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Gene duplication is important in evolution, because it provides new raw material for evolutionary adaptations. Several existing hy-

potheses about the causes of duplicate retention and diversification differ in their emphasis on gene dosage, subfunctionalization,

and neofunctionalization. Little experimental data exist on the relative importance of gene expression changes and changes in

coding regions for the evolution of duplicate genes. Furthermore, we do not know how strongly the environment could affect this

importance. To address these questions, we performed evolution experiments with the TEM-1 beta lactamase gene in Escherichia

coli to study the initial stages of duplicate gene evolution in the laboratory. We mimicked tandem duplication by inserting two

copies of the TEM-1 gene on the same plasmid. We then subjected these copies to repeated cycles of mutagenesis and selection

in various environments that contained antibiotics in different combinations and concentrations. Our experiments showed that

gene dosage is the most important factor in the initial stages of duplicate gene evolution, and overshadows the importance of

point mutations in the coding region.
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Gene duplication is one of the fundamental driving forces of

molecular evolution. Although studied for a long time (Kuwada

1911; Bridges 1936; Serebrovsky 1938; Stephens 1951; reviewed

in Taylor and Raes 2004), only the genomic era revealed its full

extent, showing that about 20–60% of a genome’s genes can

have duplicates (Himmelreich et al. 1996; Klenk et al. 1997;

Tomb et al. 1997; Arabidopsis Genome Initiative, 2000; Rubin

et al. 2000; Li et al. 2001; Kellis et al. 2004). Gene duplication,

which occurs approximately as frequently as mutation (Lynch

and Conery 2000), is important for the evolution of new protein

functions (Ohno 1970; Hughes 1994; Walsh 1995), and may also

facilitate speciation (Sidow 1996; Spring 1997; Lynch and Force

2000a; Bailey et al. 2002; Simillion et al. 2002; Bowers et al.

2003; Dehal and Boore 2005; Marques-Bonet et al. 2009). Most

duplicate gene copies are lost by deletion or become pseudo-

genes (Rouquier et al. 1998, 2000; Balakirev and Ayala 2003),

yet many duplicate genes have persisted in the genomes of organ-

isms in all branches of life (Tekaia and Dujon 1999; Zhang 2003;

Vavouri et al. 2008), further underscoring the importance of gene

duplication.
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Four main classes of hypotheses exist to explain the retention

of duplicate genes (reviewed in Hahn 2009). The first hypothe-

sis highlights the role of gene dosage itself. Increased expres-

sion level of a gene, due to duplication, can be beneficial and

help retain both duplicates (Horiuchi et al. 1963; Kondrashov

et al. 2002; Conant and Wolfe 2007). Examples include old du-

plicate genes in yeast metabolism that still show substantial func-

tional overlap, suggesting that higher dosage is likely beneficial

(Conant and Wolfe 2007; DeLuna et al. 2008). Gene duplica-

tion, a special case of gene amplification to high copy numbers,

may also be beneficial in nutrient-limited environments, for adap-

tation to stressors, and for resistance to antibiotics, presumably

due to increased gene dosage (Straus 1975; Otto et al. 1986;

Matthews and Stewart 1988; Nichols and Guay 1989; Sonti and

Roth 1989; Ives and Bott 1990; Kondratyeva et al. 1995; Brown

et al. 1998; Riehle et al. 2001; Dunham et al. 2002; Reams and

Neidle 2003; Toprak et al. 2011). Moreover, gene duplications

may accelerate evolution in new or stressful environments by

providing more genetic material for mutation, a hypothesis re-

ferred to as the amplification-mutagenesis hypothesis (Andersson

et al. 1998; Hendrickson et al. 2002; Roth and Andersson 2004).

The second hypothesis for duplicate gene retention empha-

sizes the evolution of new functions—neofunctionalization (Ohno

1970; Hughes 1994; Walsh 1995; Zhang et al. 2002; Hooper and

Berg 2003; Rodrı́guez-Trelles et al. 2003; Francino 2005; Hughes

2005; Hughes and Liberles 2007; Conant and Wolfe 2008). One

copy of a duplicate gene pair experiences relaxed selection and

can evolve a beneficial new function (Ohno 1970) that can help

retain both gene copies. Several models for neofunctionalization

such as the innovation–amplification–divergence (IAD; Bergth-

orsson et al. 2007; Soo et al. 2011; Näsvall et al. 2012), and

the escape from adaptive conflict (EAC) model (Des Marais and

Rausher 2008; Barkman and Zhang 2009; Deng et al. 2010) have

been proposed.

The third hypothesis for duplicate retention suggests sub-

functionalization as a possible mechanism. Force et al. (1999)

proposed that two copies of a gene acquire mutations that change

the genes’ activity in such a way that the two copies become

complementary to each other in function. In this duplication–

degeneration–complementation (DDC) model, both copies are re-

quired to maintain the original function (Force et al. 1999; Lynch

and Force 2000b; Lynch et al. 2001). Subfunctionalization may

also allow retention of duplicate genes that could later evolve new

functions (Rastogi and Liberles 2005).

A fourth candidate mechanism for duplicate gene retention

involves novel sequences that are created at the junctions between

new duplicates. Such novel sequences can themselves be benefi-

cial for cells and help spread gene duplicates through a population

(Glansdorff and Sand 1968; Jackson and Yanofsky 1973; Ahmed

1975; Anderson and Roth 1977, 1978a,b; Kugelberg et al. 2006,

2010). In addition to these main classes of hypotheses, theoretical

studies have suggested various further scenarios for gene dupli-

cate retention (Nowak et al. 1997; Wagner 2000a, 2002; Gu et al.

2003; Kafri et al. 2006, 2008).

Changes in gene dosage (gene expression) and in gene coding

regions play a role in the first three hypotheses. Although com-

parative studies address the importance of gene dosage changes

or coding sequence changes for the retention of duplicate genes

(Kondrashov et al. 2002; Zhang et al. 2002; Tocchini-Valentini

et al. 2005; Conant and Wolfe 2007; Lynch 2007; Tirosh and

Barkai 2007; Woolfe and Elgar 2007; Des Marais and Rausher

2008; Kleinjan et al. 2008), very little pertinent experimental evi-

dence exist (Holloway et al. 2007; Näsvall et al. 2012). Moreover,

we do not know how environmental conditions can influence the

retention of duplicate genes via one mechanism or the other. Al-

though some experimental work studied the evolution of duplicate

genes (Holloway et al. 2007; Näsvall et al. 2012), none of them

examined the relative importance of these mechanisms in the re-

tention process, nor did they study the role of the environment in

the outcome.

To study the relative importance of changes in gene dosage

or expression and in protein coding regions, we designed an ex-

perimental system in which a plasmid hosts a tandem duplication

of the TEM-1 beta lactamase gene. In this system, TEM-1 gene

dosage increase can occur through higher order amplification of

the gene or through increased copy number of the plasmid. In

addition, duplicate TEM-1 genes are free to accumulate coding

mutations that change the activity of the protein and regulatory

mutations that can tune the expression level of the TEM-1 gene.

