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ABSTRACT

The rate of mutation refers to the probability that a
unit length of DNA (generally a base pair) mutates
with time. Fluctuation analysis or mutant accumula-
tion assays applied to phenotypic changes measure
mutation rates of cells. However, only a few
phenotypic changes indicative of mutations are
known thus limiting the analysis to those rare
genes. Direct sequencing overcomes the limitations
imposed by phenotypic analysis but is limited by the
extensive number of clones or cells that have to be
analyzed in fluctuation or mutant accumulation
assays. We propose a strategy to determine the
rate of mutation of a gene by limited direct sequen-
cing of a few single cells of a defined lineage. To
accomplish this, we determined the average
number of mutations per position in each DNA
length sequenced from the proportion of the non-
mutated positions, according to the Poisson
process and/or the Taylor series. Measuring the
rate of mutation by direct sequencing of genes
does not require ascertaining a phenotype and
can be applied to any area of the genome in a cell.
The approach avoids fluctuation errors.

INTRODUCTION

Mutations are changes in the nucleotide sequence of
DNA. Such changes can be punctual i.e. confined to one
base pair or involve multiple base pairs including deletion,
addition, amplification and recombination. The rate of
mutation is the probability that a given base pair or a
larger region of DNA changes with time. For practical
reasons mutations are usually detected by changes in
phenotype per unit of time indicated as cell generations
(1) or days (2). For the purpose of this manuscript, we
will consider only punctual changes in the determination
of mutation rates.

The mutation rate of stable genomes is estimated to be
10�10/bp per cell generation (3). However, in certain phys-
iologic conditions the rate of mutation increases dramat-
ically. As one example, the immunoglobulin (Ig) genes can

undergo mutation at a rate that exceeds the basal rate by
more than a million-fold (1,4,5). In another example, a lac
I transgene in mice (in the ‘Big Blue’ transgenic mouse)
undergoes mutations more frequently than expected
assuming a basal mutation rate (6,7). Cancer cells are
thought to mutate at a high rate. However, whether
mutators drive cancer owing exclusively to the phenotypic
manifestations of mutations is controversial (8). Whether
the rate of mutation changes under certain physiologic
conditions or in response to certain stimuli is not known
in part because of the difficulties of examining mutations
in cell lineages, throughout time. Hence, determining
whether the rate of mutation underlies physiologic or
pathophysiologic conditions requires reliable and feasible
approaches to measure the rate of mutation.
The rate of mutation in organisms or cells can be deter-

mined by fluctuation analysis or by mutation accumula-
tion assays. Fluctuation analysis was invented by Luria
and Delbruck (9) to determine whether bacteria acquire
resistance to viral infection by spontaneous mutation. The
rate of mutation in bacteria could not be determined by
simply counting directly resistant organisms because that
number could reflect the offspring of one mutant or
alternatively the late occurrence of many independent
mutations. To overcome this problem, Luria and
Delbruck determined the average number of mutations
per culture by plotting the frequency of cultures contain-
ing no resistant bacteria in the equation describing the
zero order of the Poisson process. The probability that
zero mutations occurred per culture reduces the Poisson
process to P(0)= e��, where � is the average number of
mutations per culture (9). The mutation rate was obtained
by dividing the average number of mutations per culture
by the total number of bacterium per cell generation (9).
Lea and Coulson (10), Sandri and Sarkar (11,12) and
Zheng (13) added statistical analysis to the application
of fluctuation assays in bacteria.
Wabl et al. (1) applied fluctuation analysis to determine

the rate of mutation of the immunoglobulin genes in
murine B cells. Wabl et al. (1) determined the rate of rever-
sion of the amber STOP codon in the immunoglobulin
heavy chain variable exon in B cells. Fluctuation
analysis was applied to clones grown from single or very
few cells in a compartmentalization assay. The average
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frequency of mutation (�) per cell was determined by
the zero order of the Poisson process, according to
e��=N0/N. The rate of mutation was calculated by
dividing the average frequency of mutation by the
estimated number of generations elapsed during the
clone growth and yielded 1.1� 4.2� 10�5 per base pair
per cell generation (1). The rate of mutation of the
immunoglobulin genes in B cells was confirmed
independently by Zhu and colleagues (14). This high rate
of mutation, about a million times greater than the basal
rate of mutation, was termed ‘hypermutation’ (1) and
provided a mechanism for the observed somatic diversifi-
cation of the Ig genes (15,16). The approach used to deter-
mine the rate of mutation at immunoglobulin loci is not
generally applicable since it is applied to a defined locus
with a phenotypic marker for mutations.
The rate of mutation can also be determined by ‘mutant

