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ABSTRACT ©X174, G4, and a3 represent the three sister genera of a Microviridae
subfamily. a3-like genomes are considerably larger than their sister genera genomes,
yet they are packaged into capsids of similar internal volumes. They also contain multi-
ple A* genes, which are nested within the larger A gene reading frame. Although unes-
sential under most conditions, A* proteins mediate the fidelity of packaging reactions.
Larger genomes and multiple A* genes may indicate that genome packaging is more
problematic for a3-like viruses, especially at lower temperatures, where DNA persistence
lengths would be longer. Unlike members of the other genera, which reliably form pla-
ques at 20°C, a3-like phages are naturally cold sensitive below 28°C. To determine
whether there was a connection between the uniquely a3-like genome characteristics
and the cold-sensitive phenotype, the a3 assembly pathway was characterized at low
temperature. Although virions were not detected, particles consistent with off-pathway
packaging complexes were observed. In a complementary evolutionary approach, a3
was experimentally evolved to grow at progressively lower temperatures. The two major
responses to cold adaptation were genome reduction and elevated A* gene expression.

IMPORTANCE The production of enzymes, transcription factors, and viral receptors
directly influences the niches viruses can inhabit. Some prokaryotic hosts can thrive
in widely differing environments; thus, physical parameters, such as temperature,
should also be considered. These variables may directly alter host physiology, pre-
venting viral replication. Alternatively, they could negatively inhibit infection proc-
esses in a host-independent manner. The members of three sister Microviridae gen-
era (canonical species 8X174, G4 and a3) infect the same host, but a3-like viruses
are naturally cold sensitive, which could effectively exclude them from low-tempera-
ture environments (<28°C). Exclusion appeared to be independent of host cell physi-
ology. Instead, it could be largely attributed to low-temperature packaging defects.
The results presented here demonstrate how physical parameters, such as tempera-
ture, can directly influence viral diversification and niche determination in a host-in-
dependent manner.

KEYWORDS DNA packaging, Microviridae, bacteriophage evolution, experimental
evolution, single-stranded DNA

he canonical species X174, G4, and a3 represent three sister genera of a microvi-
rus subfamily (1). Although gene size and order are conserved between the genera,
a3-like genomes have three distinguishing characteristics. First, the size of the intercis-
tronic region between genes H and A (Fig. 1) is approximately 700 nucleotides longer. In
addition to a conserved transcription terminator and promoter (2-6), it contains five addi-
tional open reading frames (ORFs) (1), which appear to have undergone purifying selection
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FIG 1 Genetic maps of the gX174 and a3 genomes (not drawn to scale) from the start of the H-A
intercistronic region (H-A ICR) to the end of gene C. Promoters and terminators are, respectively,
depicted by the letters P and T. There are likely three A* genes in @3. The two starting at nucleotides
1212 and 1221 have been previously recognized. The one starting at nucleotide 1170 was identified
in this study.

(1). While lab-adapted strains have acquired single-base frameshifts within some of these
reading frames, the region’s length has been maintained within the genera. Gene products
have yet to be associated with these ORFs. Second, «3-like genomes encode two C pro-
teins, Cs and Cg (7). During DNA replication (Fig. 2) protein C regulates the switch from dou-
ble-stranded (ds) to single-stranded (ss) DNA synthesis (8). The smaller version, C, is trans-
lated from an internal start codon within the C; reading frame. Only one version, either Cg
or C,, is required for replication. Third, a3-like viruses have multiple A* genes, whereas the
viruses in the other genera have only one (1). A* proteins are N-terminal truncated versions
of larger A proteins (4, 9), which mediate rolling circle replication (10). Although the 9X174
protein A* is unessential for viability, elevating A* protein levels or duplicating the protein’s
DNA target site rescues lethal packaging defects (11). Comparable A/A*-like arrangements
are widespread in ssDNA viruses that simultaneously synthesize and package DNA (12, 13).

In addition to the above-described genotypic distinctions, the «a3-like viruses ex-
hibit a dramatic phenotypic difference. X174-like and G4-like phages form plaques at
temperatures as low as 20°C, whereas a3-like viruses are exquisitely cold sensitive.
Plaque formation ceases below 28°C (1, 14). In general, genome packaging will be
more difficult at lower temperatures due to increased DNA persistence lengths (15).
This may be particularly problematic for the a3-like viruses, which must package larger
genomes into capsids volumetrically comparable to X174 and G4 (16-18). This might
partially explain the evolution of multiple A*genes within the a3 genera. To determine
whether there is a relationship between cold-sensitivity and DNA packaging, low-tem-
perature a3 assembly and packaging were characterized; a classical genetic analysis,
with a twist, was performed, and a3 was experimentally evolved at successively lower
temperatures.

