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A B S T R A C T

In an earlier study, protein-based barriers to horizontal gene transfer were investigated by placing the

bacteriophage G4 G gene, encoding the major spike protein, into the φX174 genome. The foreign G protein

promoted off-pathway assembly reactions, resulting in a lethal phenotype. After three targeted genetic

selections, one of two foreign spike proteins was productively integrated into the φX174 system: the complete

G4 or a recombinant G4/φX174 protein (94% G4:6% φX174). However, strain fitness was very low. In this

study, the chimeras were characterized and experimentally evolved. Inefficient assembly was the primary

contributor to low fitness: accordingly, mutations affecting assembly restored fitness. The spike protein

preference of the ancestral and evolved strains was determined in competition experiments between the foreign

and φX174 G proteins. Before adaptation, both G proteins were incorporated into virions; afterwards, the

foreign proteins were strongly preferred. Thus, a previously inhibitory protein became the preferred substrate

during assembly.

1. Introduction

Horizontal gene transfer (HGT) occurs extensively between viruses

(Diemer and Stedman, 2012; Gibbs and Weiller, 1999; Hendrix et al.,

1999; Roux et al., 2012), yet relatively few recombinants persist in

nature (Lefeuvre et al., 2007). To persist, new recombinants must be

able to immediately compete or be in an environment that favors

further adaptation. For example, environments with high viral densi-

ties can provide less fit variants or recombinants with helper viruses

that supply necessary proteins and other resources (Froissart et al.,

2004; Montville et al., 2005; Wichman et al., 2005).

Bacteriophages T7, φ6 and the microviruses (canonical members

φX174, G4 and α3), have emerged as powerful experimental evolution

systems (Burch and Chao, 1999; Cecchini et al., 2013; Froissart et al.,

2004; Montville et al., 2005; Springman et al., 2012; Wichman et al.,

1999, 2005). When genes encoding virion structural proteins are

exchanged between microviruses, the new recombinants exhibit sig-

nificantly lower fitness than their respective parental strains (Doore

and Fane, 2015, 2016; Rokyta and Wichman, 2009; Sackman et al.,

2015; Sackman and Rokyta, 2013). In these studies, particle assembly

is the major contributing factor to fitness loss. Once assembled,

particles appear to function efficiently vis-à-vis their ability to recog-

nize and penetrate host cells. Accordingly, fitness recovery is often

achieved by mutations affecting scaffolding protein interactions.

Microvirus assembly requires two scaffolding proteins that divide

the morphogenetic pathway into early and late stages (Fig. 1A). The

early stage is mediated by the internal scaffolding protein B. Five copies

of B protein, along with one copy of DNA pilot protein H, bind to the

underside of the 9 S coat protein F pentamer to produce the 9 S*

particle. B protein induces a conformational change that facilitates

interactions between the coat and the 6 S major spike protein G

pentamer (Gordon et al., 2012). This joining of the 6 S pentamer to

the top of the 9 S* intermediate produces the 12 S* particle (Cherwa

et al., 2008). The second stage of assembly occurs when 240 copies of

external scaffolding protein D organize twelve 12 S* particles into a

procapsid (Cherwa et al., 2011). At this point, packaging of the genome

occurs with the concurrent loss of internal scaffolding protein. With the

release of the external scaffolding protein, the capsomeres undergo a

radial collapse to produce the mature virion (Dokland et al., 1997;

Hafenstein and Fane, 2002; McKenna et al., 1994).

In a previous study (Doore and Fane, 2015), the major spike gene G

was exchanged between φX174 and G4 to produce φXG4G and

G4φXG. The primary consequence of this horizontal gene transfer

was an elevated activation energy during one or more assembly

reactions. The size of this barrier depended on the direction of gene

transfer: for G4φXG, the new gene was tolerated but displayed a

temperature sensitive assembly defect. This was corrected via second

site suppressors affecting internal scaffolding protein interactions. By

contrast, φXG4G exhibited a lethal phenotype. Viability required the

exogenous expression of two cloned φX174 genes, G and H. The latter
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gene encodes the DNA pilot protein, which is produced at the lowest

quantity of all structural proteins during an infection. The foreign G4 G

protein interacted non-productively with the φX174 H protein or an H

protein-containing intermediate, effectively removing this protein from

the productive assembly pathway. Thus, an additional supply of the H

protein, as well as the indigenous G protein, was required for plaque

formation.

After three targeted genetic selections, viable φXG4G chimeras

were recovered. The initial chimera required the exogenous expression

of both the φX174 G and H genes to form plaques (Doore and Fane,

2015). In the first selection, variants that no longer required exogenous

H gene expression were recovered. This first adaptation suppressed

non-productive interactions between the foreign G protein and the

indigenous H protein. This was achieved via two changes. First, a

truncated version of the C protein, which partially mediates the balance

between DNA replication and transcription, resulted in global down-

regulation of all viral genes. In addition, a recombination event

between the genome-encoded G4 and plasmid-encoded φX174 G genes

resulted in a chimeric major spike gene (χ2: chimeric gene in chimeric

genome). 94% of the genomic gene was derived from G4, while the 3′

6%, which encodes the C-terminus, was φX174 in origin (Fig. 1B,C). X-

ray models indicate that the coat F and major spike G proteins are

nearly superimposable across the three microvirus clades (Bernal et al.,

2003; McKenna et al., 1996, 1992). The interactions between these two

proteins are primarily mediated by conserved residues in the C-

terminus of the major spike protein (bold text, Fig. 1C). Although the

interacting amino acid residues are conserved, five of the fourteen C-

terminal amino acids differ between species, potentially altering these

interactions.

