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Horizontal gene transfer and recombination play a major role in microbial evolution and have been detected in diverse
groups, including many of medical relevance such as HIV and dengue virus. In the absence of mechanistic barriers, the
evolutionary success of a particular recombination event is determined by whether the recombinant genotype suffers a
fitness cost through the disruption of favorable epistatic interactions within the genome, and if so, the extent to which
this fitness cost might be mitigated by subsequent compensatory evolution. To investigate the importance of epistatic
interactions between genes and the evolutionary viability of a homologous recombination event between diverged an-
cestral genotypes, we constructed two recombinant microvirid bacteriophages by exchanging their alleles of the gene
encoding the coat protein. The coding sequences for this gene differ by approximately 8% at the amino acid level and
were interchanged between two ancestral phages related to ¢ X174 and well adapted to their culture conditions. Because
the recombinant phages showed drastically reduced fitnesses, we further explored their evolutionary viability by subject-
ing replicate lines of each of them to selection. We found that all four lineages achieved fitnesses commensurate with
ancestral fitnesses in as few as 60 generations, and on average, the first substitution accounted for more than half of the
total fitness recovery. Fitness recovery required three to five substitutions in each lineage, and overall eight of the nine
essential phage genes were involved, suggesting extensive epistatic interactions throughout the genome. Interestingly,
the proteins with the most extensive and apparent physical interactions with the exchanged protein in the viral capsid
did not appear to have much of a role in fitness recovery. This result appears to be a consequence of the conservation of
the amino acid residues involved in the interactions. It suggests that strong epistatic interactions are less important than
weaker, transient ones in producing genic incompatibilities because they preclude variability in the interacting regions of

the proteins.

Introduction

Horizontal gene transfer and recombination are
fundamental components of microbial adaptation and
speciation (de la Cruz and Davies 2000), and the exten-
sive statistical evidence of homologous recombination in
microbes attests to its importance in their evolution. For
example, homologous recombination has been detected in
hepatitis C virus (Yun et al. 1996; Colina et al. 2004;
Sentandreu et al. 2008), dengue virus (Holmes et al. 1999),
and HIV (e.g. Sabino et al. 1994; Leitner et al. 1995;
Robertson et al. 1995; Blackard et al. 2002; Charpentier
et al. 2006). A number of potential functional barriers
to homologous recombination can potentially limit the
range of recombinants produced (Roberts and Cohan 1993;
Zawadzki et al. 1995; Vuli¢ et al. 1997; Majewski and
Cohan 1998, 1999), but just as importantly, selective barri-
ers may also act. Although recombination can allow shuf-
fling of existing variation and much larger genetic changes
than simple point mutation, epistasis may render the prod-
ucts of recombination unfit.

Epistatic interactions have long been of interest to
evolutionary biologists because their precise form influ-
ences a variety of phenomena. For example, epistasis is
thought to be important in the evolution of sexual repro-
duction (Otto and Feldman 1997) and as a mechanism
facilitating speciation (Dobzhansky 1936; Muller 1939;
Orr 1995; Coyne and Orr 2004; Good et al. 2007). From
a theoretical perspective, interactions between genes and
between sites within genes determine the “ruggedness”
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of the fitness landscape (Kauffman and Levin 1987,
Kauffman 1993; Weinreich et al. 2005), and the nature
and extent of these interactions are the major parameters in
models of fitness landscapes (Kauffman and Levin 1987,
Kauffman 1993; Perelson and Macken 1995; Orr 2006).

Compensatory evolution is a manifestation of a partic-
ular form of epistasis referred to as sign epistasis (Poon and
Chao 2005; Weinreich et al. 2005). A compensatory muta-
tion is defined as being beneficial only in the context of
some form of deleterious mutation and is thus an example
of a mutation whose “sign” (beneficial or deleterious) is de-
termined by the genetic context in which it arises. Compen-
satory mutations thus provide information on ruggedness
of the local fitness landscape (Poon and Chao 2005) and
can relieve the loss of fitness due to accumulation of delete-
rious mutations (Poon and Otto 2000). Compensatory mu-
tations can be either within the same gene as the original
deleterious mutation or in another gene (Poon et al. 2005).
The latter can provide information on epistatic interactions
between genes and identify proteins in the same biochem-
ical pathway or that physically interact with the debilitated
protein. Of course, the deleterious mutation need not be
a simple point mutation (e.g. Poon and Chao 2005); it
could also be, among other things, a large number of such
mutations (Bull et al. 2003) or even a deletion (Rokyta et al.
2002).

In the study reported here, we first examined the im-
portance of epistatic interactions between genes and then
used disrupted intergenic epistatic interactions as a ba-
sis for subsequent compensatory evolution. In particular,
we examined the fitness consequences of homologous re-
combination between two single-stranded DNA microvirid
bacteriophages. The two initial phage genotypes, ID12 and
ID2, were well adapted to our culturing conditions (Rokyta
et al. in press), so both ancestors had high initial fitnesses.
To focus on intergenic interactions, we exchanged the
entire coding regions of a single gene, the phage coat
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protein gene. We bypassed any functional barriers to re-
combination by artificially constructing chimeric bacterio-
phages to look at the nature of selective barriers imposed
on the products of recombination. Any fitness reduction
could be due only to the disruption of favorable intergenic
interactions. By constructing these two recombinant phage
genotypes and subsequently subjecting them to selective
laboratory conditions, we addressed three main questions:
1) does recombination entail a fitness cost; 2) can fit-
ness be recovered; and 3) what genes are involved in
recovery?