accumulation’ assays. In ‘mutant accumulation’ assays,
the rate of mutation is calculated from the rate of
change in the fraction of mutants overtime in a culture
started from a relatively large population that is mutant
free (17,18). ‘Mutant accumulation’ assays are thus limited
by the difficulty of establishing large enough mutant-free
cultures that generally require the availability of a
phenotype associated with a mutational target.
While in principle sequencing might determine the rate

of mutation independently of expression of a phenotype,
fluctuation dictates the need for analysis of many indepen-
dent clones. We investigated the feasibility of measuring
the rate of mutation by directly sequencing a gene of
interest over time. Assuming that every base pair in a
given length of DNA has equal probability of mutating,
independently of each other and almost no chances of
mutating twice, then the average number of mutations
can be calculated from the proportion of the non-mutated
positions according to the Poisson process and/or the
Taylor series. This strategy decreases the number of
clones that have to be analyzed to determine the rate of
mutation compared to examining changes in phenotype
due to a single base pair mutation.
We measured the rate of mutation of the HIV-1

envelope gene integrated into the genome of a line of B
cells in which the rate of spontaneous mutation has been
determined rigorously at several loci (1,19). Because each
envelope gene sequence was obtained from the consensus
of all the sequences present in a clone, we could eliminate
from the analysis clones with founder mutations present
in every clone, thus decreasing fluctuation in the number
of mutations considerably. The strategy requires the
analysis of relatively few clones if the length of nucleic
acid sequenced is at least 1 kb, and is independent of
phenotypic analysis; thus it can be extended to any loci
in the genome.

METHODS

Cells

To calculate mutation rate in a gene, we exploited the
18.81 murine B cell line because the rate of mutation at
the immunoglobulin loci, and other loci, has been

rigorously determined (1,19). This cell line was generated
by several rounds of subcloning BALB/c bone marrow
cells that had been infected with Abelson virus (20,21).
We chose a subclone of the 18.81.A3.43 cell line (1).
This particular clone of cells expresses activation
induced cytidine deaminase (AID) (22) and undergoes
somatic hypermutation (1,22).

Gene of interest

We chose to measure the mutation rate of an exogenously
introduced foreign gene driven to be expressed by
immunoglobulin regulatory elements. To this end, we
exploited a gene encoding a modified version of the
HIV-1 YU2 strain’s (clade B) envelope protein, provided
by Dr João Gonçalves (School of Pharmacy, University of
Lisbon, Portugal). This modified HIV-1 envelope gene
encodes gp120 and only the extra-cellular portion of
gp41 (to avoid membrane insertion and permit secretion),
producing a protein of 140 kDa, which we refer to as
gp140. The gene was modified as referenced by Bower
et al. (23). Briefly, the DNA encoding the gp140 protein
is 2004 bp. It was optimized for eukaryotic translation
by codon optimizing the sequence encoding the gp140
protein, and by replacing the first 32 amino acids of
the gp140 protein with the leader sequence for tissue
plasminogen activator. Additionally, a tag of three
copies of murine C3d (891 bp each NCBI #BC043338
nucleotides 3058–3948) was added 30 to gp140 to ensure
detection of protein variants that may arise due to
mutation of the HIV sequence (24). The entire sequence
was �4.7 kb in length.