We subjected the two duplicates to repeated rounds of mutage-

nesis and selection on the native substrate ampicillin, on novel

substrates, and on a combination of native and novel substrates,

to ask what role the chemical environment plays in the retention

of duplicate genes. We found that increased gene dosage plays

the most important role in retaining duplicate genes, regardless of

the antibiotic environment. Our results also suggest that elevated

gene dosage is affected by four molecular processes that could

alter TEM-1 gene expression in our evolved populations.

Materials and Methods
BACTERIAL STRAINS AND MEDIUM

We used the E. coli strain DH5α for initial fitness measure-

ments, for evolution experiment, and for the fitness measure-

ments after the evolution experiment. Because the frequently used

mutagenic polymerase chain reaction is highly recombinogenic,

we used a mutator E. coli strain, TB90 for introducing genetic

variation in TEM-1 genes (Methods S1). In TB90, mutagene-

sis can be induced with the addition of L-(+)-arabinose (Sigma;

Methods S1; Table S6). The TB90 strain lacks the recA gene,
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to reduce recombination and gene loss among duplicate TEM-

1 copies as well as to minimize the incidence of higher order

amplifications (Reams et al. 2010), which have already been stud-

ied (Wiebauer et al. 1981; Goldberg and Mekalanos 1986; Reams

et al. 2012). For all E. coli cultures, we used LB medium (Becton-

Dickinson). All E. coli strains were grown at 37°C except DY330

or strains harboring the plasmid pCP20, which were cultured

at 30°C.

CONSTRUCTION OF DUPLICATE COPY

We cloned the gene TEM-1 beta lactamase along with its pro-

moter from the pBR322 plasmid (Sutcliffe 1978) into the pUA66

plasmid (Zaslaver et al. 2006), using XhoI and BamHI restric-

tion sites. We transformed this plasmid into E. coli DH5α cells,

referring to the resulting strain as the ancestral S (AncS) strain,

where S stands for “single copy” (Fig. 1A). We then inserted a

second, identical copy of the TEM-1 gene into the same plasmid

using the BamHI restriction site, and transformed the resulting

construct into E. coli DH5α cells. We refer to this strain as the

ancestral D (AncD) strain (Fig. 1A). We confirmed the sequences

of the inserts and the orientation of the inserts using Sanger se-

quencing. Both genes had the same transcriptional orientation and

independent transcription start sites. We performed initial fitness

measurements on these strains. We then amplified the inserts of

the AncS and AncD strains using PCR and recloned them into

plasmid pUA67, a modified version of pUA66 (with more restric-

tion enzyme sites for cloning, but otherwise identical to pUA66;

Fig. S1) using EcoRI and HindIII (NEB) restriction sites. We

chose 10 clones for each of the two strains as starting populations

for our evolution experiment (Fig. S2). Because the pUA66 plas-

mid contains the kanamycin resistance gene, we used kanamycin

in all growth media as a selective agent.

INITIAL FITNESS MEASUREMENTS

We measured fitness of the ancestral strains (AncS and AncD) at

multiple concentrations of each of the following antibiotics: ampi-

cillin (Sigma), the native substrate for the TEM-1 beta lactamase

enzyme; the novel substrates cefotaxime (Sigma) and imipenem

(Sigma); and combinations of native and novel substrates, that is,

ampicillin with cefotaxime, and ampicillin with imipenem. We

used 25 μg/mL kanamycin in each growth condition for selection

of the plasmid marker. For fitness measurements, we cultured the

ancestral strains overnight (for 16 h) at 37°C in LB supplemented

with 25 μg/mL kanamycin. We measured the optical density of

cells using a plate reader (Tecan infinite F200 pro) at 600 nm

(OD(0) at time t = 0), diluted the cultures 100-fold into medium

with appropriate antibiotics (total volume 2 mL) and let the cells

grow for 7 further hours in a 96-well plate (Sarstedt, MegaBlock

96 well plate) in a plate shaker (VWR, Incubating Microplate

Shaker) at 600 rpm. After 7 h, we again measured the optical

density of the cells (OD(7) at t = 7 h). We estimated fitness (f) by

calculating the fold-change in cell density given by

f = OD (7)

(OD (0) /100)
.

We used fold-change in cell density in 7 h of growth as a

proxy for fitness for two reasons. First, because there are three

main components of fitness in our experiment (Warringer et al.

2011), a fitness increase in our evolved lines could occur through

changes in each (or any combination) of these three components:

a reduction in lag phase duration, an increase in the maximal

growth rate, or an increase in carrying capacity. Thus, it could

be highly misleading to just consider one of these components

for fitness analysis and hence, we decided on a measure that is

affected by all the three componenents of fitness, namely cell

density after 7 h of growth. Second, we could have measured

fitness by performing direct competition experiments. However,

results from such assays would be difficult to interpret, because the

higher gene dosage in cells carrying duplicate genes can accelerate

hydrolysis of antibiotics, which could benefit slower growing

single-copy cells in a mixed culture.

EVOLUTION EXPERIMENT

Our evolution experiment had six steps (Fig. 2A; Methods S2).

First, we transformed the plasmids containing single- or double-

copy TEM-1 genes into mutator E. coli TB90 cells with a chem-

ical transformation protocol (Hanahan 1983; Swords 2003), and

grew cells for 16 h without inducing mutagenesis. Second, we

induced mutagenesis with L-(+)-arabinose and allowed cells to

grow for 20 more hours. In both these steps we used LB media

(BD Biosciences) supplemented with 50 μg/mL kanamycin to

retain plasmids in the E. coli TB90 cells. Third, we isolated mu-

tagenized plasmids from the TB90 cells. Fourth, we transformed

these mutagenized plasmids into E. coli DH5α strain using chem-

ical transformation, and let the cells grow for 16 h in medium with

25 μg/mL kanamycin. Fifth, we diluted cells 10-fold into appro-

priate selection medium (see next section), and allowed them to

grow for an additional 7 h. Sixth, we isolated plasmids from E.

coli cells after selection. We used a part of these isolated plasmids

for transformation of the mutator TB90 cells for the next round of

mutagenesis. We repeated these six steps 12 times. At each step of

the experiment, we ensured that population sizes remained above

105 cells, in an effort to minimize the role of genetic drift. We

transformed the plasmids isolated at the end of each round of se-

lection experiment into E. coli DH5α cells, let them grow for 16 h

in medium with 25 μg/mL kanamycin, and stored them at −80°C

after the addition of 15% glycerol (Sigma; final concentration,

w/v) for future use. We emphasize that kanamycin was present

throughout our experiments, from the mutagenesis stage to the
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Figure 1. (A) Ancestral strains of our experiments. Our starting strains AncS and AncD are derivatives of E. coli DH5α cells that contain

one (AncS) or two (AncD) copies of the TEM-1 gene on plasmid pUA66 (Zaslaver et al. 2006). “P” refers to the promoter of the TEM-1 gene

and “TEM-1” refers to the coding region. (B–D) Gene duplication confers a significant fitness advantage on some antibiotic concentrations