Materials and Methods
Ancestral genotypes

The two microvirid bacteriophages used in this study,
ID12 and ID2, were originally isolated and described by
(Rokyta et al. 2006) and subsequently adapted to culture
conditions by (Rokyta et al. in press). The GenBank acces-
sion numbers of the original isolates are DQ079905 (ID12)
and DQ079890 (ID2). As our ID12 ancestor, we selected
a random genetic isolate from the ID12a60 population of
(Rokyta et al. in press). This isolate possessed the two mu-
tations that fixed in the ID12a lineage of Rokyta et al. (in
press): 1970 (A— G) and 4919 (G— A). In addition, the
ID12 isolate had a mutation at position 4843 (A— G) that
results in a K— E substitution at amino-acid position 110
in protein H. We sequenced three additional genetic iso-
lates from this population and found that one had this mu-
tation and two did not. Therefore, half of the sequenced
isolates had this third mutation, suggesting that it was at
appreciable frequency in the ID12a60 population and prob-
ably adaptive. All three mutations were nonsynonymous.
Our ID2 ancestor was selected at random from the ID2a200
population of Rokyta et al. (in press) and matched the con-
sensus sequence described by Rokyta et al. (in press) ex-
actly. Relative to the published sequence of ID2, therefore,
our ID2 isolate had the following nine mutations: 858 (A—
G), 1570 (C—T), 1783 (C— T), 2087 (C—T), 3264 (G—
A), 3932 (T— C), 4882 (C— T), 4902 (G— A), and 5070
(C— A). All these except for the mutation at position 2087
were nonsynonymous substitutions.

Building hybrid phages

The coat protein gene, which is named F, was selected
for exchange. Based on homology with other microvirid
bacteriophages, the mature viral capsid contains 60 copies
of the coat protein, and it makes up the majority of the cap-
sid. Gene F occupies positions 2552-3835 in phage ID12
and positions 2546-3829 in phage ID2 and has been found
to be important in determining host range (Crill et al. 2000)
and in adaptation to high temperature (Kichler Holder and
Bull 2001). A similar recombination event involving gene
F of quite divergent phages has been hypothesized to have
occurred in the history of the microvirid family (Rokyta
et al. 2006).

Hybrid phages were constructed through a modified
version of the site-directed mutagenesis protocol described
by (Pepin et al. 2006). For each gene exchange, two sets
of primers were designed for a total of eight primers. One

set was designed to amplify the allele of gene F from
the “donor” phage and the other to amplify the genome
without gene F from the “recipient” phage. Each primer
was approximately half ID12 sequence and half ID2 se-
quence. Primers were 31-34 nucleotides in length, roughly
centered on the start or stop codons of gene F, and their
sequences matched the desired chimeric phage sequence.
For each exchange, the two pieces of the genome were
amplified separately in a standard polymerase chain re-
action (PCR) (25 cycles). The two fragments were then
purified and combined in equal copy numbers in another
PCR reaction for 10 cycles without primers to fill-in the
complete genome. The product of this reaction was pu-
rified, electroporated into Escherichia coli C, and plated.
Phage from the resulting plaques were confirmed to be re-
combinant and free of additional mutations by full genome
sequencing.

Fitness assays and recovery

Fitness assays were performed exactly as described
by (Rokyta et al. in press). Fitness was measured as the
log, increase in total phage per hour. The phage host, E.
coli C, was grown to a concentration of 1-2x 108 cells
per milliliter in phage Lysogeny broth (10 g NaCl, 10 g
tryptone, and 5 g yeast extract per liter) supplemented
with 2 mM CaCl, in 125-ml flasks at 37°C shaking at
200 rpm in an orbital water bath. Phage were added (~10*-
103) and grown for 40 min. Growth was terminated with
chloroform. Fitness was measured in five replicates for
each genotype. Fitness recovery was performed through
serial flask transfers under conditions similar to fitness as-
says, except that the number of phage used to initiate each
growth period was increased by approximately 10-fold.
Each lineage was initiated from an independent genetic
isolate. All statistical analyses of fitness values were per-
formed with R (R Development Core Team 2006).