Generation of gp140 DNA vector

To express the gp140 gene in the 18.81 B cell line, the
immunoglobulin light chain �1 promoter (�1p) was
directionally cloned between the HindIII and BamHI
sites in the MCS of pcDNA3.1/Hygro+ (Invitrogen,
Carlsbad, CA, USA), and a Nhe1 restriction cut site was
added onto the 50 end of the m heavy chain major intronic
enhancer (Em) by PCR (using primer set Nhe1Add, see
below). The enhancer was directionally cloned upstream
of the light chain promoter in the MCS of pcDNA 3.1
between the Nhe1 and HindIII sites. The gp140 gene
segment was inserted 30 to the �1p between the BamHI
and Xho sites in the MCS of pcDNA3.1. To do this, the
gp140 was digested with EcoRI, filled in with Klenow
and digested with Xho1 to generate a 50-blunt end and
a 30-sticky end. pcDNA 3.1 was BamHI restricted and
filled in with Klenow to generate a 50-blunt end,
followed by Xho1 restriction, generating a 30-sticky end.

The Em was a 678 bp sequence (NCBI #M12827 pos
7–683), and the �1p was a 1625 bp sequence (NCBI
#AC140201 pos 32 137–30 517). Both were generous gifts
from Dr Young (Rochester, NY, USA) (25).

Transfection of 18.81 B cell line and cell culture

To create a stable B cell line expressing the gp140 protein,
we electroporated 2� 107 cells of clone 1B5 of the
18.81.A3.43 cell line (1) at 315V with 20 mg of the gp140
vector that had been linearized by digestion with Nru1.

1576 Nucleic Acids Research, 2010, Vol. 38, No. 5



Cells were rested for 2 days at 37�C in RPMI with 10%
FCS, 50mM 2-mercapto ethanol, with penicillin and
streptomycin (100U/ml) and 2mML-glutamine supple-
mented in the medium. After 2 days, transfected cells
were selected by resistance to 1mg/ml hygromycin.
Thereafter, transfected cells were always maintained in
culture with hygromycin.

Western blot

To identify the gp140 protein produced by the transfected
B cells, we performed western blots on the cell extracts.
This was accomplished by PAGE of 5–20 mg of cell lysate
under reducing conditions (5% 2Me) on 7.5% Tris–HCl
READY GELs (Bio-Rad, Hercules, CA, USA) followed
by transfer to an Immobilon PVDF membrane (Millipore,
Billerica, MA, USA). On the blots, gp140 protein was
detected with human HIV Immunoglobulin (HIVIg)
(NIH AIDS Research and Reference Reagent Program
Division of AIDS, NIAID, NIH: from NABI and
National Heart Lung and Blood Institute—from Dr
Luiz Barbosa) (1:3000–1:5000) followed by goat a
human–HRP (Southern Biotech, Birmingham, AL,
USA) (1:2000). C3d was detected using goat a murine
C3d antibody (R & D Systems, Minneapolis, MN,
USA) (1:1000) followed by rabbit a goat IgG–HRP
(Novus Biologicals, Littleton, CO, USA).

Positive controls

Recombinant gp120 produced in a Baclovirus system from
the YU-2 strain (Immunodiagnostics, Woburn, MA,
USA) was used as a positive control.

Isolation of cellular RNA and RT-PCR

RNA was obtained from cells using the RNeasy kit
(Qiagen, Hilden, Germany), and cDNA was created
using oligo dT primers and Thermoscript RT-PCR
system (Invitrogen, Carlsbad, CA, USA).

Calculation of mutation rate

To detect mutations in the gp140 gene, we examined
clones derived from single B cells. These were created by
subjecting 18.81 cells to rounds of successive cloning by
limiting dilution (1.6 cells/ml, 100 ml per well in 96-well
plates). If plates contained less than 10 clones visible
after 9 days of growth, the clones were picked and trans-
ferred to 4ml of media and grown for an additional
4 days. After 13 days of growth, the cells in each clone
were counted and RNA extracted.