In the second selection, subsequent adaptations of the φXG4G

chimera affected key protein-protein interactions that govern assembly.

In this selection, mutants capable of forming plaques on cells expres-

sing the G4 G gene were isolated. These mutants still required

exogenous G gene expression, but the expressed gene could be from

either φX174 or G4. Most of the mutations involved interactions with

the external scaffolding protein. In the third selection, two comple-

mentation-independent viable chimeras were recovered. These two

mutants were able to form plaques without any exogenous G gene

expression. One retained the chimeric major spike gene (φXχ2V or χ2V)

but acquired additional mutation in the F-G intercistronic region. The

other underwent another recombination event, restoring the full-length

genomic G4 major spike gene (φXG4GV or G4GV). Simplified dia-

grams of the viable chimeras’ G genes are illustrated in Fig. 1B and the

lineage of the strains used these studies is given in Fig. 2. Both

complementation-independent chimeras exhibited low fitness.

Throughout the previous study, the χ
2V major spike protein was

hypothesized to be a less-fit hybrid. The present study investigates this

possibility further. First, both chimeras were characterized in terms of

assembly and function. These strains were then experimentally evolved

to determine how fitness could be recovered. In addition, we engi-

neered and examined the reciprocal of the χ
2V recombination pattern

in the φX174 background. This chimeric major spike protein is 94%

φX174, with the C-terminal 6% encoded by G4 (φXG4GC-term;

Fig. 1C). This allowed us to examine the specific defect(s) conferred

Fig. 1. A) the microvirus assembly pathway. B) the linear microvirus genome with simplified diagrams of the chimeric major spike G genes described in this study. Due to a

recombination event (see text for details), the first eight amino acid residues of the H protein in φXG4GV are derived from G4. The first 20 amino acids of gene H encode a strongly

conserved transmembrane helix. C) Protein alignment of the C-terminus of the major spike genes encoded by χ
2V (left) and φXG4Cterm (right) mutants. The conserved amino acid

residues that mediate F-G interactions are in bold text.
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by the non-conserved C-terminal residues.

2. Results and discussion

2.1. Chimeric particles exhibit delayed assembly and attachment

kinetics

The φXG4G/χ2V and φXG4GV chimeras, hereafter referred to as

χ
2V and G4GV, formed very small plaques and exhibited fitness values

significantly lower than wild-type φX174 (Table 1). To investigate the

potential defect(s) resulting in low fitness, the kinetics of assembly,

attachment, and eclipse were investigated. Attachment for both chi-

meras was modestly but significantly delayed compared to wild-type

(Fig. 3A). Wild-type particles reach 90% attachment after approxi-

mately 3 min and approach 99% by 12 min, whereas only 70% of the

G4GV and χ
2V chimeric particles had attached by 3 min. The chimeras

did not reach 90% attachment until 9 min, demonstrating an approx-

imate 6 min lag behind wild-type. Once attached, eclipse kinetics did

not differ from wild-type (data not shown).

Two protocols were used to investigate assembly kinetics of the

viable chimeras. To control for the potential effects arising from less

efficient attachment, phage were pre-attached to lysis resistant cells in

the first protocol. By contrast, the second protocol was designed to

mimic the conditions used in fitness assays, in which virions are not

pre-attached. The inclusion of the pre-attachment in the first protocol

had little or no effect on the experimental results: thus, only the results

from the second protocol are presented (Fig. 3B). Both chimeras

exhibited delayed kinetics and/or inefficient particle production. In

these assays, wild-type progeny production increased steeply 15–

20 min post infection. Although the G4GV chimera produced a modest

amount of progeny during this period, particle production did not

increase steeply until 20–25 min post infection. Conversely, the χ
2V

chimera exhibited a significantly longer lag phase, producing progeny

between 25 and 30 min post infection. The statistically most significant

time points were at 20 and 25 min (see figure legend for details).

Attachment defects were not anticipated based on results from the

previous study (Doore and Fane, 2015). In that study, a reciprocal

chimera, G4φXG, was examined. This chimera encoded the φX174

major spike G gene in the G4 genome. Although it exhibited slower

assembly kinetics, virions displayed wild-type attachment kinetics.

Delayed assembly defects in the G4φXG chimera were corrected by

single mutations. By contrast, when the G4 G gene was placed into the

φX174 background, this φXG4G chimera required multiple mutations

to form plaques at any temperature. With greater barriers to productive

Fig. 2. Flow chart representing critical stages during the evolution of the viable

chimeras. The G and H genes of each mutant stage are represented on the left using

the schematic of Fig. 1. Note that the full length of gene H is not shown. Genes required

for complementation are indicated on the right, along with defined abbreviations.

Table 1

Mutations of ancestral and evolved strains.

Genotypic changesc:

Strain Fitnessa G proteinb Nucleotide Amino acid Hypothesized

Function and/or

structural

contactsd

G4 WT 13.7 ± 0.3 WT G4

φX WT

anc.

14.2 ± 1.3 WT φX

φX WT

ev-

o1

13.3 ± 0.1 WT φX A2166G F-H388R F (coat) -D1

(external

scaffolding)

contact site

G3158A H-M76I

φX WT

ev-

o2

12.9 ± 0.3 WT φX C1470T F-D154E F-D1 contact site

G2120A F-E373K F-D1 contact site

A3055G H-K53E

CNVA ND χ2 C367T C-Q79och Decreases

expression of all

viral genese

A1464G F-D154G F-D1 contact site

C2280T F-S426L Known

suppressor of

defective D

protein functionf

χ2 V

anc.