Results
Relationships between the phages

The bacteriophages ID12 and ID2 are quite similar,
with the same complement of 11 genes and similar genome
lengths: 5529 for ID12 and 5486 for ID2 (Rokyta et al.
2006). They differ at ~19% of nucleotide sites over the
whole genome, excluding gaps. At the amino acid level,
the coat protein genes (F) are about 8% different (34 of 426
amino acid sites differ). The other gene products compos-
ing the mature phage virion and its scaffolding proteins dif-
fer at the amino acid level as follows: the spike protein (G),
59%; the pilot protein (H), 14%; the DNA-binding protein
(J), 25%; the internal scaffolding protein (B), 18%; and the
external scaffolding protein (D), 9%. All these numbers ex-
clude the start and stop codons and gaps. Note the high di-
vergence between the spike proteins. Rokyta et al. (2006)
hypothesized that it is the result of a recombination event in
the distant past. Of the 11 genes, five (A*, B, C, F, and K)
are of identical lengths in the two ancestral phages. ID2’s
proteins are shorter for genes A (one amino acid), D (one
amino acid), E (12 amino acids), and H (two amino acids).
ID2 has longer proteins for genes J (one amino acid) and G
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Table 1
A Summary of the Fitness Recovery of the Hybrid Phages
Lineage Wane® SEP AWpec© Flasks Nyd wi? SEP ws? SEP AWeomp©
ID12-ID2Fa 243 0.30 —13.2 70 8.7 x 10* 11.1 0.31 21.9 0.35 10.8
ID12-ID2Fb 243 0.30 —13.4 115 3.3%x10° 10.9 0.38 22.5 0.31 11.6
ID2-ID12Fa® 21.9 0.68 —8.9¢ 80 3.9 10* 13.0¢ 0.41 20.3 0.22 7.3¢
ID2-ID12Fb 21.9 0.68 —14.5 75 3.4 %107 74 0.55 23.3 0.30 15.9

SE, standard error.

“Fitness (w) was measured as the log, increase in population size per hour. Subscripts “anc”, “i”” and “f”” designate ancestral, initial and final fitness, respectively.

"Based on five replicates.

“Change in fitness. Subscripts “rec” and “comp” indicate the change caused by the introduction of new allele of F and the change through compensatory evolution,

respectively.
dHarmonic mean of population sizes over the course of fitness recovery.

In the initial genotype for this lineage, a beneficial mutation had already become fixed (see text).

(two amino acids). In all that follows, amino acid positions
will be based on homology with ID12 genes.

The cost of recombination

The two phage ancestors, ID12 and ID2, had adapted
to our culturing conditions during a study by Rokyta
et al. (in press). Both were allowed to adapt until fitness
plateaued for at least 20 growth periods. Our ancestral
phages were therefore highly fit; ID12 and ID2 showed
24.3 and 21.9 doublings per hour, respectively (table 1).
The corresponding figures before this adaptation were 20.8
and 8.7 doublings per hour (Rokyta et al. in press). Recip-
rocal exchange of alleles of the coat protein gene F was
then performed, generating two new phage genotypes la-
beled ID12-ID2F, which consists of the ID12 genome with
its allele of F replaced by the homologue from ID2, and
ID2-ID12F, which consists of the ID2 genome with its
allele of F replaced by the homologue from ID12. The
fitnesses of both recombinants were well below the fit-
ness of either ancestor (¢-test, two-sided, unequal vari-
ance, P < 0.001 for all four comparisons). Introduction
of the ID2 allele of gene F reduced the fitness of the ID12
ancestor from 24.3 to 11.1, a fitness cost of 13.2 doublings
per hour (table 1). This cost represents a 9,400-fold re-
duction in number of progeny produced per hour. Simi-
larly, introduction of the ID12 allele of gene F into the
ID2 genome reduced fitness from 21.9 to 7.4 doublings per
hour, a fitness cost of 14.5 doublings per hour (table I).
This cost corresponds to a 23,000-fold reduction in num-
ber of progeny per hour. At a generation time of about 15
min for these phages, these fitness costs correspond to a
10-fold and 12-fold reduction in progeny per generation for
ID12 and ID2, respectively. In both cases, growth rate was
reduced to less than half of the parental growth rate.
Because both ancestral phages are highly fit in this envi-
ronment, both alleles of F are high-fitness alleles in their
original genetic contexts. These fitness costs therefore re-
flect only the effects of disrupting favorable epistatic inter-
actions in the ancestral genomes.

Fitness recovery

Each of the two hybrid phage genotypes was selected
through serial flask transfers to recover the fitness lost to
recombination through compensatory mutations. Each

genotype was selected for increased growth rate in two
replicate lineages, which we labeled “a” and “b” (e.g.
ID12-ID2Fa and ID12-ID2Fb). The ancestral isolate for
the ID2-ID12Fa lineage had a significantly higher initial
fitness than the isolate used for the ID2-ID12Fb lineage
(t-test, two-sided, unequal variance, P < 0.001; fig. 1 and
table 1). The isolate used to initiate the ID2-ID12Fa lin-
eage had acquired a mutation at position 3198 relative to
the expected sequence (table 3). This mutation was found
to be polymorphic in the original stock from which the iso-
late was derived and was adaptive, as it increased fitness by
5.6 doublings per hour.