cDNA was produced by RT-PCR and �2 microglobulin,
VH81X variable region, gp140, and AID DNA were
amplified by PCR (using primer sets b2, VH, gp140-1,
gp140-2, AID) followed by gel purification by QIAEXII
(Qiagen, Hilden, Germany). The purified DNA except
from AID, was directly sequenced at least four times by
the Mayo Clinic Core DNA Sequencing and Synthesis
Facility. Sequences were aligned by the Sequencher
software (Gene Codes Corporation, Ann Arbor, MI,
USA), and all unique mutations were scored if they did

not occur in a primer region and were not present in the
lineage founder but present in a daughter clone.
The sequences obtained by sequencing bulk cDNA rep-

resented the consensus sequence of all cells present which
grew up from one single cell, and thus represented the
sequence of the gene in the clone founder (assuming
no mutation occurred in the first or second division of
those cells).
The number of base pairs sequenced depended on the

gene analyzed. For gp140, 2000 bp were sequenced as the
gene is 2004 bp long. For VH81X 300 bp were sequenced
as that is the approximate length of the variable region
gene. Finally for �2 microglobulin, 800 bp were sequenced.
On average, the number of cell generations (i.e. divi-

sions) for any given cell in culture which occurred in the
13 days between the time of the original cloning and
the subsequent re-cloning of the cells was calculated
by counting the cells in a given clone after 13 days of
growth and assuming that they all started from a single
cell. So, therefore, if X cells were present after 13 days and
the number of generations which occurred was n, that
number could be found by solving: 2n=X.

Primer sets

Nhe1 Add: 50-GATC GCTA GCGA GGTC TGGT
GGAG CC-30 and 50-GGTA TCGA TAAG CTTG
ATAT CGAA TTC-30. b2 50-TGGC TCGC TCGG
TGAC CCTG-30 and 50-GCAG AAGT AGCC ACAG
GGTT G-30. VH 50-GTGC AGCT GGTG GAGT
CTGG-30 and 50-CCAG AAGT TACC ATAC TAGT
C-30. Gp140 1 50-CAAT TCGA TATC AAGC TTG-30

and 50-TCTC CCAC TGGG TCTT GCTC A-30. Gp140
2 50-TGAG CAAG ACCC AGTG GGAG A-30 and
50-GATG TACC ACAG CCAC TTGG TG-30. AID
50-ATCT CAGA CTGG GACC TGGA C-30 and
50-GGAA CCAG AAGT GTCT TCA-30.

RESULTS AND DISCUSSION

To determine the rate of mutation of genes by direct
sequencing we took advantage of a B cell line in which
the rate of mutation at several loci is known. This line of B
cells, referred to as 18.81 cells, was generated by trans-
forming murine BALB/c bone marrow cells with
Abelson virus (20,21). The 18.81.A3.43 subclone from
one transformation undergoes 1.1–4.2� 10�5 mut/bp per
cell generation at the immunoglobulin loci (1) and mutates
reporter genes at many other loci at similar rates (19).
Consistent with its ability to mutate Ig genes, 18.81 cells
express the Ig mutator, the activation-induced cytidine
deaminase (AID).
To determine how fast a gene mutates, we first ascer-

tained the gene sequence in the founder cell. Toward this,
we transfected the 18.81.A3.43 subclone with the human
immuno-deficiency virus-1 envelope gene (gp140), a
well-characterized gene (22). To facilitate detecting
proteins translated from gp140 variants, the gene was
tagged with three copies of murine C3d. Transfected
cells expressed both RNA of the gp140 gene (not shown)
and the gp140C3d chimeric protein (Figure 1).
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To determine the rate of mutation, we next performed
fluctuation analysis. Transfected cells were cloned by
limiting dilution to generate lineages of cells (Figure 2).
After each cloning step RNA was extracted from more
than half of the cells in the clone and cDNA generated
by reverse transcription, the gp140 gene was amplified by
PCR and sequenced directly. The consensus sequence of
the gp140 gene reflected the sequence of the majority of
the cells in a clone and thus the sequence in the lineage
founder. By successive limiting dilutions, we obtained the
sequence of the gp140 gene in 24 daughter cells from two
independent lineages. We identified mutations in each
clone by comparing the gp140 sequences in the daughter
cells with the gp140 sequence in the lineage founder.