(AncS and AncD). To measure fitness, we cultured cells from the ancestral strains for 7 h in medium supplemented with antibiotics, and

calculated the fold-change in cell density (y-axis) on different concentrations (x-axis) of (B) ampicillin, (C) cefotaxime, and (D) cefotaxime

with a constant 200 μg/mL concentration of ampicillin. The dotted line shows the data for the AncD strain, and the solid line shows

the data for the AncS strain. Note a general decrease in fitness as antibiotic concentrations increase. On ampicillin (panel a), the AncS

strain declined significantly more in fitness than the AncD strain (ANOVA, Methods S9; P = 0.03). No such advantage of the AncD strain

existed on cefotaxime (ANOVA, P = 0.90), but on cefotaxime supplemented with ampicillin (200 μg/mL), this advantage became more

pronounced than on ampicillin alone (ANOVA; P = 0.0009). Figure S4 contains fitness data on further antibiotic concentrations.
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Figure 2. (A) Experimental evolution design. Our evolution experiment had six steps (see Methods). Briefly, we transformed the

plasmids containing single- or double-copy TEM-1 inserts into the mutator E. coli TB90 cells. We then isolated the mutagenized plasmids

and transformed them into the E. coli DH5α strain. We then let these cells grow for 16 h in LB medium supplemented with 25 μg/mL

of kanamycin. In the final step, we diluted the cells 10-fold into appropriate antibiotic selection medium, let them grow in the selection

medium for 7 h and subsequently isolated the plasmids. We repeated these steps 12 times, thus subjecting the ancestral strains to 12

rounds of mutagenesis and selection. We refer to the populations thus evolved as the EvoS and EvoD lines. We emphasize that only the

plasmids evolved in our experiment and not the cells, because we changed the host cells at each step of the experiment. (B) Laboratory

evolution significantly increases fitness. We measured the fitness of the CA lines (evolved on ampicillin and cefotaxime) relative to the

AncD strain as a relative fold-change in cell density after 7 h of growth (see Methods). A relative fitness of 1 would mean that an evolved

line and the ancestral strain have identical fitness. We measured fitness of the CA lines in 100 μg/mL ampicillin + 0.006 μg/mL cefotaxime

and in 200 μg/mL ampicillin + 0.006 μg/mL cefotaxime. Both the EvoS-CA lines and EvoD-CA lines show a significant fitness increase

relative to the AncD strain (rf = 2.52 ± 0.53 for EvoS-CA lines; rf = 2.22 ± 0.44 for EvoD-CA lines in 100 μg/mL ampicillin + 0.006 μg/mL

cefotaxime; rf = 5.12 ± 1.05 for EvoS-CA lines; rf = 3.25 ± 0.69 for EvoD-CA lines in 200 μg/mL ampicillin + 0.006 μg/mL cefotaxime).

Note that the fitness increase in the EvoS-CA lines was significantly higher than that in the EvoD-CA lines in 200 μg/mL ampicillin + 0.006

μg/mL cefotaxime (P = 1.2 × 10−5, Wilcoxon rank sum test). Bars show mean relative fitness values (averaged over measurements in

triplicate for each of the replicate lines) whiskers show one standard deviation (SD), and asterisks indicate a significant fitness difference.

EVOLUTION JUNE 2014 1 7 7 9



RIDDHIMAN DHAR ET AL.

selection stage, to ensure continual maintenance of the plasmid in

our populations.

SELECTION CONDITIONS

We used several antibiotic conditions for our selection experiment

(Figs. S3, S24; Methods S3). For each condition, we evolved five

replicate populations starting from the clones derived from the

AncS strain, and five replicate populations starting from clones

derived from the AncD strain. In general, we refer to these evolved

lines as EvoS and EvoD lines, but we additionally labeled them

with the selection conditions in which they evolved (Methods S3).

For all selection conditions, we supplemented the medium with

25 μg/mL kanamycin (for plasmid maintenance) in addition to

any other antibiotics we used. We evolved “neutral” lines in

medium supplemented only with 25 μg/mL kanamycin.

FITNESS MEASUREMENT OF THE EVOLVED LINES

We calculated the fitness of the evolved lines relative to the

fitness of the AncD strain for reasons explained in Methods

S4. We grew cells of the AncD strain and the evolved lines

(populations) from the glycerol stocks in LB medium with

25 μg/mL kanamycin for 16 h and diluted cells 100 times into

fresh LB medium with 25 μg/mL kanamycin and appropriate an-

tibiotics. We grew the cells for 7 h, measured optical density at

600 nm using a plate reader (TECAN), and calculated the relative

fitness as follows. For an evolved line “Evo,”

relative fitness (rf) =
ODEvo(7)

(ODEvo(0)/100)
ODAncD(7)

(ODAncD(0)/100)

=
ODEvo(7)

ODEvo(0)
ODAneD(7)

ODAncD(0)

,

where ODAncD(0) is the cell density of the AncD strain at t =
0; ODAncD(7) is the cell density of the AncD strain after 7 h;

ODEvo(0) is the cell density of the evolved line at t = 0; and

ODEvo(7) is the cell density of the evolved line after 7 h.

MEASUREMENT OF PLASMID COPY NUMBER

CHANGE

To estimate the change in plasmid copy number during the evo-

lution experiments, we isolated plasmids from population sam-

ples of the ancestral strain and of the evolved lines. We cul-

tured cells from glycerol stocks in 5 mL LB medium with

25 μg/mL of kanamycin for 16 h.Then, we estimated cell den-

sity by measuring optical density of the culture at 600 nm using

a plate reader (TECAN) and performed plasmid isolation us-

ing the ChargeSwitch-Pro plasmid miniprep kit (Invitrogen). We

separated plasmid DNA on a 0.8% agarose gel, and esti-

mated its concentration with the Genetools software (Syngene;

Methods S5).

QUANTIFICATION OF GENE LOSS

To estimate the extent of gene loss in the EvoD lines, we employed

a simple PCR-based screen. Because of our plasmid design, in-

dividuals that contain duplicate copies of the TEM-1 gene have

a unique sequence in the region where the two copies are joined.

We designed a primer pair (Table S1) where one primer bound

only to this unique region. Together, the two primers can amplify

a 1 kbp long PCR product that occurs only in individuals with two

TEM-1 copies. To perform this screen, we streaked out evolved

lines onto LB-agar plates to isolate clones, performed colony PCR

on these clones, and determined the number of clones with du-

plicate copies of the gene. We screened at least 20 clones in each

EvoD line.