All four lineages of recombinant phages achieved fit-
nesses commensurate with at least one of the ancestral fit-
nesses (fig. 1). Only one, ID2-ID12b, reached a fitness as
high as that of the highest fitness ancestor, ID12 (z-test,
two-sided, unequal variance, P = 0.19 for ID2-ID12b and
P < 0.02 for ID12-ID2Fa, ID12-ID2Fb, and ID2-ID12Fa,
Bonferroni corrected for four comparisons), but none reach
a final fitness significantly different from that of ID2
(t-test, two-sided, unequal variance, P > 0.25 for all lin-
eages, Bonferroni corrected for four comparisons). There-
fore, if complete fitness recovery is defined as reaching the
fitness of at least one of the ancestors, then all four lin-
eages achieved it. Furthermore, this fitness recovery oc-
curred rapidly, taking less than 115 flask growth periods,
corresponding to approximately 350 generations at a gen-
eration time of ~12—15 min.

We can further address how quickly recovery was
achieved by assessing how long it took to reach the fitness
of the ancestor with the lowest fitness, ID2. For each of
the four lineages, we measured the fitness of intermedi-
ate populations as well as the initial isolate and final pop-
ulation (table 2), specifically, those of the 10th and 20th
flasks and every 20th flask thereafter (fig. 1). For the ID12-
ID2a lineage, fitness remained significantly below that of
ID2 until the 40th flask (z-test, one-sided, unequal vari-
ance; P < 0.001 for flasks 0, 10, and 20; P > 0.07 for
flasks 40, 60, and 70; table 2). For the ID12-ID2Fb lin-
eage, fitness also remained below ID2s until the 40th flask
(t-test, one-sided, unequal variance; P < 0.02 for flasks 0,
10, and 20; P > 0.10 for flasks 40, 60, 80, 100, and 115;
table 2). For the ID2-ID12Fa lineage, fitness remained be-
low ID2’s fitness at all comparisons (¢-test, one-sided, un-
equal variances; P < 0.04 for flasks 0 and 10, 20, 40, 60,
and 80; table 2). Finally, for the ID2-ID12Fb lineage, the



2834 Rokyta and Wichman

A ID12-ID2Fa
0 |
R D12
3 D2
=]
N
[2]
[%2]
O w |
S ~—
=
21 — D93(E34)
[ ] B104
C———————1 D23
o [ — Y
0 20 40 60 80 100 120
Flask
C ID2-ID12Fa
w |
Rl D12
D2
o |
N
[2]
[%]
O w0 |
-E —
=
I ] F217
24 i ] D111
[ 1 G36
| — O E (=50
0 1 H69
T T T T T T T
0 20 40 60 80 100 120
Flask

B ID12-ID2Fb
e
QY D12
- — p2
o | ¥
N
2]
1]
O |
E -~
=
[ 1 D113
=5 I ] B104
[E— 10
1 C80
0 O F3
0 20 40 60 80 100 120
Flask
D ID2-ID12Fb
w |
N D12
/I—/H
D2
o |
N
2]
1%}
O v |
E —
=2
i ] D113(E54)
= I ] F355
[ —— V7
1 F307
o 0O He9
T T T T T T T
0 20 40 60 80 100 120
Flask

FI1G. 1.—The trajectories of fitness recovery. The error bars indicate standard errors. The gray bars below the fitness trajectories indicate the
presence of the mutations labeled at the right, on the basis of sequencing the populations for which fitness was measured. Mutations are labeled with
the gene name and position of the affected amino acid residue. More information on these mutations is provided in table 3, and the raw fitness data

from the populations are provided in table 2.

fitness of ID2 was reached by the 20th flask (z-test, one-
sided, unequal variances; P < 0.05 for flasks 0 and 10;
P > 0.05 for flasks 20, 40, 60, and 75; table 2). We found,
therefore, assuming that the phages go through approxi-
mately three generations per flask growth period, that fit-
ness can be recovered to ancestral levels within as few as
60 generations.

The genetics of fitness recovery

Fitness was recovered through only a handful of mu-
tations for each of the four lineages (table 3). ID12-ID2Fb,
ID2-ID12Fa, and ID2-ID12Fb recovered it through five
substitutions, and ID12-ID2Fa recovered in just three sub-
stitutions. Of the 18 observed substitutions, only 1 was
silent. The microvirid phage genome encodes 11 gene
products, labeled A, A*, B, C, D, E, F, G, H, J, and K. Two
of these (A* and K) are not essential for replication and no
compensatory mutations were found in either. Aside from
the single-stranded DNA genome, the mature phage cap-
sid consists of proteins F, G, H, and J. Four compensatory
mutations occurred in the gene that was exchanged, gene
F. A single substitution occurred in the spike protein (G),
and three in the pilot protein (H). Eight substitutions al-
tered the amino acid sequences of the internal and external
scaffolding proteins (B and D, respectively). Finally, four
mutations affected the coding sequences of genes involved
in phage replication (A, E, and C). Note that, because of
overlapping reading frames in the phage genomes, a single

mutation could potentially affect up to three genes. Overall,
we find that changing the allele of the coat protein gene en-
gendered nonsynonymous compensatory changes in eight
of the nine essential genes, suggesting extensive epistatic
interactions throughout the phage genome.