RESULTS

a3 DNA packaging restricts replication below 28°C. As previously documented
(1, 14), a3 plaque formation is cold sensitive (Fig. 3, blue bars no. 1 and no. 4). At 28°C,
plating efficiency was approximately an order of magnitude lower than that of the
37°C positive control, but it was highly variable. Plaques were extremely small and
faint, which hindered accurate counts. At 26°C, a more restrictive condition, plating ef-
ficiency fell 6 orders of magnitude.

To determine the infection products generated at 26°C, 28°C, and 37°C, concen-
trated 1.0-mL extracts were prepared from 1 x 10" infected cells (see Materials and
Methods). The titer of the 37°C extract was 7.0 x 10" PFU/ml, indicating a productive
infection. In contrast, the respective titers of the 28°C and 26°C extracts were 6.0 x 10°
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FIG 2 Generalized life cycle of the @X174-, G4-, and a3-like viruses. All illustrated proteins, apart from
the rep helicase are encoded by the viral genome. DNA replication requires an additional 13 host cell
proteins. Viral protein A mediates rolling circle DNA replication (stage Il DNA synthesis), whereas
viral protein C inhibits this process. The 9S, 95% and 12S* particles are intermediates in procapsid
morphogenesis, which is mediated by two scaffolding proteins, an internal and external species,
proteins B and D, respectively.

and 5.0 x 108 PFU/mL. Extracts were layered atop a 5 to 30% sucrose gradient to sepa-
rate infection products. After centrifugation, the gradients were divided into approxi-
mately 40 fractions. To generate sedimentation profiles (Fig. 3), the biological material
in each fraction was quantified by UV spectroscopy.

The sedimentation profile obtained from the 37°C extract (Fig. 3, magenta) dis-
played the typical pattern seen in X174 experiments; two distinct peaks formed from
faster and slower migrating populations. The material in the faster migrating peak con-
tained virions. It was considerably more infectious (6.0 x 10"" PFU/mL) than the mate-
rial in the slow migrating peak (5.0 x 108 PFU/mL). In contrast, virion peaks were not
evident in the 28°C (lavender) and 26°C (blue) profiles; however, low levels of phage
were detected in plaque assays (Fig. 3). Slow migrating material was also evident in
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FIG 3 Low-temperature plating efficiency of wild-type @3 and Itg(B)G118R. Wild-type plating
efficiency is depicted in blue, whereas ltg(B)GT18R plating efficiency is depicted in magenta. This
mutant was isolated on cells expressing a cloned A* gene at 26°C. Values were normalized to titers
obtained at 37°C. Numbers 1 to 6 indicate whether cells were expressing a cloned X174 or a3 A* genes.
Plating efficiencies within the 10" to 1073 range are somewhat approximated. Plaques displayed a faint
pin-prick morphology, which hindered accurate counts.

the 28°C sedimentation profile, as a distinct plateau, whereas the 26°C profile con-
tained a gradual slope. In X174 experiments, the slow migrating peak typically con-
tains unfilled, degraded procapsids that have lost external scaffolding proteins (17, 19—
22). However, further characterization of the slow @3 particles indicated key differences
(see below).

To correlate the distribution of the viral coat protein within the gradient to the sedi-
mentation profiles, gradient fractions were examined by SDS-PAGE (Fig. 4A). For the 37°C
fractions, coat protein concentrations increased in fractions corresponding to the virion
and slow migrating peaks. In addition, coat protein concentrations were high in the top-
most fractions, which would contain the smaller early assembly intermediates and unas-
sembled coat protein monomers. Similar correlations were observed between coat protein
concentrations and the other sedimentation profiles. For the 28°C gradients, the coat pro-
tein was more prevalent in the fractions corresponding to the plateau than the virion
region. It decreases after the plateau before becoming more intense at the top of the gra-
dient. Coat protein concentrations steadily increase in the 26°C fractions, which may indi-
cate a heterogenous mix of partially assembled or degraded products. Side by side com-
parisons of key gradient fractions are depicted in Fig. 5B, in which the other structural
proteins are visible in some samples. Regardless of the infection temperature, the viral pro-
teins are most prevalent in the uppermost fractions, indicating that a3 can produce its pro-
teins at lower temperatures, and by extension, it indicates that the () DNA strand, which
serves as the transcription template, was synthesized.

After extraction, the DNA associated with the virion and slower migrating particles was
examined (Fig. 5C). Single-stranded genomic DNA was associated with the virion peak
from the 37°C infection, as was replicative form (RF) DNA, but to a lesser extent. In contrast,
RF DNA was predominately associated within the slower particles. Only RF DNA was
detected in the lower-temperature samples, indicating that robust packaging only
occurred at the higher temperature. The 26°C material contained both supercoiled and
relaxed RF DNA, suggesting that protein A’s role in nicking RF DNA, a requirement for roll-
ing circle replication, may be less efficient or reflect a more recalcitrant DNA substrate at
lower temperatures. The protein and DNA content of the slower migrating particles are
consistent with degraded packaging complexes (see Discussion).