7.8 ± 0.5 χ2 A2276G F-T425A Known

suppressor of

defective D

protein functionf

G2371C F-G

intercistronic

region –

increased G

protein levelse

G2379A F-G

intercistronic

region –

increased G

protein levelse

χ2 V

ev-

o1

13.1 ± 0.5 χ2 G2179T F-Q392H F-G contact site

G3111A H-V61I

χ2 V

ev-

o2

14.1 ± 0.2 χ2 G2000A F-V333I F-D4 contact site

G2179T F-Q392H F-G contact site

G3039T H-V37L

G4GV

anc.

7.3 ± 0.4 WT G4 C367T C-Q79och Decreases

expression of all

viral genese

A1464G F-D154G F-D1 contact site

C2280T F-S426L Known

suppressor of

defective D

protein functionf

G4GV

ev-

o1

11.6 ± 0.3 WT G4 G2179T F-Q392H F-G contact site

G2379A F-G

intercistronic

region –

increased G

protein levelse

A3340G H-D137G

(continued on next page)
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assembly, the φXG4G chimera may have been presented with a tradeoff

between efficient attachment and morphogenesis. However, without

morphogenesis, no particles would exist to initiate a subsequent

infection: thus, particle assembly was likely the primary target of

selection.

2.2. Experimental evolution of chimeric viruses yields higher-fitness

variants

To examine how the φXG4G chimeras could recover fitness, the

viable strains were experimentally evolved. Initially, χ
2V and G4GV

were serially passaged in liquid culture, which is the preferred method

for experimentally evolving microviruses (Wichman and Brown, 2010).

However, both strains repeatedly died out before the tenth passage,

despite varying the incubation time, multiplicity of infection (MOI) and

bottleneck size. As an alternative approach, two single plaques were

picked from each ancestral strain and independently propagated by

stabbing phage onto plates. Plates were incubated overnight at 33 °C,

providing ample time for clearings to form. To circumvent complica-

tions associated with spatial structure (Ally et al., 2014), samples were

collected from multiple locations throughout the clearing for each

successive transfer. As a control, two wild-type φX174 plaques were

subjected to the same protocol. By the end of 15 serial passages,

plaques were re-isolated, sequenced, and characterized. As shown in

Table 1, all evolved chimera strains had higher fitness than their

respective ancestors, whereas evolved wild-type strains exhibited no

significant fitness differences. Evolved strains are denoted “evo1″ or

“evo2″ according to the plaque from which they were started. Plaques

area was also measured. Approximately one hundred plaques from

each strain were evaluated. Although there was a trend toward larger

plaques for the evolved χ
2V and G4GV strains, naturally occurring size

variations created large deviations in area and error, proving to be a

less reliable measure of fitness (data not shown).

The additional mutations found in the evolved strain are listed in

Table 1. No previously acquired mutations were lost. Mutations

altering coat-external scaffolding protein contact sites and the DNA

pilot protein H arose in all evolved strains, including wild-type.

Mutations in gene H are commonly observed during experimental

evolution in chemostats at high viral densities (Bull et al., 1997; Crill

et al., 2000; Pepin et al., 2008; Wichman et al., 2000), which would also

occur in plaques. Thus, these mutations may have arisen due to the

propagation method and may generally elevate fitness under high-

density conditions. The strains evolved from wild-type did not display a

significantly elevated fitness compared to their ancestor: however, since

wild-type is already reasonably fit, small increases may be more

difficult to detect. Here, and in the previous study (Doore and Fane,

2015), it was very difficult to obtain reasonably pure high titer stocks.

Additional mutations often swept through the population during stock

growth. Thus, separating the multiple mutations occurring in the

evolved strains to individually assess each one's respective contribution

to fitness was problematic. In addition, epistasis has been well-

documented in microvirus genomes (Caudle et al., 2014; Pearson

et al., 2012; Rokyta et al., 2011). Thus, mutations that arose during

serial passages may not necessarily have measurable fitness effects

alone.

In contrast to the ubiquitous H gene mutations, the mutations

altering the F-G intercistronic region and the coat-major spike protein

interface arose only in the evolved chimeric strains. The ancestral χ2V

strain began with two mutations in the intercistronic region, which

presumably results in increased intracellular concentrations of the

major spike protein (Doore and Fane, 2015). In the previous study and

with one of the mutants herein (see Table 3), increasing mutant protein

levels by concurrently expressing the mutant gene from a plasmid and

the genome rescued plaque formation. However, in whole cell lysates, it

was difficult to accurately detect differences between strains with and

without the intercistronic mutations. The difference may be too slight

to discern or the changes reflect a more complex undefined mechanism,

which cannot be excluded. The ancestral G4GV strain began with no

changes in the F-G intercistronic region: however, the evolved strains

acquired mutations at or near those found in the ancestral χ2V strain.

The G4GV evo2 strain acquired two intercistronic substitutions; G4GV

evo1 acquired one, along with a mutation at the coat-major spike

protein interface, F-Q392H (glutamine → histidine at residue 392 in

the coat protein F). Both evolved χ
2V strains acquired the F-Q392H

substitution. Sequencing earlier populations indicated that these

mutations appeared before substitutions in gene H, suggesting that

increased major spike protein concentration and/or altered coat-major

spike protein interactions were the primary selective targets in the

chimeric backgrounds.