The timing of substitutions

In addition to the initial genetic isolate and final pop-
ulation of each lineage, we sequenced all the populations
on which we measured fitness, as describe above (fig. 1).
By sequencing whole populations, we can only determine
when a particular mutation comes to high frequency. The
order of fixation for some lineages could not be discerned
entirely (fig. 1 and table 3).

All the early mutations (first or second) were either
in the scaffolding genes, B and D, or the exchanged coat
protein gene. Because these first mutations accounted for
the majority of the total fitness improvement (see below),
the conflict between the coat protein gene and the remain-
der of the genome probably arises at some stage in capsid
assembly. All the substitutions in the other structural genes
(G and H) and the genes involved in replication (A and C)
occurred late in fitness recovery.

Two mutations were found to increase in frequency
only to be lost again later. In the ID12-ID2Fa lineage, a mu-
tation at position 2253 reached high frequency in the 10th
flask growth period but was lost by the 20th (fig. 1). In the



Table 2

Fitness of Populations over the Course of Recovery

Lineage Flask Fitness SE? PP

ID12-ID2Fa 0 11.1 0.31 <0.01
10 16.5 0.21 <0.01
20 18.7 0.37 <0.01
40 20.8 0.20 0.09
60 20.6 0.25 0.07
70 21.9 0.35 0.53

ID12-ID2Fb 0 10.9 0.38 <0.01
10 18.3 0.35 <0.01
20 19.9 0.35 0.02
40 20.9 0.30 0.11
60 21.4 0.44 0.29
80 21.3 0.11 0.21

100 21.3 0.17 0.20
115 22.5 0.31 0.78

ID2-ID12Fa 0 13.0 0.41 <0.01
10 13.6 0.45 <0.01
20 18.9 0.17 <0.01
40 20.2 0.32 0.03
60 20.3 0.28 0.04
80 20.3 0.22 0.04

ID2-ID12Fb 0 7.4 0.55 <0.01
10 20.2 0.32 0.03
20 20.4 0.48 0.05
40 22.8 0.37 0.87
60 23.1 0.37 0.92
75 23.3 0.30 0.94

SE, standard error.

“Based on five replicates.

"Based on a one-sided ¢-test with unequal variances comparing the population
fitness to the fitness of the ID2 ancestor with mean fitness 21.9 and SE 0.68
based on five replicate measurements.

ID12-ID2Fb lineage, the insertion of a C nucleotide in a
poly-C tract in the J-F intergenic regions (positions 2529—
2534) reached high frequency in flasks 80 and 100 but was
subsequently lost (not shown in fig. 1). These two observa-
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tions suggest the presence of some amount of clonal inter-
ference (Gerrish and Lenski 1998) in these lineages.

The first step in recovery

On average, each mutation increased fitness by 2.9
doublings per hour, including the mutation 3198 that we
found to be in the isolate used to initiate the ID2-ID12Fa
lineage by calculating the effect relative to the initial iso-
late of the ID2-ID12Fb lineage. In contrast, the first substi-
tution increased fitness by about 6.8 doublings per hour on
average. These are, of course, approximate values based on
population fitnesses and population sequences. For the cal-
culation, we assumed that the first substitution occurred by
flask 20 for ID12-ID2Fa and by flask 10 for ID12-ID2Fb
(fig. 1). For lineage ID2-ID12Fa, we assumed that the first
mutation was at position 3198 and thus compared the fit-
ness of ID2-ID12Fa0 with that of ID2-ID12Fb0. Finally,
we assumed that two mutations became fixed by flask 10 in
ID2-ID12Fb and that the two had equal effects. Nonethe-
less, the first step in compensatory evolution was clearly
much larger than the average step (over twice as large). In
fact, the first substitution accounted for more than half of
the total fitness recovery on average.

Parallel and convergent evolution

For the two ID12-ID2F lineages, two mutations (1585
and 2312) occurred in parallel (table 3), so 50% of the mu-
tations fixed in these two lines were parallel substitutions.
Likewise, two mutations (2305 and 4684) occurred in
parallel across the two ID2-ID12F lineages, so 40% of the
mutations in these two lineages were parallel changes.

Because the exchanged alleles of gene F were
more suited to their original genetic backgrounds, fitness

Table 3
A Summary of the Genetics of Fitness Recovery of Hybrid Phages
Amino

Lineage Nucleotide® Change Gene Acid® Change Order Convergent Parallel

ID12-ID2Fa 1585 A— G B¢ 104 T— A 1 Yes Yes
2044 C—>T D 23 Silent 2o0r3 No No
2312 C—>T Dd 113 R— C 20r3 No Yes

ID12-ID2Fb 1585 A— G B¢ 104 T— A 2 Yes Yes
1958 A—G C 80 N— S 4 No No
2312 C—T Dd 113 R— C 1 No Yes
2562 T— C F 3 V— A 5 No No
4964 C—>T H 150 T—1 3 No No

ID2-ID12Fa 2298 A— G Dd 111 -V 2 Yes No
2305 A— G D(E) 113(54) Q— R(S— G) 4 Yes Yes
3198° A— G F 217 D— G 1 No No
4037 C—T G 36 L—F 3 No No
4684 C—>T H 69 P—L 5 No Yes

ID2-ID12Fb 482 A— G A 142 I-V 3or4 No No
2305 A— G D(E) 113(54) Q— R(S— G) lor2 Yes Yes
3468 A— G F 307 N— S 3ord Yes No
3611 C—>T F 355 P— S lor2 No No
4684 C—>T H 69 P—L 5 No Yes

“ID12 and ID2 differ in length, and therefore nucleotide positions are not directly comparable across these two genotypes.

b Arose in plaque used to start the lineage.