To determine the rate of mutation, we first determined
the probability of mutating at each base pair according to
the Poisson process. We assumed that each mutation
reflects an independent event that has a small probability
of occurring and has an infinitesimal probability of
occurring twice at the same position. Thus each base
pair could be considered an independent Bernoulli trial
with an output of either mutated or not mutated and
the average number of mutations in a cell could be
calculated by the zero order of the Poisson process. The
average frequency of mutations (N0/N where N0 is the
number of unaltered positions and N the total number
of bases sequenced) thus equaled e��. Alternatively, for
large numbers of N, the average number of mutations
per base pair can be obtained by 1�N0/N. This is
because according to the Taylor series e�=1+ � when
� is small. Thus e��=1� �=N0/N, which is much

Gp140-18.81 Cells

Lineage Founder (18 or 6)

Sequenced Clones
(18.1-18.10; 6.2-6.10)

Sequenced Clones
(18.6.1-18.6.6)

Cloning by 

limiting dilution

cDNA
PcR

cDNA
PcR

cDNA
PcR

cDNA
PcR

Direct sequencing

cDNA
PcR

cDNA
PcR

Direct sequencing

cDNA
PcR

18.1-18.10; 6.2-6.10

18.6.1-18.6.6

Cloning by 

limiting dilution

Figure 2. Cloning by limiting dilution. Transfected 18.81 cells were subjected to successive rounds of limiting dilution to obtain wells seeded with
single cells. From single cells, clones were grown for 13 days. Each number identifies a clone in which the first digits refer to the lineage founder and
the following digits represent subclones. For example, 18.6.1 refers to a clone obtained from lineage founder 18 which was subcloned twice generating
first clone 18.6 and after 18.6.1. Sequences were obtained directly, without cloning, from PCR products obtained from cDNA.

250 KD

1 2
Figure 1. GP140 is expressed in B cells. The figure shows a western
blot analysis of 18.81 cells transfected (lane 2) or not (lane 1) with the
gp140-C3d vector. Protein extracts were obtained from 30� 106 cells
and separated by 7.5% SDS–PAGE. Proteins were blotted onto PVDF
membranes and gp140 was revealed by IgG pooled and purified from
human serum of HIV positive patients (HIVIg) at a 1 : 5000 dilution
followed by goat anti-human IgG HRP-conjugated at a dilution of
1 : 2000. The gp140-C3d chimera has the approximate molecular
weight of 250 kDa.
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easier to calculate than the zero order of the Poisson dis-
tribution. Using the Taylor series to estimate the average
frequency of mutations allows easy determination of its
accuracy by calculating the standard error of the estimate,
which equals the square root of the average frequency
of mutations divided by the square root of N. The
number of base pairs to sequence to obtain an accurate
estimate of the average frequency of mutations can be
deduced from the standard error.

In one example (Table 1), we sequenced 18 000 bp
(trials) and found seven mutated base pairs and 17 993
non-mutated base pairs. Because the Ig mutator in this
particular line targets only G/C base pairs (5), we
calculated the rate considering only the number of G/C
pairs. Therefore, N0=11 016, N=11025 and
e� �=11016/11 025. �=�ln 0.9991836=8.1666� 10�4.
This number represents the average number of mutations
per base pair (i.e. frequency of mutation). According to
the Taylor series the average frequency is 8.164� 10�4.

The mutation rate was calculated by dividing the
average frequency of mutation per base pair by the
number of cell generations. The clone represented in

Table 1 grew from a single cell to 8.24� 106 cells prior
to sequencing. The average number of cell generations
that passed from the clone founder to any one of the
nine cells sequenced was 22.97 (because 2n=8.24� 106)
assuming no cells died. Therefore, the mutation rate was
3.55� 10�5mut/bp per cell generation.
We calculated the rate of mutation in two other lineages

of cells generated from the same founder population.
Results shown in Table 2 indicated a rate of 4.65� 10�5

mut/bp per cell generation deduced from the zero order of
the Poisson distribution and a rate of 4.69� 10�5 mut/bp
per cell generation deduced from the Taylor series. Results
shown in Table 3 indicated a mutation rate of 1.26� 10�5

mut/bp per cell generation deduced from the zero order of
the Poisson distribution and a rate of 1.39� 10�5 mut/bp
per cell generation according to the Taylor series.
The mutations in the gp140 gene targeted only C and G