HIGH-THROUGHPUT SEQUENCING

To study mutations in evolved lines, we sequenced population

samples of all evolved lines after 1, 4, 8, and 12 rounds of mu-

tagenesis and selection, using high-throughput sequencing on the

Roche 454 platform (Margulies et al. 2005). In addition, we se-

quenced samples from the neutral lines (EvoS-N and EvoD-N)

after two and three rounds of mutagenesis and selection. We se-

quenced population samples instead of clones to obtain infor-

mation about the spectrum and frequency of mutations in the

population. For the EvoD lines, we only sequenced individuals

that had retained two copies of the TEM-1 gene. The experimental

details and the methods for the analysis of sequencing data are de-

scribed in the Supporting Information (Methods S6, S7, S8, S14;

Figs. S25, S29–S32; Table S7). We note that for several rea-

sons ratios of nonsynonymous to synonymous substitutions are

not suitable for inferring the strength of selection on the TEM-

1 genes in our experiments (Methods S13; Figs. S27, S28;

Results S8).

Results
DUPLICATION CONFERS A FITNESS ADVANTAGE

We first wanted to know if the two ancestral strains AncS and

AncD, containing single and duplicate copies of the TEM-1

gene, differ in fitness. To this end, we first measured the fit-

ness of these strains in medium supplemented with ampicillin.

Fitness decreased in both ancestral strains as we increased the

ampicillin concentration in the medium. However, this fitness

reduction became smaller in the AncD strain than in the AncS

strain at increasing ampicillin concentrations (Fig. 1B, P = 0.03,

ANOVA—Methods S9). The advantage of the double-copy strain

was especially large at high concentration of ampicillin (>250

μg/mL, Fig. 1B; Table S2a). This was not surprising, because the

AncD strain has a higher dosage of the gene encoding TEM-1

beta lactamase, and we would thus expect it to hydrolyze its na-

tive substrate ampicillin more efficiently. This difference should

1 7 8 0 EVOLUTION JUNE 2014
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Table 1. Relative fitness values of the EvoS-CA, EvoD-CA, EvoD-CA-S, and EvoD-CA-D lines.

Line Antibiotic concentrations (μg/mL) Relative fitness (rf) mean ± SD P-value (Wilcoxon signed rank test)

EvoS-CA Amp 100 + Cef 0.006 2.52 ± 0.53 6.1 × 10−5

EvoD-CA Amp 100 + Cef 0.006 2.22 ± 0.44 6.1 × 10−5

EvoS-CA Amp 200 + Cef 0.006 5.12 ± 1.05 6.1 × 10−5

EvoD-CA Amp 200 + Cef 0.006 3.25 ± 0.69 6.1 × 10−5

EvoD-CA-S Amp 100 + Cef 0.006 3.24 ± 0.76 <2.2 × 10−16

EvoD-CA-D Amp 100 + Cef 0.006 3.28 ± 0.76 <2.2 × 10−16

EvoD-CA-S Amp 100 + Cef 0.009 3.80 ± 1.39 <2.2 × 10−16

EvoD-CA-D Amp 100 + Cef 0.009 4.62 ± 2.15 <2.2 × 10−16

EvoD-CA-S Amp 200 + Cef 0.006 7.20 ± 4.28 <2.2 × 10−16

EvoD-CA-D Amp 200 + Cef 0.006 7.60 ± 4.12 <2.2 × 10−16

EvoD-CA-S Amp 200 + Cef 0.009 4.52 ± 1.83 <2.2 × 10−16

EvoD-CA-D Amp 200 + Cef 0.009 5.76 ± 2.85 <2.2 × 10−16

The table shows the fitness of the evolved lines in medium supplemented with ampicillin and cefotaxime and relative to the fitness of the AncD strain (see

Methods). A relative fitness significantly greater than 1 suggests a fitness increase in the evolved populations. We tested whether the relative fitness is

significantly greater than 1 using a one-sample Wilcoxon signed rank test. The P-value resulting from this test is shown in the rightmost column.

become more important at higher, more detrimental concentra-

tions of ampicillin, just as we observed.

In a next step, we asked whether this difference also exists in

a novel substrate such as cefotaxime. We used cefotaxime because

it has previously been shown that the TEM-1 gene can acquire

activity toward cefotaxime by accumulating mutations (Stemmer

1994; Zaccolo and Gherardi 1999; Barlow and Hall 2002). As on

ampicillin, increasing cefotaxime concentrations led to a fitness

decrease in both ancestral strains (Fig. 1C; Table S2b). However,

unlike in ampicillin, the AncD strain did not have a significant

advantage over the AncS strain (ANOVA, P = 0.90).

We then asked whether the two antibiotics interact in re-

ducing fitness, and whether this interaction favors the duplicate

strain. We measured growth of the ancestral strains in medium

supplemented with various concentrations of ampicillin and cefo-

taxime (Figs. 1D, S4). In low concentrations of ampicillin (50 and

100 μg/mL) supplemented with cefotaxime, the double-copy

strain performed like the single-copy strain (ANOVA; P = 0.37

in 50 μg/mL ampicillin supplement; P = 0.08 in 100 μg/mL

ampicillin supplement; Fig. S4; Table S2c). However, at higher

ampicillin concentrations, the double-copy strain had higher fit-

ness than the single-copy strain (ANOVA; P = 0.0003 in 150

μg/mL ampicillin supplement; P = 0.0009 in 200 μg/mL ampi-

cillin supplement; Figs. 1D, S4; Table S2c).

Thus, we found that the AncD strain had a significant fitness

advantage over the AncS strain, when faced with a combination

of ampicillin and cefotaxime, even though the AncD strain did

not show a fitness advantage only on cefotaxime. One candidate

explanation is that the AncD strain can hydrolyze ampicillin more

efficiently because it has a higher dosage of TEM-1. Thus, the

AncD strain may mainly be subjected to the effect of cefotaxime,

in contrast to AncS, which is subjected to the combined effects of

higher concentration of ampicillin and cefotaxime.

These observations also hold for another novel antibiotic,

imipenem, and the combination of ampicillin and imipenem

(Figs. S5, S6; Results S1). A different fitness measure, namely

the rate at which cell density increases over time provides further

evidence in support of our observations (Methods S11; Fig. S7;

Results S2). Taken together, the results show that two copies of

the TEM-1 gene can cause benefits due to the higher gene dosage

they provide.

EXPERIMENTAL EVOLUTION

We next asked whether the inherent fitness difference we observed

between the AncD and AncS strains is maintained in the long term.

To do so, we subjected the ancestral strains to 12 cycles of mu-

tagenesis and selection. We performed evolution experiments in

seven selection conditions (Fig. S3) to ensure that our inferences

are not specific to particular antibiotic condition, and to study

the effect of different environmental selection conditions on the

evolution of duplicate genes. However, we will mainly discuss

results from one selection condition, that is, cefotaxime in combi-

nation with ampicillin, which gave rise to populations that we call

CA lines. This selection condition is of major interest, because

it has been suggested to accelerate divergence between dupli-

cate copies, where one copy would maintain the original function

while the second copy would evolve a new function (Ohno 1970;

Bergthorsson et al. 2007).