April 2022 Volume 96 Issue 7

Journal of Virology

10.1128/jvi.01970-21

4

Downloaded from https:/journals.asm.org/journal/jvi on 08 June 2022 by 150.135.128.49.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01970-21

Microvirus DNA Packaging

6.0 X 10" 37°C

15 . 20X10° 28°C

' 5.0 X 108 26°C

105! I 5.0 X 108
<1.0X 108

0.95 F <1.0X 108

0.85

A260

0.75

0.65

0.55

0.45

0.35

1 4 71013161922
Fraction (S<)

FIG 4 Sedimentation profiles of wild-type a3 infection products generated from 37° (red), 28°
(lavender), and 26°C (blue) infections. Material was detected by UV spectroscopy. Lower numbered
fractions reflect faster sedimenting material. The titers of the peaks, or regions if a peak was not
evident, are given within the figure.

The exogenous expression of cloned A* genes expands the lower-temperature
growth limit. Elevated intracellular A* protein levels can rescue @X174 packaging
defects (11). To determine whether they could rescue a3 low-temperature plaque for-
mation, wild-type a3 was plated on cells expressing a cloned X174 or a3 A* gene(s).
As can be seen in Fig. 3 (blue bar no. 2), cloned 8X174 A* gene expression modestly
extended the lower limit. Due to a much larger and clearer plaque morphology, 28°C
titers were easily obtained. Unlike X174- and G4-like viruses, a3-like viruses contain at
least two A* genes (1), suggesting that these phages may be more dependent on A*
function. Indeed, expressing the a3 A*genes had the most dramatic effect on low-tem-
perature plating efficiency (Fig. 3, blue bars no. 3 and no. 6). Although the plating effi-
ciency was only 1073 at 26°C, it was still 3 orders of magnitude above that of the nega-
tive controls (no exogenous A* gene expression and exogenous @X174 A* gene
expression, blue bars no. 4 and no. 5, respectively).

A mutation in the internal scaffolding protein expands the low-temperature
growth limit. To determine if the a3 growth range could be expanded in one mutational
step, 108 to 10° phages were plated at 26°C and incubated overnight. No variants were
recovered (frequency, <10~8), indicating that at least two point mutations are required to
overcome low-temperature growth barriers. Elevated A* protein levels appeared to elevate
low-temperature plating efficiencies (Fig. 3). Thus, alleviating packaging defects with
cloned A* gene expression may facilitate the isolation of low-temperature plaque-forming
variants. Due to the higher plaque background associated with cloned a3 A* gene expres-
sion, the X174 clone proved more reliable for positive selections.

Under these conditions, expanded temperature range variants were recovered at a
frequency of 1075, They were selected from 13 independently generated a3 popula-
tions. At least one variant per population was sequenced. All contained a G—C trans-
version at nucleotide 2148. The complete genome of one variant was sequenced. No
other mutations were found, indicating that this mutation was both necessary and suf-
ficient for reliable plaque formation growth at 26°C on cells expressing a cloned A*
gene. Silent vis-a-vis protein A, the transversion confers a G—R substitution at amino
acid 118 of the internal scaffolding protein, Itg(B)G118R (low temperature growth
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FIG 5 Characterization of fast (virions) and slow migrating particles. (A) The distribution of the coat
protein throughout the gradients. Each gradient was separated into ~40 fractions. Every other fraction
was analyzed by SDS-PAGE. The position of peaks, plateaus, or slopes from the sedimentation profiles in
Fig. 4 are given within the figure. More fractions were analyzed than are depicted within the sedimentation
profile. The rightmost five fractions of each gradient were run on a separate gel; hence, the gap within the
figure. (B) Side-by-side SDS-PAGE analysis of the fast (virion) and slow sedimenting particles. “Midway”
represents material taken from fractions between the two. “Top” indicates the topmost gradient fractions,
which would contain material with S values of less than 30. The position of the three major structure
proteins is given to the left of the gel. (C) DNA extracted from virions and slow migrating particles. DNA
standards are in the rightmost two lanes. Relaxed and supercoiled replicative form (RF) DNA are,
respectively, indicated with the letters “R” and “SC.”

mutation). As can be seen in Fig. 3 (magenta bars), ltg(B)G118R plates at efficiencies
approaching 1.0 at 26°C, regardless of which A* gene was exogenously expressed, pla-
ques were well defined. Without exogenous A* gene expression, plating efficiency falls
at least 1 order of magnitude, and the resulting miniscule plaques were difficult to
observe.