base pairs and 84% were transitions (Figure 3) consistent
with the properties of the immunoglobulin mutator in this
cell line (19). However, mutations in gp140 were dispersed
throughout the 2000 bp gene length (Figure 4). This dis-
tribution is in contrast with the typical distribution of
mutations at the immunoglobulin loci which generally
targets the first few hundred base pairs, but extending as
far as 1.5 kb downstream (4). In agreement, the three
mutations in the immunoglobulin VH81X exon were
found within the first 200 bp out of the 300 sequenced.
Dispersion of mutations throughout the length of the
gp140 gene suggests that the clustering of mutations
towards the transcription initiation site associated with
the immunoglobulin mutator on the immunoglobulin
locus may not hold for other loci.
To calculate the rate of mutation by sequencing, we

assumed that only one copy of the gene of interest
(gp140 in our case) was being expressed in each clone
analyzed. For a typical cellular gene this is a reasonable
assumption to make. However, multiple copies of a gene
might integrate into the genome during transformation or
transduction. However, so long as only one copy of the

Table 3. The number of mutations in progeny of clone 6

Clone 6 Mutation no.

6.2 0
6.3 2
6.4 0
6.5 0
6.6 0
6.7 1
6.8 0
6.9 0
6.10 1

Each clone was grown for 28.71 cell generations from founder. Nine
clones were analyzed, 2000 bp containing 1225G or C nucleotides were
sequenced, or a total of 11 025G or C base pairs. Estimation of the
average frequency of mutations per base pair was done according to the
Poisson distribution, the zero-order value was� ln(11 021/11 025)=
�ln 0.9996=3.63� 10�4. The mutation rate was 1.26� 10�5 mut/bp
per cell generation. According to the Taylor series, the average fre-
quency was 0.4� 10�3 which yielded a mutation rate of 1.39� 10�5

mut/bp per cell generation.

Table 1. The number of mutations in progeny of clone 18

Clone 18 Mutation no.

18.1 1
18.3 0
18.4 0
18.5 0
18.6 3
18.7 0
18.8 1
18.9 2
18.10 0

Each clone was grown for 22.97 cell generations from founder. Nine
clones were analyzed, 2000 bp containing 1225G or C nucleotides were
sequenced, or a total of 11 025G or C base pairs. Estimation of the
average frequency of mutations per base pair was done according to the
Poisson distribution, the zero order value was� ln(11 016/11 025)
= � ln 0.9991836=8.1666� 10�4. The mutation rate was 3.55� 10�5

mut/bp per cell generation. According to the Taylor series, the average
frequency was 8.164� 10�4 which yielded the same mutation rate.

Table 2. The number of mutations in subclone 18.6

Subclone 18.6 Mutation no.

18.6.1 2
18.6.2 0
18.6.3 3
18.6.4 1
18.6.5 2
18.6.6 0

Each clone was grown for 23.41 cell generations from founder. Six
clones were analyzed, 2000 bp containing 1225G or C nucleotides
were sequenced, or a total of 7350G or C base pairs. Estimation of
the average frequency of mutations per base pair was done according to
the Poisson distribution, the zero order value was� ln(7342/7350)=
� ln 0.9989=1.089� 10�4. The mutation rate was 4.65� 10�5 mut/
bp per cell generation. According to the Taylor series, the average fre-
quency was 1.1� 10�3 which yielded a mutation rate of 4.69� 10�5

mut/bp per cell generation.
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gene is expressed, and expression is stable, then
sequencing the cDNA will accurately estimate the rate of
mutation. This is because since we measure the rate of
mutation by directly sequencing amplified gene fragments
obtained from RNA, the sequence reflects the consensus

of the majority and avoids errors generated during reverse
transcription, amplification or sequencing. In the case of
transgenes with only one copy expressed, the sequence
obtained in this way reflects the gene sequence. In the
case of genes that are expressed from two copies, as is
the case of most cellular genes, a mutation in one of
the copies but not in the other will originate an ambiguous
reading at that position which could be resolved
by cloning. Alternatively selective amplification of one
of the copies (by taking advantage of known
polymorphisms) would allow unambiguous detection of
mutations by direct sequencing.