¢Silent in gene A.

dSilent in gene E.

€Amino acid positions are based on the ID12 sequence.
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recovery might reasonably be expected to make the new,
“accepting” genomes more like the “donor” genomes. In
other words, we might expect mutations involved in fitness
recovery to converge on the original genomic context of
the exchanged allele of F, or conversely for the exchanged
allele of F to converge on the sequence of the original geno-
type. Indeed, this pattern was observed (table 3). Overall, 6
of the 18 mutations were convergent, including 1 mutation
in the ID2-ID12Fb lineage (3468) in the new allele of F,
which made it more like its ancestral F.

Mutations at amino acid position 113 in the external
scaffolding gene D exhibited both parallel and convergent
evolution (table 3). Each of the four lineages had substitu-
tions at this position. The changes were all parallel across
replicates. Both ID12-ID2F lineages changed from R to C,
and both ID2-ID12F lineages changed from Q to R. The
changes in the ID2-ID12F lineages converged on the ID12
ancestor, but the changes in the ID12-ID2F lineages were
not convergent. A convergent change in these lineages (to
Q) would have required two nucleotide substitutions, how-
ever, so the convergent amino acid substitution was not
mutationally accessible.

Discussion

By exchanging alleles of the coat protein gene
between two microvirid genotypes, we demonstrated that
recombination can entail a substantial fitness cost. Because
both alleles were highly functional in their ancestral ge-
netic backgrounds, this cost is clearly the result of epistatic
interactions between genes. Although the reduction in fit-
ness was dramatic, reducing growth rates to less than half
of the parental rates, fitness recovery was complete and
simple. All four lineages reached ancestral-level fitness
within ~350 generations, and one lineage did so in only
60 generations. Furthermore, this fitness recovery required
only three to five substitutions, and the first substitution
accounted for the majority of fitness improvement. Despite
the small number of compensatory mutations, they were
found to affect eight of the eleven microvirid genes, in-
cluding eight of nine essential genes. This result suggests
that epistatic interactions are widespread throughout the
genome and that the conflict between the new allele of
gene F and the genome can be mitigated through multiple
mechanisms.

Even if most genes in the microvirid genome are in-
volved in epistatic interactions with the coat protein gene,
the high rate of both parallel and convergent evolution sug-
gests that only a small number of amino acid sites are
involved. Across replicate recovery lineages, 40-50% of
substitutions occurred in parallel, suggesting either that
few sites are available for compensatory changes or that
few sites have large effects. Furthermore, 6 of the 18 ob-
served substitutions converged on the genetic background
that provided the allele of the coat protein gene. The hy-
brid phages therefore evolved to become more similar to
the ancestral donor genotypes, suggesting that the interac-
tions between the genes involve not only specific sites but
also specific amino acid residues at those sites.

The nature of the disrupted epistatic interactions be-
tween the genes in our hybrid microvirid genotypes can

be better understood by examination of the identities of
compensatory mutations in relation to the extensive struc-
tural and experimental information available for microvirid
bacteriophages (e.g. McKenna et al. 1992, 1994, 1996;
Dokland et al. 1997; Bernal et al. 2003; Dokland et al.
1999; Novak and Fane 2004). For example, we know where
and how the coat protein interacts with two of the three
other structural proteins (G and J, but not H), and the in-
teractions between the coat protein and the two scaffold-
ing proteins (B and D) are also well characterized. These
regions of interaction are natural places to expect to see
compensatory evolution in response to a new allele of the
coat protein gene.

Compensatory evolution in the scaffolding proteins

Many of the compensatory mutations, including the
majority of those that occurred early, affected the two scaf-
folding genes B and D. In fact, one lineage (ID12-ID2Fa)
recovered entirely through mutations in these two genes
(table 3), suggesting that morphogenesis is disrupted in
the hybrids. Both lineages of ID12-ID2 acquired the same
mutation at amino acid position 104 in the internal scaf-
folding protein encoded by gene B. The internal scaf-
folding protein is 120 residues long, and its C-terminus
(~61-120) is known to determine coat protein specificity
(Burch and Fane 2000) and contains the sites known to
be contact points between the coat and internal scaffolding
proteins (Dokland et al. 1999). In complementation exper-
iments, internal scaffolding proteins have been found to
be cross-functional across genetic distances greater than
that between the two genotypes ID12 and ID2, but per-
formance is compromised relative to the wild-type allele
(Burch et al. 1999). This mutation may have repaired dis-
rupted interactions between the coat and internal scaffold-
ing proteins, especially as the mutation was a convergent
change. Three different missense nucleotide substitutions
and a single silent substitution were observed in gene D
(table 3). The three missense substitutions are at two amino
acid positions in gene D (D111 and D113). The D protein
serves as an external scaffold in the morphogenesis of mi-
crovirid phages and is present in 240 copies (four for every
F protein) in the phage procapsid (Hayashi et al. 1988).
The external scaffolding proteins take on four unique con-
formations in the procapsid, labeled D1-D4 (Dokland et al.
1999). The three substitutions were within loop 5 of the D
protein, which interacts with the F protein in the D1 and
D2 subunits and also mediates D2-D4 and D3-D3 contacts
across the 2-fold axes of symmetry (Dokland et al. 1999).