The mechanism by which the ltg(B)G118R mutation rescues, most likely in concert
with elevated A* protein levels, is not precisely known. The mutations reside in the C
terminus of the protein, which mediates most interactions with the viral coat protein
(23-25). It could elevate procapsid formation (Fig. 2); thus, increasing the number of
packaging initiation events without altering the probability of a successful outcome.
Alternatively, it may affect procapsid stability, which could prevent the formation of
off-pathway by-products.

a3 can be experimentally evolved to grow at low temperatures. Despite utiliz-
ing 13 independent populations in the above-described genetic selections, only one
mutation was recovered. Thus, insights were limited. To uncover other mechanisms
that may enhance low-temperature growth, the virus was experimentally evolved at
successively lower temperatures with and without exogenous A* gene (see Materials
and Methods). Briefly, four wild-type and four /tg(B)G118R plaques were isolated at
37°C and placed in 100 uL of H,0. The resulting solutions were spotted on lawns con-
taining wild-type cells and cells expressing the cloned a3 A* gene at 37°C to generate
eight control lineages and at a lower temperature to apply selective pressure. For wild-
type a3, the initial low temperature was 28°C, whereas it was 26°C for the ltg(B)G118R

April 2022 Volume 96 Issue 7

Journal of Virology

10.1128/jvi.01970-21

6

Downloaded from https:/journals.asm.org/journal/jvi on 08 June 2022 by 150.135.128.49.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01970-21

Microvirus DNA Packaging

strain. The 37°C plates were incubated for 3 h. Low-temperature plates were incubated
for 18 h. Afterward, phages were transferred to freshly seeded plates (see Materials
and Methods). This was repeated for 10 cycles. To select for variants that had expanded
their low-temperature growth range, approximately 106 PFU from the last cycle were
plated at temperatures two degrees lower than the evolution temperature. If a popula-
tion did not produce a low-temperature variant above a frequency of 1074, the lineage
was discontinued. If variants were present, the one forming the largest plaque was
sequenced and used for the next 10-cycle round of experimental evolution, 2°C lower
than the previous one. The 37°C control lineages, eight in total, were continuously
transferred at 37°C for 40 cycles. As can be seen in Table 1, plaque-forming variants
could be isolated as low as 24°C in wild-type cells, and 22°C with the exogenous
expression of the cloned A* gene.

Besides temperature, other factors could influence the spectrum of mutations that
arose. This likely included alternating between low-multiplicity of infection (MOI) envi-
ronments, at the start of incubation, to a high-MOI environment during incubation. In
addition, replication would initially occur within exponentially growing cells and later
transition to cells either in or approaching the stationary phase. For example, the F-
R101 and J-A13S mutations were recovered from both low- and high-temperature pas-
sages. Considering that only eight control 37°C lineages were analyzed, this may also
apply to other mutations arising only once in the low-temperature lineages. However,
several mutations arose independently in multiple lineages and in an apparent tem-
perature-dependent manner.

Genome deletions larger than 200 nucleotides are sufficient to expand the
lower-temperature range. All low-temperature lineages acquired a deletion in the H-
A intercistronic region, the largest of which was 488 bases. In two lineages, the dele-
tion grew as the incubation temperature was lowered. No deletions developed in the 8
control 37°C lineages. The conserved H-A intercistronic region of the a3-like viruses is
considerably larger than the ones found in sister genera. Apart from the gene A pro-
moter and the gene H transcription terminator (Fig. 1), the function of this large, and
clearly unessential, intercistronic region is unknown.

To directly determine the effects of deletions on low-temperature growth, a series
of intercistronic deletions were constructed in a wild-type background. Their 5" ends
began at nucleotide 95 within the published @3 sequence (6), whereas the 3" ends var-
ied at 100-nucleotide intervals. The resulting mutations were assayed for low-tempera-
ture plaque formation and compared to wild-type a3 (Table 2). The ability to form pla-
ques at lower temperature appeared to increase with larger deletions. The strain with
the smallest deletion, Aicr100 (deletion of 100 nucleotides within the intercistronic
region), displayed a wild-type phenotype in this assay. Although Aicr200 could not
form plaques on the wild-type host at 26°C, the expression of the exogenous A* genes
rescued plaque formation. The effects of the larger deletions (Aicr300 and Aicr400)
were more pronounced. Neither strain required the exogenous A* gene expression for
26°C plaque formation.