EVOLVED LINES SHOW INCREASED FITNESS

At the end of the evolution experiment, we first measured the

fitness of evolved populations to see whether these lines had
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adapted to their respective selection conditions. For the CA lines,

which had evolved in cefotaxime and ampicillin, we measured

fitness on several ampicillin and cefotaxime concentrations. Both

the EvoS-CA and EvoD-CA lines showed significant fitness in-

crease in all combinations (Table 1; Figs. 2B, S8a), suggesting

that these evolved lines had adapted to ampicillin and cefotaxime

during the course of the experiment. However, in none of these

conditions did the EvoD lines show a higher fitness increase than

the EvoS lines. To the contrary, in two conditions, the EvoS lines

showed a significantly higher fitness increase than the EvoD lines

(Figs. 2B, S8a; Wilcoxon rank sum test; P = 0.007 in 200 μg/μL

ampicillin and 0.003 μg/μL cefotaxime; P = 1.2 × 10−5 in 200

μg/μL ampicillin and 0.006 μg/μL cefotaxime). We observed

similar phenomena in the other evolved lines (Table S3; Results

S3; Figs. S9–S14). We note that even our “neutral lines”—they

were not exposed to antibiotic except kanamycin required to main-

tain the plasmid—also showed an increase in fitness in ampicillin

(see Results S4, S5, and Discussion).

PLASMID COPY NUMBER INCREASE IN THE

EVOLVED LINES

We then turned our attention to investigate the changes at the

molecular level that could lead to the increased fitness in these

evolved lines, and that might explain the difference in fitness

between the EvoS and the EvoD lines. Because we subjected the

whole plasmid sequence to evolutionary change, the plasmid copy

numbers could change in the evolved lines, and indeed they did.

The ancestral plasmid contains the SC101 origin of replication and

is present inside the bacterial cell in 5–10 copies (Hasunuma and

Sekiguchi 1977; Armstrong et al. 1984). Plasmid copy numbers

increased significantly in both the EvoS-CA and EvoD-CA lines

(Fig. 3; 6.29 ± 2.08 (SD) fold in the EvoS-CA lines; 8.69 ± 1.31

(SD) fold in the EvoD-CA lines, based on measurements from five

replicate lines), but did not differ significantly between these lines

(Wilcoxon rank sum test, P = 0.09). We also observed plasmid

copy number increases in all other evolved lines (Fig. S15; Results

S5; Table S4). They suggest that the accompanying increase in

gene dosage and the resulting increase in gene expression level

(Methods S12; Fig. S16) are beneficial for the cells under all

conditions employed in our experiment.

We note that the neutral lines also showed increases in plas-

mid copy number. There are two candidate explanations, both

resulting from the possibility that our plasmids were subject to

selection pressures in addition to that for an intact TEM-1 gene

(see Discussion and Results S5).

We also observed high-frequency SNPs in the origin of repli-

cation of plasmids in all evolved lines where we sequenced this

origin (Methods S15; Results S5). These SNPs are likely to be

responsible for the increased plasmid copy number.
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Figure 3. In CA lines plasmid copy number increased several fold.

We estimated the change in plasmid copy number in the evolved

lines compared to the ancestral strain (see Methods). The horizon-

tal axis shows the names of the evolved lines in which the changes

were measured, and the vertical axis shows the estimated fold-

change in plasmid copy number. We observed a 6.29 ± 2.08-fold

increase in copy number in the EvoS-CA lines and a 8.69 ± 1.31-fold

increase in the EvoD-CA lines. The two lines showed no significant

difference in copy number increase (P = 0.09). Columns represent

means and whiskers indicate one standard deviation (SD).
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Figure 4. Some initially double-copy individuals lose one copy

of the TEM1 gene in EvoD-CA lines. The vertical axis shows the

percentage of individuals that still retained duplicate copies of

the TEM-1 gene (see Methods), and the x-axis shows the biological

replicate of the EvoD-CA lines for which we measured duplicate

retention. The percentage of individuals with retained duplicates

varied from 7% in the EvoD-CA2 replicate to 25% in EvoD-CA4

replicate.
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Another possibility that we considered was that gene dosage

could increase through higher order amplifications of the TEM-1

gene on the plasmid. However, agarose gel electrophoresis did

not show any detectable higher order amplifications, neither in

single-copy lines nor in lines with duplicate genes.

LOSS OF ONE COPY IN THE EvoD LINES COUNTERS

INCREASE IN GENE DOSAGE

A second molecular change that we observed in our populations

is a loss of one TEM-1 copy in many individuals of the double-

copy (EvoD) lines. Even though we used recombination-deficient

E. coli strains, avoided recombinogenic mutagenesis and cloning,

gene loss had occurred in our EvoD lines. We estimated the extent

of such loss using a PCR-based screen. It revealed that 7–25%

of the individuals in the five replicate EvoD-CA lines retained

duplicate copies of the gene (Fig. 4). Gene loss also occurred

in all other EvoD lines (Fig. S17; Table S5). We note that such

loss of tandem duplications has been observed before, even in

recombinase-deficient strains (Matfield et al. 1985; Dianov et al.

1991; Lovett et al. 1993).

Gene loss would lead to reduced gene dosage in the EvoD

lines, and its high incidence in the CA lines (>50% of individuals)

could have two reasons. First, selection may favor individuals with

a single TEM-1 copy. The relevant selection pressure may even

be unrelated to selection for TEM-1 gene activity. For example,

because of their smaller size, single-copy plasmids may replicate

faster in host cells and may also transform more efficiently than

larger plasmids (Hanahan 1983). A second candidate reason is that

the loss of one gene copy from individuals with duplicate genes

may simply be very frequent, such that more and more individuals

lose gene copies in the course of the evolution experiment. In other

words, gene copy loss could be driven by selection or by frequent

recombination.

The following observations argue for the second scenario

of frequent copy loss. First, a substantial fraction of clones that

contained double-copy plasmids themselves harbored single-copy

plasmids (Fig. S18), and such gene copy loss recurred in double-

copy plasmids even after several rounds of separating clones with

single-copy and double-copy plasmids from each other. Second,

we measured the fitness of clones from EvoD-CA lines, and asked

whether the clones with duplicate gene copies (referred to as

EvoD-CA-D clones) had higher fitness than the clones that had

lost a copy (EvoD-CA-S clones). Although the rapid plasmid loss

we observed complicates this analysis, it can still give us some

indication of the fitness difference between these two different

types of clones. We measured the fitness of 33 clones each for the

EvoD-CA-S and EvoD-CA-D lines in medium supplemented with

ampicillin and cefotaxime (Fig. 5). The EvoD-CA-D lines showed

significant higher fitness than the EvoD-CA-S lines in medium

supplemented with 100 μg/mL ampicillin and 0.009 μg/mL ce-

fotaxime (Wilcoxon rank sum test, P = 0.012) and in medium

with 200 μg/mL ampicillin and 0.009 μg/mL cefotaxime (P =
0.003; Fig. 5; Table 1). Taken together, all these observations

suggest that the loss of one gene copy is caused by the high

frequency of spontaneous loss in the EvoD lines, rather than by

the selective advantage of a single TEM-1 gene copy in evolved

lines.