Recent work on the related microvirid phage ¢ X174
suggests that rather than, or in addition to, directly improv-
ing interactions between the scaffolding proteins and the
coat proteins, the compensatory mutations in genes B and
D may instead be suppressing the loss of assembly inter-
mediates into off-pathway reactions during morphogene-
sis. Cherwa et al. (2008) identified a number of mutations
that conferred resistance to dominant lethal mutations at
a particular site (residue 61) in the external scaffolding
protein. These lethal mutations are dominant in that when
hosts expressing the mutant proteins are infected with wild-
type virus, progeny are not produced. One of the mutations



conferring resistance is at a site in the internal scaffolding
gene (B103) adjacent to the mutation we observed in the
ID12-ID2 lineages (B104). Uchiyama et al. (2009) identi-
fied several second site suppressors of defects in morpho-
genesis in response to the deletion of the first seven amino
acids of the external scaffolding protein. One of these
mutations was at the same site in gene D involved in re-
covery of the ID2-ID12Fa lineage (D111) and near a site
involved in recovery of all four lineages (D113). Further-
more, several of the mutations identified by Uchiyama
et al. were just upstream of the start codon for gene D
near its ribosome-binding site, affecting the nucleotide se-
quence of gene C, similar to a mutation in the ID12-ID2Fb
lineage at amino acid position 80 of gene C. Uchiyama
et al. found that these mutations increased the expression
of gene D. Uchiyama et al. and Cherwa et al. hypothe-
sized that some of the mutations identified were suppress-
ing nonproductive off-pathway reactions during morpho-
genesis that arise from improper interactions between the
external scaffolding proteins and the coat proteins. There-
fore, it may be that the primary interactions disrupted in
our hybrid phages are between proteins D and F, and many
of our observed compensatory mutations, including those
in gene D, might be preventing the loss of viable assembly
intermediates into dead-end morphogenetic pathways.

Because recovery can be achieved through mutations
in just the two scaffolding proteins, the defect in the hy-
brids is probably manifested at some point in morpho-
genesis. As an extreme example of adapting to disrupted
morphogenesis, Chen et al. (2007) selected the related mi-
crovirid phage ¢$X174 to grow in the absence of B pro-
tein, the internal scaffold. Wild-type ¢ X174 was unable to
form infectious particles without the internal scaffolding
protein, but through a series of substitutions in proteins A,
D, F, and H as well as in promoters for gene D, ¢ X174 be-
came able to replicate without it. Therefore, redundancy is
built into the system, and reduced (or absent) function of
one gene can be compensated for by improved function in
others. Our results are qualitatively similar. The new alle-
les of gene F appear to impede proper morphogenesis, but
this inefficiency can be compensated for through improved
function in a number of other genes involved in morpho-
genesis, including all the genes identified by Chen et al.
(2007).

Compensatory evolution in the capsid and replication
proteins

Four substitutions occurred in gene F, the gene that
was exchanged. Interestingly, mutations at two of these
sites were seen previously when the related phage, ID11,
adapted to the same culturing conditions used here (Rokyta
et al. 2005). The mutations yielding the amino acid sub-
stitutions F3 (V— A) in the ID12-ID2Fb lineage and
F355 (P— S) in the ID2-ID12Fb lineage were at sites re-
sponding to selection in the experiments of Rokyta et al.
(2005). The amino acid substitution at site F3 was dif-
ferent (V— F) in their experiments. These mutations may
simply reflect adaptation to the culturing conditions rather
than legitimate compensatory mutations, but the ancestors,
ID2 and ID12, were extensively adapted to the culturing
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conditions, and furthermore, these two mutations had quite
large fitness effects for ID11, approximately three dou-
blings per hour for the F3 mutation and more than five
for the F355 mutation (Rokyta et al. 2005). Mutations with
effects of these magnitudes would certainly have become
fixed during adaptation to culture by the ancestral phages,
if they had similar effects in ID12 and ID2. A mutation at
F307 (N— S) in the ID2-ID12Fa lineage is at one of the
sites in protein F that interacts with «-helix 7 of the ex-
ternal scaffold, protein D, in the D4 subunit. This region
constitutes the most extensive interactions between these
two proteins. The final substitution in gene F was at posi-
tion F217 (D— G) and is located in a-helix 5 of the coat
protein (McKenna et al. 1996). The only other substitution
in a protein with a known structure was at position G37
(L— F) in the spike protein, encoded by gene G. The N-
terminus of the spike protein is involved in the interactions
between spike proteins and to a lesser extent with coat pro-
teins (McKenna et al. 1994).