Large deletions can only occur in regions that are not required for viability, such as
the H-A intercistronic region. The other intercistronic regions are smaller than 200 nu-
cleotides. Thus, to determine if other deletions in the genome could have a similar
effect, a protein-coding sequence would need to be eliminated. Thus, the resulting
mutant would require complementation with a cloned essential gene. Two a3 genes
are large enough for a 400-base deletion, gene F, which encodes the viral coat protein,
and gene H, which encodes the DNA pilot protein. The expression of our cloned a3 F
gene proved too toxic for this analysis (26); therefore, a 400-nucleotide deletion was
constructed in gene H. The resulting mutant, AH400, was assayed for low-temperature
plaque formation on cells expressing a cloned a3 H gene. Although no plaque forma-
tion was observed at 26°C, it was efficient at 27°C. Plaques were well defined and read-
ily visible. In contrast, wild-type «3 plated poorly under the same conditions; plating
efficiency fell at least 1 order of magnitude, and plaques were extremely small, hazy,
and ill-defined. These data suggest that genome reduction, in general, may extend the

April 2022 Volume 96 Issue 7

Journal of Virology

10.1128/jvi.01970-21

7

Downloaded from https:/journals.asm.org/journal/jvi on 08 June 2022 by 150.135.128.49.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01970-21

Microvirus DNA Packaging Journal of Virology

TABLE 1 The experimental evolution of wild-type a3 and a3Ltg(B)

Plating efficiency?
A* expression:

Parent, lineages, and Next-generation S —
evolution conditions® isolation conditions® Genotype of new isolate® Without With
WT, 28°C 26°C A95-504, A-D55G, J-A13S, F-Y394H 0.8 0.7
WT, 28°C 26°C A90-420, A-Q43R, F-D395G 0.5 0.4
Above isolate, 26°C 24°C A90-420, A-Q43R, F-D395G, A-A417T, B-R68H <1073 0.05
WT, 28°C 26°C A102-419, A-E153G & A*reg® 0.4 1.0
Above isolate, 26°C 24°C A102-419, A-E153G & A*reg, A-T412I, F-L236l 0.03 0.03
WT, 28°C 26°C A61-508, A-E153G and A*reg 0.3 0.7
Above isolate, 26°C 24°C A61-508, A-E153G & A*reg, C3810T (silent) 0.01 0.03
WT, 28°C with A* 26°C with A* H-K113R 1.0epP 1.0
WT, 28°C with A* 26°C with A* A272-507, A-E153G & A*reg, C3915T (silent) <1072 0.3
WT, 28°C with A* 26°C with A* A96-491, A96-419 1.0 1.0
Above isolate 24°C with A* A96-491, A-D137G and A*reg, F-A <102 0.7
WT, 28°C with A* 26°C with A* A-K341R <1072 0.7
Above isolate 24°C with A* A-K341R, A85-508 <1072 0.7
Ltg(B), 26°C 24°C B-G118R, A96-419, A-D55G, F-R101C, T4257G (silent), F-Q402H 0.6 1.0
Ltg(B), 26°C 24°C B-G118R, A96-419, A-D137G and A*reg’, F-R101C, F-D393E 0.4 0.9
Ltg(B), 26°C, with A* 24°C, with A* B-G118R, A96-505, A-D137G and A*reg, K-R48H and C-A23T 0.2PP 0.5
Above isolate, 24°C, w/A* 22°C, with A* B-G118R, A96-505, A-D137G and A*reg, K-R48H and C-A23T, B-F47L, <1073 0.04
T6055C (silent)
Ltg(B), 26°C, with A* 24°C, with A* B-G118R, A96-421, A-D137G and A*reg 0.5PP 0.85
Above isolate, 24°C 22°C, with A* B-G118R, A85-573, A-D137G and A*reg, A-S226P, B-R73C, F-V282A <1073 0.3PP
Ltg(B), 26°C, with A* 24°C, with A* B-G118R, A96-470, A-D137G and A*reg 0.3rP 1.0
Above isolate, 24°C 22°C, with A* B-G118R, A96-574, A-D137G and A*reg <1073 0.1PP
A-K341R, C3810T (silent)
Ltg(B), 26°C, with A* 24°C, with A* B-G118R, A96-571, A-D137G and A*reg 0.07rP 0.3
Above isolate, 24°C 22°C, with A* B-G118R, A96-571, A-D137G and A*reg <103 0.05rP
D-D38G, F-E145Q, F-V389F
WT, 37°C 37°C9 C;-R3W, F-E154G, NAP NA
WT, 37°C 37°C Cg-R3W NAP NA
WT, 37°C 37°C Cyreg? K-R23G & A-Q489R, F-R101C NAP NA
WT, 37°C 37°C Cyreg? K-R23G & A-Q489R, J-A13S NAh NA
WT, 37°C with A* 37°C Cgreg? K-R23G & A-Q489R NAP NA
WT, 37°C with A* 37°C Cg-R3W, H-L2F NA"? NA
WT, 37°C with A* 37°C Cy-frameshift/ NA"? NA
WT, 37°C with A* 37°C Cg-frameshift, H-L2F NAP NA
WT, 37°C with A* 37°C Cy-frameshift/, C,-L6F NAh NA

aThe parental strain used in the experiment and the conditions used during its experimental evolution. Dashed lines separate lineages. Thus, entries between lines describe
the history of one lineage.

bThe conditions utilized to select for a mutant with an expanded low-temperature growth range.