2.3. Mutations in the evolved chimeric strains restore assembly

kinetics but their effect on attachment kinetics is unclear

As described above, attachment and assembly kinetics were deter-

mined for the evolved chimera strains (Fig. 3C–F). Neither evolved

wild-type strain differed significantly from their ancestor in these assay

(data not shown). The restoration of attachment kinetics was defined

here as statistical significance between the ancestral and evolved strain

at both the 3 and 6 min time points, as expressed by non-overlapping

error bars. By this stringent criterion, the mutations in the evolved

strains do not elevate attachment efficiency over that observed for the

ancestors. By contrast, the mutations in the evolved strains have a

more dramatic effect on assembly kinetics. As shown in Fig. 3D, the lag

phase of the evolved χ
2V strains was reduced by 5–10 min, with the

greatest increase in progeny production between 20 and 25 min post

infection. This corresponds with the approximate doubling and lysis

time of the host. Similarly, the evolved G4GV strains maintained

ancestral assembly kinetics, but the magnitude of particle production

was increased (Fig. 3F). Since the assembly kinetics of the ancestral

G4GV strain is not as severely affected as χ
2V, simply elevating the

Table 1 (continued)

Genotypic changesc:

Strain Fitnessa G proteinb Nucleotide Amino acid Hypothesized

Function and/or

structural

contactsd

G4GV

ev-

o2

12.9 ± 0.4 WT G4 G2379A F-G

intercistronic

region –

increased G

protein levelse

G2387T F-G

intercistronic

region –

increased G

protein levelse

A3055G H-N42S

A3109G H-N60S

a Fitness is expressed as doublings per hour with standard deviation, n =3.
b Indicates that G (spike) gene and protein found in the strain. The χ2 gene and

protein is 94% G4 and 6% φX174 in origin. See text for details.
c Nucleotide changes are denoted with the original base followed by the nucleotide in

the published sequence (Sanger et al., 1978). Thus, G3039T indicates a G→T substitution

at position 3039 T. For amino acid changes, the letter before the hyphen indicates the

gene and protein: F (coat), G (spike) and H (DNA pilot). The original amino acid

precedes the amino acid number position in the protein, which is followed by the

substitution. Thus, F-Q392H indicates a Q→H substitution at amino acid 392 in the coat

protein.
d structural contacts were taken from the x-ray structures of the φX174 virion and

procapsid (Dokland et al., 1999; Dokland et al., 1997; McKenna et al., 1996; McKenna

et al., 1994).
e reference (Doore and Fane, 2015).
f references (Cherwa and Fane, 2009; Cherwa et al., 2008; Uchiyama et al., 2007).
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amount of particles produced may have been more beneficial in this

context. In both cases, cells infected with the evolved strains would

produce more progeny prior to lysis.

2.4. The chimeric χ
2 major spike G protein does not participate in

assembly as efficiently as either wild-type protein

The χ
2V and G4GV strains had a common non-viable ancestor

(CNVA: see Table 1 for genotype) that encodes the chimeric χ
2V G

protein. Two observations suggest that chimeric χ2V G protein was less

efficiently incorporated into virions than either the wild-type φX174

and G4 proteins. First, exogenous expression of the wild-type φX174 or

G4 major spike gene rescued CNVA; however, rescue was not observed

when the chimeric major spike gene was similarly expressed (Doore

and Fane, 2015). Second, replacing the chimeric G gene with the G4 G

gene yielded the viable G4GV strain, whereas the viable χ
2V needed

additional mutations to reach viability (Doore and Fane, 2015). To test

this hypothesis, chimeric viruses were assembled in cells expressing a

cloned, HA-tagged version of the wild-type φX174 protein (φX174G-

HA, hereafter referred to as G-HA). This tag enables the differentiation

between genome-derived and plasmid-derived G proteins via SDS-

PAGE. Induction of the cloned gene rescues am(G) mutants and does

not inhibit wild-type plaque formation (Christakos et al., 2015).

After purification by rate zonal sedimentation, the composition of

assembled particles was analyzed by SDS-PAGE and densitometry.

Ratios of genome-derived (G) versus plasmid-derived (G-HA) were

calculated to determine the G protein “preference” in virions. The

virion fractions for all strains are shown in Fig. 4. Wild-type φX174

virions contained approximately equal amounts of both G proteins,

suggesting no significant incorporation differences between the wild-

type φX174 and HA-tagged proteins. There was no detectable genome-

derived chimeric G proteins found in assembled CNVA particles, which

contained only the HA-tagged φX174 protein. This indicates that the G

protein encoded by CNVA, which is derived from G4 but contains 5

non-conserved C-terminal amino acids from φX174, is unable to

compete with the wild-type derived HA-tagged protein.