A REGULATORY MUTATION IN THE EvoD LINES

Because we expected that point mutations in our TEM-1 genes

might influence evolutionary adaptation, we sequenced the cod-

ing and near-upstream regions of TEM-1 genes in both single-

and double-copy inserts using high-throughput sequencing. We

were especially interested in mutations that rise to high frequency

during the evolution experiment, because they indicate the ac-

tion of positive selection. For the EvoD lines, we only sequenced

the individuals that had retained duplicate genes. We observed

several mutations at low population frequency (<5%) in all the

evolved lines. However, we found only one high-frequency mu-

tation, T-53C (T→C transition at position −53 relative to +1 at

the transcription start site), which occurred only in the individ-

uals with duplicate gene copies in the EvoD lines, and mapped

to the upstream region of the gene copy on the left (Fig. 6A).

This mutation reached a frequency of almost 80% in two of

the five replicate EvoD-CA lines (EvoD-CA1 and EvoD-CA2;

Fig. 6A) and in several other EvoD lines (Fig. S19). In ad-

dition, the mutation was present in one of the starting clones

of the EvoD lines (AncD clone 9 that gave rise to EvoD-CA4;

Fig. S2), but its frequency decreased in this population from 80%

after round 1 to less than 1% at the end of round 12 (Fig. 6A).

Similar trends existed in the other EvoD lines, except for the neu-

tral lines, where this mutation persisted at high frequency at round

12 (Fig. S19). It is possible that this mutation was present in the

starting populations of most of the EvoD lines. We cannot exclude

this possibility, even though we sequenced plasmid populations

at sufficiently high coverage to detect alleles with frequencies as

low as 1%. In the EvoS-N3 line, the mutation appears at a low

frequency (<1%) in round 4, suggesting that it might be a re-

current mutation, perhaps as a result of a mutational bias in our

mutator strain.

The features of this mutation indicate how it affects fit-

ness. First, its occurrence in the upstream region suggests a

regulatory role. Second, it rose to high frequency only in the

double-copy EvoD lines, which suggests that the single-copy

EvoS lines do not tolerate it. Both features could be explained

if the mutation caused a reduction in the expression of the TEM-1

copy next to it, a reduction that EvoD lines can tolerate, be-

cause they have a second, intact TEM-1 with normal expres-

sion. Third, the frequency of this mutation decreased with in-

creasing antibiotic concentration beyond round 8 of the evolution

EVOLUTION JUNE 2014 1 7 8 3



RIDDHIMAN DHAR ET AL.

Amp 100 +Cef 0.006

R
el

at
iv

e 
F

it
n

es
s

Fitness of clones from EvoD-CA lines 

Amp 100 +Cef 0.009

EvoD-CA-S EvoD-CA-D

EvoD-CA-S EvoD-CA-D

R
el

at
iv

e 
F

it
n

es
s

Amp 200 +Cef 0.006 Amp 200 +Cef 0.009

EvoD-CA-S EvoD-CA-D

EvoD-CA-S EvoD-CA-D

(p=0.012)

(p=0.003)

�
�

0
5

10
15

20

0
5

10
15

20
0

5
10

15
20

0
5

10
15

20

Figure 5. Fitness of the clones from the EvoD-CA lines. From the EvoD-CA lines we isolated clones that still contained duplicate genes

(EvoD-CA-D) and clones that had lost one TEM-1 copy (EvoD-CA-S). We then measured fitness of these clones in various combinations

of ampicillin and cefotaxime concentrations, as indicated on the horizontal axis. We performed this analysis for 33 clones containing

duplicate genes and 33 clones containing a single gene copy and in triplicates. In medium containing 100 μg/mL ampicillin and 0.009 μg/mL

cefotaxime, and in medium containing 200 μg/mL ampicillin and 0.009 μg/mL cefotaxime, the EvoD-CA-D and EvoD-CA-S clones showed

a significant fitness increase relative to the ancestor, and this increase was significantly higher in the EvoD-CA-D clones compared to the

EvoD-CA-S clones (Wilcoxon rank sum test, P = 0.012 and P = 0.003, respectively). The black rectangles represent means and whiskers

indicate one standard deviation (SD). The asterisk indicates a significant difference in fitness. The open circles on the right of the mean ±
SD bars show individual relative fitness values for each of the three replicates for each of the 33 clones . The solid circles on the left of the

mean ± SD bars show total number of observations for a particular relative fitness value. The shades of gray indicate the total number

of observations, with darkest shade being the highest number of observations. We used all the replicate values individually, instead of a

mean value, because of the high heterogeneity in our EvoD clones such that multiple subpopulations from even a single EvoD clone are

likely to be different from each other in terms of genetic makeup.

experiment (Fig. S19). Taken together, these observations suggest

a role of this mutation in downregulating the expression of one of

the copies.

To test the fitness effect of this mutation, we reconstructed it

in the AncS strain using site-directed mutagenesis along with an

appropriate control (Methods S10) and measured their fitness in

medium supplemented with 0, 100, and 200 μg/mL of ampicillin.

As would be expected from a downregulating mutation, we saw

a significant fitness decrease in the mutant compared to the an-

cestral control at 100 and 200 μg/mL of ampicillin (P = 0.0001

in 100 μg/mL ampicillin and P = 1.6 × 10−5 in 200 μg/mL

ampicillin; Fig. 6B), suggesting this mutation indeed lowers the

expression of the TEM-1 gene. The observation that the mutation

shows no fitness differences in the absence of ampicillin (Fig. 6B)

further supports this assertion. We also analyzed the effect of the

mutation on gene expression by quantitative PCR. The mean ex-

pression level in the mutant construct was lower (although not

significantly so, Fig. S20) than the ancestral construct, suggesting
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Figure 6. (A) Change in frequency of the regulatory mutation T-53C. We sequenced plasmid inserts in the evolved lines to identify

mutations, and observed only one high-frequency mutation. It occurred only in the EvoD lines, and had high frequency only at some time

points. It maps to the upstream region of the promoter of the left copy of the TEM-1 gene, as indicated by the asterisk to the left of the

boxed region with the P (promoter) and TEM-1 (coding region) lettering. The graphs below show the mutation’s frequency (vertical axes)

in the EvoD-CA lines at different rounds of the experiment (horizontal axes). The frequency of this mutation was highest at round 8 in the

EvoD-CA1, EvoD-CA2, and EvoD-CA3 lines (approximately 80, 60, and 20%, respectively) and had decreased dramatically by round 12. The

mutation was present in the starting clone for the EvoD-CA4 line, persisted at high frequency after round 1, and decreased in frequency

thereafter (from >80% in round 1 to <1% in round 12). The mutation occurred only in low frequency (<5%) in the EvoD-CA5 line at

rounds 1, 4, and 8. (B) Fitness of the reconstructed mutant. To test the effect of the mutation T-53C on the fitness of the EvoD lines, we

reconstructed this mutant (“Mut”) in the ancestral strain (AncS) by site-directed mutagenesis (see Methods S10). We also reconstructed

a control with the ancestral sequence, using the same method to ensure that the method of reconstruction did not bias our results

(“Anc”). We then measured the fitness of the reconstructed mutant and the control on 0, 100, and 200 μg/mL of ampicillin. Fitness was

significantly lower in the mutant than in the ancestral reconstruction on 100 and 200 μg/mL of ampicillin (P = 0.0001 and P = 1.6 ×
10−5, respectively), but not in the absence of ampicillin. Columns represent means and whiskers indicate one standard deviation (SD).The

asterisk indicates a significant fitness difference in fitness.

a modest reduction in expression level. We note that our results

are consistent with an earlier observation that expression reduc-

tion may help retain some duplicate genes in yeast and mammals

(Qian et al. 2010).