The remaining substitutions all affected sites in pro-
teins with undetermined or undefined structures. Two
different substitutions affected gene H, which encodes the
pilot protein (Hayashi et al. 1988) and is a component of
the mature phage virion. A single mutation-affected pro-
tein A, which is the phage replication protein and is thought
to interact directly with the coat protein (Tessman and
Peterson 1976; Ekechukwu et al. 1995). One of the mu-
tations in D (D113) was also a nonsynonymous substitu-
tion in the overlapping lysis gene E. Finally, one mutation
affected the coding sequence of gene C. Protein C is in-
volved in timing of the replication cycle (Hayashi et al.
1988). Aside from being nonsynonymous in gene C, this
mutation is also just upstream of the start codon for gene D
and thus might be affecting the gene D ribosome-binding
site as mentioned above.

Perhaps more striking than where mutations did occur
is where they did not. The two proteins with the most de-
fined and conspicuous physical interactions with the coat
protein in the mature capsid played little or no role in
compensatory evolution, suggesting that these interactions
were not problematic in the hybrids. In the microvirid
phage ¢ X174, pentamers of the spike protein (G) sit at the
12 vertices formed by 60 copies of the coat protein. Each
spike protein is held in place by five polar interactions and
five interactions mediated by water molecules (McKenna
etal. 1994; Dokland et al. 1999). The DNA-binding protein
J binds to the interior of the coat proteins (McKenna et al.
1994). Nonetheless, no compensatory mutations occurred
in J and only one in G. These interactions are long lived
and stable, whereas the interactions with the scaffolding
proteins are transient. Yet, the presumably weaker interac-
tions are the apparent source of incompatibility between
the genome and the introduced allele of gene F.

Natural patterns of genetic variation can potentially
explain the lack of conflict between the exchanged alleles
of the coat protein gene and the two capsid protein genes
G and J. If only the G4-like group of 18 phages described
by Rokyta et al. (2006) is considered, which includes both
ID12 and ID2, almost no variation is evident in gene F
where F interacts with proteins G and J. On the basis of
the structure of the related phage ¢ X174, McKenna et al.
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(1994, table 5) list the sites involved in polar interactions
between these proteins and the F protein. The structures of
microvirid capsids are highly conserved (McKenna et al.
1996; Bernal et al. 2003), so using the structure of ¢ X174
as a representative for ID12 and ID2 is not unreasonable.
Of the 22 unique sites in F listed by McKenna et al. (1994)
to be involved in polar interactions with either G or J, only
a single site has any amino acid variation, and this site has
only a single genotype with a difference out of a total of
18 genotypes within the group. These sites are conserved
despite a maximum pairwise difference of ~12% at the
amino acid level in gene F for the group. The sites in F
mediating interactions with proteins J and G seem to be
under strong purifying selection, and without variation at
these sites, no source of conflict can arise between alleles
of F and different alleles of G and J.

Conclusions

The nature of the compensatory mutations makes
clear that interactions between the coat protein and the
scaffolding proteins B and D have diverged, but it is less
obvious why these interactions might be different from
those with G and J. First, the interactions with the scaf-
folding proteins are, by definition, transient. These proteins
dissociate from F during maturation, so the interactions
may be weaker and thus more tolerant of mutations, but
as seems more germane, these regions in the coat protein
are under conflicting selective pressures. The external scaf-
folding protein binds to the exterior of the capsid, the same
region that must subsequently interact with the environ-
ment and host receptors, for example. Likewise, the inter-
nal scaffolding protein binds to the interior of the capsid,
which must also later interact with protein J and the
phage genome. These conflicting selective pressures may
drive the divergence of the regions of interaction between
the coat and the scaffolding proteins and ultimately lead
to deleterious epistatic interactions in the hybrid phages.
These patterns might also be found for other macromolec-
ular complexes. Perhaps horizontal gene exchange in gen-
eral is not hindered necessarily due to complex function
but instead as a consequence of complex assembly.

From the structural locations of the compensatory mu-
tations, the disrupted epistatic interactions appear to be,
at least in part, manifestations of disrupted physical inter-
actions between proteins. Interestingly, the strongest and
most obvious interactions appear to be relatively unimpor-
tant sources of genic incompatibilities in hybrids because
they are more likely to be evolutionarily conserved. Weaker
or transient interactions, especially involving regions
of genes under conflicting selective pressures, tolerate
or possibly even favor variation, leading to genic in-
compatibilities in hybrids. This pattern is reminiscent of
the well-known theoretical result for beneficial mutations
suggesting that beneficial mutations of intermediate ef-
fect are most important evolutionarily (Kimura 1983; Orr
1998). Those of large effect are rare and those of small
effect are often lost stochastically. Strong, stable interac-
tions may not participate in incompatibilities because they
preclude the requisite variation and are not as likely to
be under conflicting selective pressures. Extremely weak

interactions do not cause incompatibilities by definition.
Transient interactions, however, may allow or even favor
variation and thus allow for potential genic incompatibili-
ties in hybrids.
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