Although a viable strain encoding the chimeric protein was isolated,

the ancestral χ
2V strain, it contains three mutations not found in

CNVA. Two of these are point mutations in the F-G intercistronic

region, which regulates G gene expression. Unlike CNVA particles, χ2V

Fig. 3. Attachment (A, C, and E) and assembly kinetics (B, D, and F) of wild-type and chimeric particles. Each graph represent the averages of three assays with standard deviation. A)

Attachment kinetics of wild-type and ancestral chimeras. B) Assembly kinetics of wild-type and ancestral chimeras. C) Attachment kinetics of wild-type, ancestral χ2V, and evolved χ
2V

strains. D) Assembly kinetics of wild-type, ancestral χ2V, and evolved χ
2V strains. E) Attachment kinetics of wild-type, ancestral G4V, and evolved G4V strains. F) Assembly kinetics of

wild-type, ancestral G4V, and evolved G4V strains.
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particles contained a mix of G proteins. This is likely caused by

increased expression of the genome-encoded chimeric gene. The

virions of the ancestral G4GV strain, which differs from CNVA by

encoding the full-length G4 major spike gene, contained more genome-

derived G4 major spike proteins than plasmid-encoded, HA-tagged

φX174 protein. The G4G: G-HA protein ratio appeared to be greater

than that found in the wild-type φX174 control. This suggests that the

foreign, wild-type major spike protein may be slightly “preferred” in the

G4GV background.

To determine whether further adaptation affected particle composi-

tion, the evolved strains were examined by the same assay. As expected,

neither wild-type evolved strain differed significantly from their

ancestor (Fig. 4). Although similar results were obtained for the χ
2V

evo1 strain and its respective ancestor, the evo2 strain appeared to

incorporate exclusively genome-derived G proteins. Both evolved

strains contain F-Q392H mutation at the coat-major spike interface.

However, χ2V evo2 strain also contains a mutation near a coat-external

scaffolding protein (subunit 4) contact site, F-V333I. This change could

be altering the external scaffolding protein lattice, allowing it to

accommodate chimeric 12 S* particles over wild-type 12 S* particles

during procapsid formation. The χ
2V A and χ

2V evo1 particles

appeared to be unstable during purification. Thus, the final samples

had to be concentrated before electrophoresis and silver staining had to

be employed, which likely accounts for the higher level of host cell

proteins in the sample. Coomassie blue staining was adequate to

visualize the proteins in all other samples.

As with the evolved χ
2V strains, the evolved G4GV strains displayed

different relative ratios of G protein incorporation: the G protein

composition of the evo1 strain was similar to the ancestor, whereas

the evo2 strain exclusively incorporated the genome-derived G4 G

protein. The evo2 strain acquired two mutations in the F-G intercis-

tronic region, likely elevating the expression of the G4 G gene. This

strain also contains two mutations in gene H. As described above,

mutations in gene H commonly arise during experimental evolution

when phage populations are maintained at high density. Consistent

with this observation, the H mutations in G4GV evo2 arose after

multiple passages at high density, between generations 10 and 11.

However, to exclude the possibility that these mutations affect major

spike protein preference, we examined the composition of generation

10 virions assembled in the presence of G-HA. As shown in the

rightmost lane of Fig. 4, evo2-gen10 still contains primarily genome-

derived G. Thus, the altered particle composition of G4GV evo2 is likely

due to an increase in concentration of the genome-encoded major spike

protein, rather than structural changes in the coat protein as observed

in the χ
2V evo2 lineage.

2.5. A “reverse χ
2
” gene in the φX174 background was generated to

create the φXG4GC-term mutant

In the previous study, it was also hypothesized that the C-terminal

end of G4 was responsible for raising a thermodynamic and/or kinetic

barrier to φX174 assembly (Doore and Fane, 2015). By recombining

out the C-terminal end to produce φXG4G/χ2, this barrier was

minimized. To investigate the assembly barrier conferred by this

specific region, the C-terminal encoding end of the G4 major spike G

gene was engineered into an otherwise wild-type φX174 background

(Fig. 1). The resulting φXG4GC-term mutant was viable above 24 °C

but exhibited a cold-sensitive (cs) phenotype. Plaques became small

and turbid at 24 °C and no longer formed at 22 °C (Table 2). As was

done for the initial characterization of the chimeric strains, attachment

and eclipse kinetics of the φXG4GC-term mutant were assayed at the

restrictive temperature. Neither attachment nor eclipse differed sig-

nificantly from wild-type (data not shown). Thus, potential assembly

defects contributing to the cs phenotype were investigated.

2.6. The φXG4GC-term mutant has multiple morphogenetic defects

To examine particle formation of this mutant, assembly intermedi-

ates were allowed to accumulate in lysis-resistant cells at the restrictive

Fig. 4. SDS-PAGE of virions assembled in cells expressing the tagged φX174 major

spike G gene (G-HA). The χ
2V A and χ

2V evo1 particles appeared to be unstable during

purification. Thus, the final samples had to be concentrated before electrophoresis and

silver staining had to be employed, which likely accounts for the higher level of host cell

proteins in the sample. χ2V evo2 particles were also silver stained but not concentrated.

Wild-type, CNVA, and G4GV, ancestral and evolved virions were coomassie stained.

Abbreviations: A, ancestor; CNVA, common non-viable ancestor. Numbers represent

evo1 and evo2 of the chimeric strains. The G4GV evo2 strain isolated after the 10th

passage, which does not contain mutations in gene H, is designated 2–10.

Table 2

Efficiency of platinga of wild-type and φXG4GC-term mutants at various temperatures.