We also considered the possibility that this regulatory muta-

tion reduces fitness by reducing plasmid stability or replicability,

but this is not the case. In the EvoD-N3, EvoD-N4, and EvoD-N5

lines, this mutation was present at high frequency (>30%), and
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the copy numbers of the plasmids were also very high compared

to the ancestor (�14-fold increase; Figs. S15, S19; Table S4).

One question that remains is how this mutation, even though

it is deleterious in the single-copy TEM-1 gene, can rise to high

frequency in multiple EvoD lines. Because this mutation accu-

mulates specifically in cells with double-copy TEM-1 genes, it

provides some benefit for such cells. The experimental observa-

tion that an optimal level of gene expression or gene dosage may

exist (Dekel and Alon 2005) provides a candidate explanation.

If increased dosage or expression of TEM-1 is beneficial only

up to a certain level, then a regulatory mutation like T-53C can

help achieve this level by reducing expression of one copy of the

TEM-1 gene. One of our observations supports this hypothesis.

In the neutral EvoD lines that show very high plasmid copy num-

bers (EvoD-N3,EvoD-N4, and EvoD-N5) the regulatory mutation

occurs at high frequency (>30%), whereas this is not the case

for the neutral EvoD line (EvoD-N1) without high plasmid copy

number. This difference suggests that this mutation helps reduce

the cost of expression associated with duplicate genes present on

high copy number plasmids.

LOSS OF ONE COPY ALONG WITH LOW FREQUENCY

MUTATIONS CAN EXPLAIN THE LOWER FITNESS OF

THE EvoD LINES

We had expected the EvoD lines to evolve higher fitness than

the EvoS lines, in accordance with existing hypotheses about du-

plicate gene evolution (Ohno 1970; Bergthorsson et al. 2007).

Surprisingly, the opposite had occurred in several lines (Figs. 2B,

S8). One candidate explanation relates to the ability of duplicate

genes to buffer the effects of otherwise deleterious mutations:

Loss-of-function mutations in one gene copy should be neutral or

tolerable as long as the other copy provides the needed function

(Ohno 1970; Wagner 2000b; Gu et al. 2003; Kellis et al. 2004;

Hughes 2005). However, if one of the copies is lost after such mu-

tations have occurred, the deleterious effects of these mutations

would be exposed and would reduce fitness (Fig. 7). Over time,

such gene deletions would disappear from the population except

in either (or both) of the following two circumstances. First, if

deletions occur at a very high rate, which is the case in our exper-

iment (Figs. 4, S18). Second, in a heterogeneous population that

contains fitter individuals, which hydrolyze antibiotic at a higher

rate than less fit individuals, selection can be weakened in the later

stages of each selection cycle. Such weaker selection may lead to

a slower elimination of single-copy individuals with deleterious

mutations.

With these observations in mind, we suggest that the double-

copy lines have lower fitness, because their frequent gene copy

loss exposes deleterious mutations that have occurred since the

experiment’s beginning. One prediction of this hypothesis is that

deleterious mutations can be tolerated better in the EvoD lines. If

P PTEM-1 TEM-1

P TEM-1

Loss of
one copy

No buffering

Figure 7. Loss of buffering in individuals with only one copy of

the TEM-1 gene in the EvoD lines. Individuals with duplicate copies

of the TEM-1 gene may be able to withstand some mutations that

would otherwise be deleterious in a single copy of the gene. If one

of the copies accumulates a deleterious mutation (indicated by the

asterisk) the second copy would be able to buffer its deleterious

effects. However, this deleterious effect would be exposed when

the second copy is lost.

double-copy lines can indeed buffer deleterious mutations better,

then we would expect a significantly higher sequence diversity

in EvoD than in EvoS lines, at least at some time points during

the evolution experiment. This is indeed the case at round 8 in

EvoD-CA and EvoS-CA, even after normalizing for sequence

length (Wilcoxon rank sum test, P = 0.03; Fig. S21f), as well as

in several other EvoD lines (Fig. S21).

A second relevant line of evidence, which we discussed ear-

lier (Fig. 5), is that the EvoD-CA-D clones, which have retained

two TEM-1 copies have higher fitness than the single-copy EvoD-

CA-S clones, just as the ancestral single-copy strains had at the

beginning of the experiment (Figs. 1B–D, 5, S4). Taken together,

these observations suggest that the lowered fitness of EvoD lines

is caused by a combination of deleterious mutations and frequent

gene copy loss in these lines.

Discussion
To determine the relative importance of genetic changes in gene

expression and in protein coding regions for the evolution of

duplicate genes, we constructed a tandem duplication of the TEM-

1 beta lactamase gene on a plasmid in E. coli. Initial fitness

measurements suggested that cells with two copies of the gene

(AncD strain) have greater fitness than cells with only one copy

(AncS strain) in some of the antibiotic concentrations used in

our experiment. This indicates an advantage of increased TEM-1

gene dosage in the AncD strain. In these initial measurements, we

also observed that the concentrations of ampicillin and cefotaxime

required to reduce fitness to a given level was considerably lower

when ampicillin and cefotaxime were both present in the medium,

suggesting a synergistic effect of these two antibiotics (Gunnison
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et al. 1955; Moellering et al. 1971; Farrar and Newsome 1973).

The ancestral strain with double-copy TEM-1 genes (AncD) had a

significant fitness advantage over the ancestral strain with single-

copy TEM-1 genes (AncS) in these conditions, likely due to higher

dosage.

We then subjected our plasmids to 12 rounds of experimental

evolution in the form of mutagenesis and selection. We used sev-

eral antibiotic conditions to investigate the effect of the selection

environment on the outcome of the evolution experiment, and ob-

served a fitness increase in the evolved lines. In some conditions,

the EvoS lines carrying only a single copy of of the TEM-1 gene

had higher fitness than the EvoD lines with two TEM-1 gene

copies.

