensity measurements used to make the 
color calls (Supplementary Fig. 1). The distributions of intensities 
are similar across channels in early sequencing cycles, but a color bias 
starts to appear in later cycles. The Rsolid method uses a simple and 
computationally efficient procedure to normalize the color-channel 
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Figure 1 | Effect of normalization on color proportions and SNP calling.  
(a) Color proportions in sample of E. coli genomic DNA on each sequencing 
cycle. Color calls as reported by the SOLiD 2 system (left) and after 
normalization by Rsolid (right). FTX, TXR, Cy3 and Cy5 are dyes used by SOLiD. 
(b) Number of false positive SNPs called in E. coli at various coverage. After 
normalization, fewer SNPs were called even at high coverage (30 M reads 
correspond to ~100-fold coverage).
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new system have similar statistical properties (data not shown) and 
our normalization algorithm scaled as expected (Supplementary 
Methods). Whereas increased yield is less of a concern with the new 
system, the need for accurate color calls is still of paramount impor-
tance in applications such as genotyping, bisulfite sequencing and 
assembly, in which single base-resolution data are required. There is 
still a need for accurate color calls to avoid false positive variant calls 
even at high coverage (Fig. 1b).

Rsolid is publically available from http://rafalab.jhsph.edu/Rsolid 
and runs on the R computing environment, making it straightforward 
to include in existing data pipelines.

Note: Supplementary information is available on the Nature Methods website.
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intensity distributions while taking into account dinucleotide fre-
quencies (Supplementary Methods). This ensures that the intensity 
distributions across channels are comparable in later cycles, as they 
are in earlier cycles (Supplementary Fig. 1), removing a substantial 
amount of the color-call bias seen in later cycles (Fig. 1a).

We report results on E. coli and Homo sapiens genomic DNA sam-
ples, processed in independent laboratories and machines. Mapping 
and accuracy statistics were substantially improved after normaliza-
tion (Table 1 and Supplementary Tables 1–4). We observed a 2–6% 
reduction in the rate of valid adjacent color errors, which is particu-
larly important because SOLiD’s two-base encoding cannot correct 
for this type of error. This manifests as a substantial reduction in the 
number of false positive SNP calls made (Fig. 1b).

The recently released SOLiD 3plus system, using smaller beads, 
produces as much as 10 times more intensity data. Data from this 

Table 1 | Improvement in accuracy and mapping
Metric E. coli H. sapiens

Total mapped reads +6.35% +4.43%

Perfectly mapped reads +12.97% +7.21%

Uniquely mapped reads +6.37% +7.24%

Overall errors per mapped read –4.92% –1.82%

Valid adjacent errors per mapped read –6.42% –2.20%
These samples were processed in two different laboratories, with independent library 
preparations and sequencing machines.
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