Temperature

Genotypeb 22 °C 33 °C 42 °C Hypothesized function and/or

structural contactsc

Wild-type 1.0 1.0 1.0

φXG4GC-term 10−5 1.0 1.0

φXG4GC-term/F-

S1F

1.0 1.0 0.6 Suppressor of defective packagingd

φXG4GC-term/F-

G88V

1.0 1.0 0.1 Suppressor of defective packaginge

φXG4GC-term/F-

D154N

0.5 1.0 1.0 F-D1 contactc

φXG4GC-term/F-

Y210H

0.6 1.0 0.6 Possible suppressor of defective D

protein functionf

φXG4GC-term/F-

V318F

1.0 0.6 0.5 F-D4 contact

φXG4GC-term/F-

L319F

0.4 1.0 0.2 F-D4 contact

φXG4GC-term/F-

H388R

0.6 1.0 0.9 F-D1 contact

φXG4GC-term/F-

T425I

1.0 0.8 0.6

φXG4GC-term/G-

A106V

1.0 0.2 1.0 G-D1 contact, suppressor of

defective D protein functiong

φXG4GC-term/G-

P136S

0.5 1.0 0.5 Near F-G interface, G-D1 contact

φXG4GC-term/G-

P136T

1.0 1.0 0.4 Near F-G interface, G-D1 contact

a Efficiency of plating is defined as the assay titer/titer at 33 °C.
b Suppressors of the cold-sensitive φXG4GC-term phenotype are listed after the dash

(/). Names reflect alterations on the protein level. The letter before the hyphen indicates

the altered gene and protein: F (coat) and G (spike) and H (DNA pilot). The original

amino acid precedes the amino acid position in the protein, which is followed by the

substitution. Thus, G-P136T indicates a P→T substitution at amino acid 136 in the spike

protein.
c Structural contacts were taken from the x-ray structures of the φX174 virion and

procapsid (Dokland et al., 1999; Dokland et al., 1997; McKenna et al., 1996; McKenna

et al., 1994).
d References (Hafenstein and Fane, 2002; Hafenstein et al., 2004; Jennings and Fane,

1997).
e Reference (Ekechukwu et al., 1995).
f Amino acid 210 resides in an α-helix in which numerous suppressors of D defective D

protein function have been isolated (Cherwa and Fane, 2009; Cherwa et al., 2008; Fane

et al., 1993; Uchiyama et al., 2007; Uchiyama and Fane, 2005).
g Reference (Uchiyama et al., 2007).
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or permissive temperature, 22 °C or 33 °C respectively. Following

chemical lysis of infected cells, intermediates were separated by rate-

zonal sedimentation. Large particles, comprised of virions (114 S) and

degraded procapsids (70 S), are shown in Fig. 5A. At the permissive

temperature, primarily virions were produced from the wild-type and

mutant infections, with relatively few degraded procapsids. Both

particles were equally infectious, with specific infectivities of 1×1012

pfu (plaque forming units)/A280 at the peak fraction. At 22 °C, the wild-

type large particle profile and virion specific infectivity remained the

same. However, the φXG4GC-term profile was significantly altered,

with the largest peak corresponding to 70 S degraded procapsids,

potentially indicative of DNA packaging defects (Burch and Fane,

2000; Cherwa and Fane, 2009; Cherwa et al., 2008; Uchiyama et al.,

2007; Uchiyama and Fane, 2005). Although a distinct peak was not

visible, some mutant particles did sediment at 114 S. However, their

specific infectivity is 7×1010 pfu/A280, representing a significant

reduction compared to wild-type and permissively-produced mutant

particles.

The low levels of infectious virions as well as 70 S φXG4GC-term

particles were produced in lysis resistant cells incubated for 5 h. This

suggests that assembly intermediates can interact, albeit inefficiently,

and may require higher critical concentrations of intermediates for

assembly to occur. To test this hypothesis, assembly kinetics were

investigated at the restrictive temperature. Similar to the aforemen-

tioned chimeric strains, the kinetics of particle formation was sig-

nificantly delayed (Fig. 5C). At 22 °C, wild-type particle formation

shows a steep increase between 80 and 100 min. By contrast, the C-

term mutant only shows a modest increase between 120 and 140 min.

The doubling time of the host at this temperature was approximately

110 min. In lysis-resistant cells, some particles would be able to form

after 5 h (300 min), which is consistent with the observed low level of

particles described above. However, in lysis-sensitive cells, pro-

grammed cell lysis would preclude progeny production. The wild-type

and φXG4GC-term mutant experiments were performed twice. In both

instances wild-type yields, wild-type yields steeply rose 40 min earlier

than the mutant. During the second experiment, the second-site

suppressors strains were examined in concert.

To examine possible early assembly defects, small particles, con-

sisting of early assembly intermediates, were analyzed. As is typical, no

excess intermediates were detected in wild-type infected cell extracts

(data not shown): all had assembled into large particles. Conversely,

6 S and 9 S* particles were detected within the φXG4GC-term mutant-

infected cell extracts, with a minor accumulation of 12 S* particles

(Fig. 5B). However, levels of these intermediates were still low, and no

particle accumulated to gross excess, which is typically observed when

a mutation affects only one morphogenetic step (Cherwa et al., 2008;

Gordon and Fane, 2013; Gordon et al., 2012). Results from these

analyses suggest that multiple blocks in the assembly pathway con-

tribute to the cs phenotype.