<The genotype of the variant that arose. A, deletions that occur in a large intercistronic region. The numbers represent the deletion endpoints in the nucleotide sequence.
Thus, A95-504 indicates a deletion spanning nucleotides 95 through 504. For mutations that conferred changes in the amino acid sequences, the changes are reported
in the following format: Protein, wild-type amino acid, position, new amino acid. Thus, A-D55G represents a D—G change in amino acid 55 of protein A. For mutations that do not
alter amino acid sequences, the changes are reported in the following format: wild-type nucleotide, position, new nucleotide. Thus, C3810T represents a C—T transition at
nucleotide 3810 in the genome sequence. For structural proteins for which structures have been determined, proteins F and J, the initial methionine is not counted.

9The data were normalized to the plating efficiency of the strain under the conditions and temperature at which it was evolved. This value was set to 1.0. The values within the table
represent the plating efficiencies determined under the conditions under which the mutant was isolated, which is two degrees lower than the temperature at which it was evolved. Plating
efficiency was determined with and without the exogenous expression of the cloned A* gene. pp indicates that plaques were extremely small displaying a faint pin-prick morphology.

€The mutation is 2 nucleotides before the start codon of an A* gene commencing at nucleotide 1170.

The mutation is in an A* start RBS for the A* gene commencing with nucleotide 1221 and 2 nucleotides after the A* gene beginning with nucleotide 1212.

9Wild-type lineages generated at 37C were continually passaged for 40 passes. Each entry represents a distinct lineage.

hThe control lineages did not expand their lower-temperature growth range.

The nucleotide substitution is three nucleotides upstream from the C; gene RBS. Its effects on CB gene translation have not been directly tested.

The C; frameshifts were not identical.
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TABLE 2 Low-temperature plating efficiency of a3 mutants with deletions in the H-A
intercistronic region normalized to 37°C data

Exogenous gene expression:

Strain None 26°C a3A* 26°C
Wild type <10~° <10~®
Aicr100 <104 <104
Aicr200 <1074 0.2
Aicr300 0.1 0.7
Aicr400 0.3 0.9

Cloned H gene expression:

26°C 27°C
Wild type <107° 1071'-1024
AH400 <10°° 1.0

aPlating efficiency was approximated for this condition. Plaques displayed a faint pin-prick morphology, which
hindered accurate counts.

lower range of plaque formation. Beyond this conclusion, insights are limited. Strains
with deleted coding sequences must be complemented. Thus, results could be influ-
enced by complementation efficiency and the general effects of cloned phage gene
expression on host cell physiology. Thus, any additional advantage that a specific dele-
tion may confer cannot be determined.

Adaptation alters A* gene expression on the translational level. Either one of
two mutations (A1217G and A1168G) arose independently in 75% of the low-temperature
lineages but were not found in the eight 37°C control lineages. Although these substitu-
tions change the primary structure of protein A, they are also very near gene A* start co-
dons, suggesting a possible effect on gene expression. It is also 2 bases after the end of
the A* start codon spanning nucleotides 1212 to 1215 (Fig. 6A). Similarly, the A1168G
mutation is 2 nucleotides before a possible A* start codon at nucleotide 1170.

Microvirus gene expression is primarily controlled by cis-acting genetic elements (27),
which are canonical in nature. However, poorly understood noncanonical mechanisms
have been noted (22, 28, 29). Indeed, a recently determined high-resolution gX174 tran-
scription map documented several previously unknown and poorly understood regula-
tory mechanisms (29). Consequently, the effects that the 1168 and 1217 mutations may
have on protein A* translation cannot be predicted. Therefore, a series of reporter genes
were constructed using pLES94 (30), a promoterless plasmid containing a lacZ gene.

Gene A* transcripts are produced from the P, promoter, the weakest of the well-char-
acterized promoters (29), which produces unstable transcripts (29, 31). To ensure that the
surrogate system resembled the biological context in which gene A* would be expressed,
the entire sequence between the P, promoter and the A* start codons was cloned into
the vector (Fig. 6A). A wild-type (WT) and a mutant (MUT) version were constructed for
each plasmid. The vectors were placed into a Lac™ cell line (Top10; Invitrogen), and beta-
galactosidase activity was determined. The negative control contained a promoterless
vector, whereas the positive standard was an induced Lac™ E. coli strain (C122).

Figure 6B displays the results obtained from two biological replicates of each re-
porter gene. Each biological replicate incorporated three technical replicates. The activ-
ity associated with the wild-type fusions (WT1168 and WT1217) were modest com-
pared to the positive standard (Lac* in the figure) but 2 orders of magnitude above
the negative empty vector (EV) control. For graphing the data on a log scale, the activ-
ity associated with the negative standard (EV) was set at 0.1. The actual values were
below 0. The mutations at 1168 and 1217 (MUT1168 and MUT1217) elevated Miller
units over those obtained from their respective wild-type recorder genes (WT1168 and
WT1217). The elevated levels were statistically significant (P < 0.0001). The effects of
the 1217 mutation were particularly pronounced. This mutation resides between two
A* start codons. However, it is unclear which one, or both, is affected by the mutation.