To validate our method, we measured the rate of
mutation of the immunoglobulin heavy chain variable
region gene in 18.81 cells and compared the result with
previous estimates (1). We sequenced 300 bp of the
VH81X immunoglobulin variable region from each clone
comprehending 176G or C containing nucleotides, and
identified mutations as described. We found no mutations
in nine daughter cells from lineage 18, two mutations in
six daughter cells from lineage 18.6 (Table 4 and
Figure 4B) and one mutation in nine daughter cells from
lineage 6 (Table 5 and Figure 4B). The rate of mutation
was 8.1� 10�5 mut/bp per cell generation or 8.54� 10�5

Position
number

Table I

Position
number

Table II

Position
number

Table III

500 1000 1500 2000

358 636 1404 1471 1623 1935 1948

611 1236 1588 1725 1732 1929

1128
1150

1213
1899

Position
number

Table IV

Position
number

Table V

023061

172 182

32

1474572

A

B

Figure 4. Schematic representation of mutations in the gp140 and VH81X genes. Shown is the relative position and exact base pair number of each
mutation which occurred in either the gp140 (A) or VH81X (B) genes in all of the clones sequenced.

A G C T

A

G

C

T

0 0 0

1

0

0 0 0 0

8

8

1

1

From:

To:

Figure 3. Mutation table depicting the type of mutations found in the
gp140 gene. Results pooled from three independent experiments.
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mut/bp per cell generation, according to the Poisson
process or the Taylor series, respectively. The rate of
mutation in lineage 6 (Table 5 and Figure 4B) was
2.2� 10�5 mut/bp per cell generation or 3.5� 10�5

mut/bp per cell generation, according to the Poisson
process or the Taylor series, respectively. Therefore the
rate of mutation at the immunoglobulin heavy chain
locus is in the same order of magnitude as the rate
calculated for the HIV-1 envelope gene.

We confirmed the rate of mutation in the 18.81.A3.43
subclone by performing a classic fluctuation analysis.
We used immunofluorescence to identify clones with
cells expressing immunoglobulin m heavy chain and
clones without cells expressing m heavy chain. Because
reversion of an amber STOP codon by a single nucleotide
mutation allows expression of immunoglobulin m heavy
chain, the rate of reversion equals the rate of mutation.
On average, we found 1.442 revertants per clone by the
zero order of the Poisson distribution. The rate of rever-
sion was calculated by dividing the average frequency of
reversion by the average number of cells in each clone and

by the total number of cell generations in the history of the
clone (26). The reversion rate was 7.2� 10�6 mut/bp per
cell generation and at least one order of magnitude lower
than the rate of mutation measured by sequencing.
Because mutants were identified by expression of m
heavy chain, detection can be impaired by phenotypic
lag that is a delay between occurrence of the mutation
and expression of the protein.
To determine if conserved genes also mutate in 18.81

cells, we sequenced the �2 microglobulin gene in each of
the clones found to mutate the gp140 gene. The �2
microglobulin gene is highly conserved (27) and is not
known to mutate in B cells. We found no mutations in
800 bp of the �2 microglobulin gene in any of the clones
studied (data not shown). These results indicate that
sequencing did not artificially generate mutations and
that the �2 microglobulin gene mutates at a rate that is
lower than 2.6� 10�6 mut/bp per cell generation (the
approximate rate of mutation if just one mutation was
found). This rate is lower than the rates found for the
gp140 gene and for the immunoglobulin gene (1)
indicating that in agreement with the conclusions of
others (28), somatic hypermutation does not target all
loci in the B cell genome.
Here, we show that the rate of mutation of a gene can

be measured by direct sequencing independently from
phenotypic expression of a reporter gene. This approach
can be applied to any area of the genome, and even to
different areas within one gene, and can be completed in
a relatively short time. We show that the rate of mutation
of the HIV-1 envelope protein integrated into the genome
of a mutating line of B cells is between 1.26� 10�5 and
3.55� 10�5 mut/bp per cell generation and within the
same range as the rate of mutation of the immunoglobulin
gene (1).
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