2.7. The φXG4GC-term mutant could be rescued by over-expression

of the wild-type external scaffolding D or the φXG4GC-term G gene

To test hypotheses regarding the multiple assembly defects, rescue

experiments were performed using cloned viral genes (Table 3). The

φXG4GC-term phage were plated on cells over-expressing a cloned

Fig. 5. Characterization of φXG4GC-term assembly. A) Sedimentation profiles of φXG4GC-term large particles under permissive (33 °C) and restrictive (22 °C) conditions compared to

wild-type. The position of virions (114 S) and degraded procapsids (70 S) are indicated on the graph. B) Assembly kinetics of wild-type, φXG4GC-term, and second-site suppressors at

22 °C. C) Small particle composition of φXG4GC-term infected cell extracts. Different ultracentrifuge parameters are required to examine the large particles (S > 70 S) and small

assembly intermediates (S≤12 S). Thus, the fractions examined by SDS-PAGE differ from those in panel A. Proteins were stained with coomassie blue.
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gene encoding the φXG4GC-term protein G, the external scaffolding

protein D, or the internal scaffolding protein B. Rescue was defined as

the ability for plaques to form above 10−5, the previously determined

plating efficiency at 22 °C. Over expression of either the φXG4GC-term

major spike G or the external scaffolding D gene rescued the φXG4GC-

term mutant. If the 9 S*+ 6 S → 12 S* transition is inefficient (Fig. 1A),

increasing the intracellular 6 S particle concentration by exogenous

φXG4GC-term gene could drive this reaction forward. This would

result in a greater 12 S* particle concentrations. Elevating levels of

either the 12 S* particles or the external scaffolding protein D via

exogenous D gene expression could drive an inefficient 12 S*→

procapsid transition. By contrast, the internal scaffolding protein binds

coat protein pentamers prior to the 9 S*+ 6 S → 12 S* and 12 S*→

procapsid transitions: thus, it should not be affected by G protein

mutations. Consistent with this hypothesis, rescue by exogenous

internal scaffolding B gene expression was not observed.

2.8. Second-site suppressors of the cs phenotype restore assembly of

the φXG4GC-term mutant

To determine how the inefficient protein-protein interactions in

φXG4GC-term could be corrected, second-site suppressor strains were

isolated at the restrictive temperature. These arose at a frequency of

10−6 and are listed in Table 2. Substituted amino acids mapped

primarily to coat-external scaffolding protein contact sites, the coat-

spike protein interface, and/or sites known to correct packaging

defects. Three second-site suppressors were assayed for assembly

kinetics. These experiments were performed twice. However, different

suppressors were analyzed with the controls in different experiments.

All suppressors had reduced lag phases prior to progeny production

(Fig. 5C). F-G88V and F-H388R were strong suppressors, reducing the

lag phase by approximately 40 min and resembling wild-type kinetics.

The G-P136S suppressor was weaker, only modestly reducing the lag

phase by 20 min. However, in both cases, progeny would still be

produced prior to cell lysis at 110 min

2.9. Summary

All chimeric strains described herein displayed at least one defect

during the infection cycle. For the χ2V and G4GV strains, which encode

primarily the G4 major spike gene, these defects manifested as delayed

attachment and assembly kinetics. For the φXG4GC-term strain, which

encodes only the C-terminus of the G4 major spike gene, these defects

affected assembly kinetics only. In all cases, suppression of these

defects involved multiple possible mechanisms, including the alteration

of protein-protein interactions and/or putative changes in gene ex-

pression.

In Doore and Fane (2015), the original φXG4G chimera had to

overcome multiple thermodynamic and kinetic barriers to assembly.

The foreign protein promoted non-productive, off-pathway reactions

over productive ones. These non-productive interactions were initially

suppressed by a global reduction in foreign gene expression. Productive

reactions could then be modified while the inhibitory protein was

produced at lower concentrations. Once productive reactions were

modified, gene expression could be re-elevated to force inefficient

assembly reactions forward. Viability was ultimately attained after

further increases in expression of the chimeric χ
2 major spike gene,

producing χ
2V; or after a recombination event placing the full-length

G4 major spike gene in the genome, producing G4GV. Though viable,

these chimeras exhibited reduced fitness, suggesting some thermo-

dynamic and/or kinetic barrier still existed. During experimental

evolution, this lower barrier could be overcome by similar mechanisms

leading to initial chimera viability. Additional structural changes and/

or further increases in protein levels restored fitness to near wild-type

levels. Although we hypothesize that the changes in the F-G intercis-

tronic region are increasing the intracellular levels of the G protein, it

was difficult to accurately detect differences between strains with and

without the intercistronic mutations. The difference may be too slight

to discern or the changes reflect a more complex undefined mechanism,

which cannot be excluded. For the φXG4GC-term mutant, these

mechanisms were also employed to overcome inefficient assembly.

This mutant could be rescued by increasing protein concentrations, as

was done by inducing cloned genes on plasmids; or by direct structural

changes, as was seen with second-site suppressors.

3. Materials and methods

3.1. Phage plating, media, buffers, and stock preparation

Media, buffers, plating and liquid culture stock preparations have

been previously described (Fane and Hayashi, 1991).

3.2. Bacterial strains, plasmids and φX174 mutants

The Escherichia coli C strain BTCC 122 (C122) has been previously

described (Fane and Hayashi, 1991). BAF30 is a recA- derivative of

C122 (Fane et al., 1992). The RY7211 cell line contains a mutation in

the mraY gene rendering it resistant to E protein-mediated lysis

(Bernhardt et al., 2000, 2001). Clones of the viral genes φXB (Novak

and Fane, 2004), φXD (Cherwa et al., 2008), φXG-HA (Christakos

et al., 2015) φXG and G4G (Doore and Fane, 2015) have been

previously described. The clone of the mutant φXG gene containing

the conserved amino acid residues found in the G4 G protein

(pφXG4GC-term) was obtained as previously described (Doore and

Fane, 2015). However, the downstream primer introduced the five G4

codons that encode amino acids that differ between the two sequences.