Other mutations that arose during low-temperature adaptation. Numerous
other mutations arose during the low-temperature adaptation. Unlike the deletions
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FIG 6 The effects of mutations on gene A* gene expression. (A) Diagram of the reporter genes used
in these studies. Numbers refer to the a3 nucleotide sequence (6) inserted into pLES94 (30). A* start
codons are highlighted in cyan. The nucleotide substitutions found in the evolved strains are
depicted in cyan above the map. Ribosome binding sites are underlined. (B) Miller units generated by
the reporter genes. The numbers 1217 and 1168 refer to the location of the nucleotide substitutions
within the a3 gene sequence. WT (wild-type) and MUT (mutant) indicate whether the reporter
construct contains the mutation found in the evolved a3 strains. Lac" refers to an induced culture of
wild-type E. coli C122. EV refers to the lac™ strain carrying an empty pLES94 vector. The graph
depicts data generated from two biological replicates, each one incorporating three technical
replicates. The values obtained from the biological replicates were statistically indistinguishable.
Therefore, the data sets were combined. Thus, columns and standard deviations in Fig. 5B
incorporate six data points. Statistical analysis was performed by one-way ANOVA with Tukey’s
multiple-comparison test (**, P < 0.01; ****, P < 0.0001). P values for comparisons with the EV sample
are given below the x axis, whereas P values for comparisons between respective WT and MUT
reporter genes are contained within the figure.

and the mutations involved in A* gene expression, these appeared in only one or two
lineages. These may reflect a more subtle mechanism to increase low-temperature fit-
ness and are distinct from DNA synthesis and packaging (see Discussion).

Adaptation at 37°C altered DNA metabolism but in a fundamentally different
manner. As a control for low-temperature lineages, wild-type a3 was passaged 40
times on plates at 37°C. Eight lineages were generated, four with and four without ex-
ogenous A* gene expression (Table 1). At least six of the eight lineages contained a
mutation that likely affects Cg gene expression. Unlike the sister genus viruses, a3-like
phages contain two C genes (7). The larger version, Cg, is translated from a GTG start
codon upstream from the ATG start codon of the smaller version, Cs (Fig. 1). Both
genes have easily discerned ribosome binding sites (RBS). In some lineages, the C; pro-
teins would be eliminated via frameshift mutations, which affect neither the coding
sequence nor the RBS of the downstream Cg gene. Frameshifts in the C; gene confer
resistance to the inhibitory effects conferred by the overexpression of the host cell ssb
gene (7) and can affect the timing of ssDNA gene expression (see Discussion).
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DISCUSSION

DNA packaging constrains a3 virion production at low temperature. Below
28°C, virion production was dramatically lower than that of the 37°C permissive infec-
tion. However, noninfectious slower migrating particles accumulated. Similar particles
were detected at 37°C but did not predominate over virions. These particles contain
assembled coat protein and RF DNA. In the 37°C samples, which had the highest opti-
cal density, the spike G and DNA pilot H proteins were also detected. The external scaf-
folding protein, the most abundant procapsid component, was notably absent. X174
procapsids are known to lose their external scaffolding protein during sample prepara-
tion (17, 19-22), producing empty capsids, which migrate more slowly than virions.
However, RF DNA is not typically associated with X174 degraded procapsids. Thus,
the protein and DNA content of the slower migrating a3 particles are consistent with
degraded or off-pathway packaging complexes (32, 33).

Low-temperature adaptation modified the packaging substrate. To overcome
inhibitions to low temperature packaging, genome deletions accrued within the pack-
aging substrates. DNA persistence lengths, a measure of polymer flexibility, inversely
increase as a function of temperature (15). Thus, smaller genomes may compensate for
more rigid DNA substrates. All deletions occurred within an unessential portion of the
very large H-A intercistronic region, which is the only region large enough to tolerate
them. The other intercistronic regions are considerably smaller and contain regulatory
elements.

To determine whether other large deletions could have a similar effect, 400 nucleo-
tides were removed from gene H, which could be complemented by a cloned H gene.
Although the resulting strain plated more efficiently than the wild type at lower tem-
peratures, rescue was not as robust as those observed with the intercistronic deletions.
This could reflect an allele-specific advantage of H-A intercistronic deletions. The
potential gene products produced by the small ORFs found in the intercistronic region
may actively inhibit low-temperature growth. Alternatively, and equally likely, the less
robust rescue by the gene H deletion could be the consequence of using a comple-
mentation-dependent strain.