While investigating the molecular mechanisms behind this

fitness increase, we encountered four factors that could affect

fitness by changing TEM-1 gene dosage and, as a result, gene

expression. First, we observed that gene duplication can increase

fitness because it increases gene dosage (Fig. 1). Second, dur-

ing the evolution experiment we saw an average six- to eight-

fold beneficial increase in plasmid copy number (Fig. 3), which

also increases gene dosage. We observed high-frequency SNPs in

the origin of replication of plasmids in the evolved lines. These

SNPs are likely to explain the increased plasmid copy number in

the evolved lines, although none of them are identical to previ-

ously known copy number mutants for this origin of replication

(Armstrong et al. 1984). Third, we saw a frequent loss of one

gene duplicate in the EvoD lines (Fig. 4), which reduced not only

gene dosage but also fitness (Fig. 5). Finally, we found a high-

frequency, putative regulatory mutation in the EvoD lines that may

have downregulated expression of one TEM-1 gene copy (Fig. 6).

It is also relevant here that no point mutations in coding regions

(Figs. S21, S22, S26; Results S6) rose to high frequency during

the experiment, suggesting that their contributions to improving

fitness were small. Taken together, these observations suggest that

an increase in gene dosage (resulting in increased gene expres-

sion level) through increased plasmid copy number was the most

important factor behind the fitness increase in our evolved lines.

We observed that the “neutral” lines, which experienced no

antibiotic selection to maintain TEM-1, and only selection on

kanamycin to maintain their plasmids, also showed increased fit-

ness in ampicillin. This increase is probably due to increased plas-

mid copy numbers in these lines, and can be caused by selection

at the plasmid level that is unrelated to selection on the TEM-1

gene. For example, increased plasmid copy numbers and thus an

increase in dosage of the kanamycin resistance gene could be ben-

eficial under selection on kanamycin. Additionally, plasmids with

higher copy number can be preferentially transformed and prop-

agated (Results S5). However, we did not see any difference in

growth between the ancestral strains and some of the evolved

lines (EvoS-CA and EvoD-CA) on kanamycin (25 μg/mL;

Fig. S23a), suggesting that the plasmid copy number increase

in these lines is unlikely to be only due to selection in kanamycin.

In addition, such selection at the plasmid level is not likely to be

responsible for all the adaptations that we saw in our evolved lines.

The reason is that several distinct changes occurred in the lines

selected in antibiotics compared to the neutral lines (Results S7).

First, plasmid copy number increases in the EvoD lines selected

in novel antibiotics, and in combinations of native and novel an-

tibiotics were different in extent to copy number increases in the

neutral EvoD lines (Fig. S15). This could be due to detrimental

effects of either high cost of TEM-1 gene expression, or high

metabolic cost associated with high plasmid copy numbers in the

selection conditions. Second, apart from the EvoD-A↑ lines, in

all other EvoD lines selected in antibiotics, one gene copy was

lost at a higher rate than in the EvoD-N lines (Fig. S17), which

may be caused by higher instability of double-copy inserts in an-

tibiotic medium. In this regard, it is worthwhile to note that in

an earlier study, an increased antibiotic concentration led to an

increased maintenance cost of a duplicate gene on a second plas-

mid and to the loss of this plasmid from a bacterial population

(Holloway et al. 2007). Finally, in almost all the EvoD lines, the

regulatory mutation T-53C rose to high frequency at round 8, and

subsequently dropped to low frequency at round 12, except in the

neutral lines (Fig. S19). We speculate that this regulatory mutation

might downregulate expression of one TEM-1 gene copy, and if

so, it was beneficial until round 8, as it helped reach an optimal

expression level in increased plasmid copy number but became

detrimental with increasing antibiotic concentration beyond round

12. In some of the neutral (EvoD-N) lines, this mutation was re-

tained at high frequency. It may have benefitted these lines by

reducing the high gene expression costs that the high increase in

plasmid copy number had caused in these lines.

We next discuss how changes that increase gene dosage,

such as an increasing plasmid copy number, and changes that re-

duce gene dosage, such as gene loss and our putative regulatory

mutation, can occur simultaneously in our experiment. One pos-

sible reason is that an increase in gene dosage is beneficial up

to a certain extent but can be detrimental beyond that, such that

dosage level reduction can become beneficial (Dekel and Alon

2005; Poelwijk et al. 2011). Two observations are consistent with

this possibility. First, the putative regulatory mutation T-53C de-

creased in population frequency, as we increased the antibiotic

concentration after round 8. The mutation may still have been

beneficial for the cells at round 8, but became detrimental as we

increased antibiotic concentrations after round 8. Second, we saw

a very high copy number increase only in the EvoD lines without

selection, and in the lines selected in ampicillin (Fig. S15), but

not in EvoD lines selected in novel substrates or in combinations

of native and novel substrates. Taken together, these observations

suggest that multiple changes influencing gene dosage occur in
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our evolved lines, because they contribute to adjusting dosage

levels to some optimum in the EvoD lines.

Among the limitations of our study is that it does not address

how gene duplicates go to fixation in a population. The duplicate

genes we studied were already “fixed” in our populations, because

we were interested in their subsequent evolution. However, our

experiments show that duplicate genes can confer a significant

fitness advantage in some environments over single-copy gene.

This advantage can help in fixation of a duplicate, because such

fixation may require positive selection (Clarke 1994; Moore and

Purugganan 2003).

Another limitation is that we did not study the extent of

clonal interference, and how it contributes to the fate of duplicate

genes. Clonal interference could be a reason behind the decrease

in frequency of the T-53C mutation in several EvoD lines beyond

round 8 (Miralles et al. 1999; Kao and Sherlock 2008). We did

not observe any high-frequency mutation in TEM-1 genes, which

would be required for such clonal interference, but note that such

mutations could have occurred in the origin of replication or

elsewhere in the plasmid.

A third limitation is that we used a plasmid to study the

divergence of gene duplicates. This plasmid occurred at 5–10

copies per cell, implying that we compared the fitness and the

evolution of 5–10 gene copies (in our single-copy TEM-1 lines)

with that of 10–20 gene copies (for our double-copy TEM-1 lines).

In contrast, gene duplicates in nature often occur on a single copy

in the bacterial chromosome. Our experimental design may have

given gene dosage and expression changes an intrinsic advantage

over coding region changes, because the former may be easier to

achieve for plasmid-borne genes. In contrast, gene copy number

increases of chromosomal genes may have deleterious pleiotropic

effects, because they often occur as part of segmental duplications

of a chromosome. As a result, changes in the protein coding

region may contribute more readily to evolutionary adaptation for

chromosomally duplicated genes.

In sum, our experiments show that an increase in gene dosage

is initially the most important factor in the evolution of duplicate

TEM-1 beta lactamase genes under the influence of antibiotics.

In these experiments, the dosage increase occurs through changed

plasmid copy numbers. Both selection on plasmid copy number

itself and on the ability of TEM-1 to neutralize antibiotics play a

role in these experiments. An increase in gene dosage following

gene duplication can provide an initial benefit to cells, and could

pave the way for neofunctionalization under appropriate selection

conditions through an accumulation of mutations (Andersson and

Hughes 2009; Näsvall et al. 2012).
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