The φXG4GC-term mutant was generated via site directed mutagenesis

as previously described (Fane et al., 1993) using a mutagenic primer

that introduced the five G4 codons mentioned above. The primer was

designed to anneal to the positive strand (5′-

CTCACTTAAGTGGCTGGAGAACAGTAGCCTCTCTATTAACCTGATTC-

AGC-3′).

3.3. Serial passages of viable chimeras

Experimental evolution of microvirus strains typically occurs in

liquid culture (Ally et al., 2014; Bull et al., 1997; Wichman et al., 1999).

However, both strains were repeatedly lost before 10 passages despite

varying the multiplicity of infection (MOI) from 0.01 −1.0 and/or the

incubation times from 30 to 90 min. Therefore an alternate methodol-

ogy was employed. Two single plaques from wild-type, χ2V, and G4GV

each were picked and stabbed into plates seeded with C122 and

subsequently passaged in parallel. The chimeras formed very small

plaques: thus, plates were allowed to incubate at 33 °C for at least 10 h

before the next passage. To transfer phage to a new plate, one toothpick

was used to stab one clearing multiple times and then stabbed once

into the new plate. Stabs were separated by at least 5 cm to reduce the

risk of cross-contamination. This process was repeated 15 times. After

Table 3

Efficiency of platinga of wild-type and φXG4GC-term mutants on cells expressing cloned

viral genes.

Expressed cloned gene:

None φXB φXD φXG4GC-term

Genotype 22 °C 33 °C 22 °C 33 °C 22 °C 33 °C 22 °C 33 °C

Wild-type

φX174

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

φXG4GC-term 10−5 1.0 10−5 1.0 0.3 1.0 0.1 1.0

a Plating efficiency is defined as assay titer/most permissive titer.
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the final passage, single plaques were isolated for sequencing and

growing stocks.

Attachment, eclipse and fitness assays: Fitness assays and fitness

calculations were performed as previously described (Bull et al., 1997).

Attachment assays were performed as previously described (Hafenstein

et al., 2004). Briefly, lysis resistant cells were grown to a concentration

of 1.0×108 cells/ml and concentrated 5-fold in growth media (1.0%

tryptone, 0.5% KCL). MgCl2 and CaCl2 were added to a concentration

of 10 mM and 5.0 mM, respectively. Approximately 1.0×106 phage

were added to 1.0 ml of cells and incubated at 370 C for specified time

intervals (see figures). At sampling times, attached phage were

removed by centrifugation. Supernatants were titered to determine

the level of unattached virions. Attachment and eclipse assays were

performed as previously described (Cherwa et al., 2009; Hafenstein

et al., 2004), but with pre-attachment at 16 °C for 30 min prior to

eclipse. Briefly, exponential lysis resistant cells were concentrated and

resuspended in HFB buffer [0.06 M NH4Cl, 0.09 M NaCl, 0.1 M KCl,

0.1 M Tris-HCl (pH 7.4),1.0 mM MgSO4,1.0 mM CaCl2] with 10 mM

MgCl2 and 0.5 mM CaCl2. After infection, samples were incubated at

16 °C for 30 min. Unattached virions were removed by centrifugation.

The cell pellets with attached phage were resuspended in 1.0 ml ice-

cold HFB with 10 mM MgCl2 and 0.5 mM CaCl2 and placed into a

37 °C water bath to initiate the eclipse reaction. At selected time points,

samples were diluted 1/10 in Borate-EDTA buffer (50 mM Na2B4O7,

3.0 mM EDTA), which releases un-eclipsed phages from cell mem-

branes, and titered for surviving particles.

3.4. In vivo characterization of assembly intermediates and kinetics

Protocols for generating extracts of infected lysis-resistant cells,

ultracentrifugation parameters, and particle detection have been pre-

viously described (Uchiyama et al., 2007; Uchiyama and Fane, 2005).

Briefly, 100 ml of exponentially growing lysis resistant cells (1–2×108)

were infected at a multiplicity of infection (MOI) of 3.0. Cells were

pelleted and resuspended in sucrose gradient buffer [100 mM NaCl,

5.0 mM ethylenediaminetetraacetic acid (EDTA), 6.4 mM Na2HPO4

and 3.3 mM KH2PO4 (pH 7.0)] and lysed with lysozyme (2.0 mg/ml).

Extracts were concentrated to 200 µl and layered atop 5–30% sucrose

gradients, then spun at 45,000 rpm for 1 h in a SW50.1 rotor.

Gradients were divided into 100 µl fractions by dripping from the

bottom of the tube. Material was detected by taking OD280 readings of

each fraction. The position of infectious virion was determined by

titering. To examine small assembly intermediates, gradients were

spun at 34,000 rpm and fractions were analyzed by SDS-PAGE. The

protocol to examine in vivo kinetics has been previously described

(Uchiyama et al., 2007; Uchiyama and Fane, 2005). Briefly, mid-

exponential lysis-resistant cells were infected at an MOI of 0.01. For

each time point, 100 µl of sample was removed and diluted 1:10 with

BE (50 mM Na2B4O7, 3.0 mM EDTA) containing 2.0 mg/ml hen egg

white lysozyme to release assembly intermediates. Fully-assembled,

infectious progeny were quantified by plaque assays.
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