The genetically engineered H-A intercistronic deletion mutants did display mod-
estly smaller plaque morphologies at 42°C. This may reflect a possible function for the
potential ORF gene products, which are conserved throughout the @3 genera, but
does not exclude other explanations, such as unforeseen effects on gene regulation.
This region’s contribution to fitness may also be partly physical or structural. The @3
capsid may require a larger genome for optimal fitness for reasons other than coding
capacity (34, 35). Thus, any conclusions regarding functions associated with this inter-
cistronic region would be highly speculative.

Low-temperature adaptation modified the packaging reaction. Genome biosyn-
thesis and packaging are concurrent processes. As the daughter (+) strand is synthe-
sized, the parental (+) strand is displaced and guided into the capsid via its interac-
tions with J and viral coat proteins. Thus, the rate of strand displacement versus ssDNA
synthesis may be important. If synthesis outpaces displacement, unpackaged, ssDNA
could accumulate and lead particles off-pathway. Protein A* binds to at least 30 degen-
erate sequences throughout the genome (36). Once attached, it inhibits the unwinding
of the dsDNA template. (37), slowing replication. Indeed, elevated A* protein levels res-
cue packaging defects that prevent filling capsids to completion (11) but does not res-
cue defects that produce fully filled particles that lack infectivity (19). Even in the ab-
sence of other mutations, the exogenous expression of cloned A* genes extended the
lower range of wild-type a3 growth, albeit modestly. The relative increase in intracellular
A* protein concentration resulting from cloned gene expression is unknown and cannot
easily be predicted. First, gene expression is induced by arabinose, which will be catabol-
ized. Thus, there will be kinetic effects (38). Second, the arabinose promoter is strongly
regulated by catabolite repression, as is the expression of other alternate carbon source
catabolic pathways that would be active when cells are grown in media containing tryp-
tone and yeast extract (38). However, expression is likely low. Exogenous A* gene
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expression is extremely toxic to cells when expressed from strong promoters (39).
Regardless of the level of cloned A* gene expression, Viral A* gene expression was critical
to extending the low-temperature growth range. During adaptation, mutations that affect
genomic A* gene regulation were the second most common, affecting 3/4 of the low-tem-
perature lineages. These mutations were not observed in any of the 37°C control lineages.
Clustering in or adjacent to A* ribosome binding sites, they dramatically increased A* pro-
tein translation within the context of the recorder gene assay.

Mutations that may alter the timing of DNA packaging arose at elevated
temperatures. As a control for the low-temperature lineages, wild-type a3 was contin-
ually passaged at 37°C, and all lineages acquired mutations in the Cg gene that did
affect the coding sequence of the smaller C; gene. In many cases, these mutations pro-
duced frameshifts that would prevent Cg protein production. The elimination of the Cg
protein most likely affects the switch from dsDNA (stage Il) synthesis to ssDNA (stage
ll) synthesis. Both in vivo and in vitro, C proteins compete with the host cell SSB pro-
tein for binding the origin of replication (7, 8). If bound by SSB, another round of stage
Il DNA synthesis occurs. If bound by protein C, single-stranded genomes are synthe-
sized packaging. The overexpression of the host ssb gene significantly inhibits a3 repli-
cation. Frameshifts in the Cg gene, as seen in this current study, restore viability (7).
Thus, at 37°, it may be advantageous to produce progeny more quickly by expediting
the switch to ssDNA replication. The molecular basis of this competition is likely more
complicated during an a3 infection, which produces a version of the C protein, than during
an @X174 infection. C protein acts as a dimer (40). Therefore, three types of a3 C protein
dimers can theoretically be produced—CyC;, CgCs, and CC.. The elimination of the C; iso-
form suggests the C.C dimers, the one dimer produced in some of the 37°C evolved line-
ages, more effectively competes with SSB. Although this interpretation is consistent with
the phenomenon described here and previously reported (7), it has yet to be tested in
vitro.

Other inefficient functions at low temperature. Vis-a-vis its ability to replicate at
low temperatures, the evolutionary history of @3 is unknown. Whether its ancestor lost
the ability to grow at low temperatures or never evolved this capability cannot be
determined. As genome size precludes low-temperature virion production, it is likely
that other functions may operate less efficiently, which could further prevent replica-
tion. However, the data set presented here lacks the depth to identify these functions.
Unlike the deletions and the mutations affecting A* protein synthesis, most mutations
only arose in one or two lineages. However, the coat protein mutations located
between residues 389 and 402 and at 364, fall within a region for which published ex-
perimental data exist (26). In the atomic structure of the a3 virion (16), these residues
reside in the coat-spike protein interface (Fig. 7). This interface acts as the antireceptor
for the host cell lipopolysaccharide, which triggers the removal of the spike protein
pentamer at the vertex in contact with the cell surface (41). Mutations within the
region, in particular residues 393 to 402, are known to expand the host range of wild-
type a3 (26). Thus, these substitutions could facilitate host cell interactions at lower
temperatures. Alternatively, they may stabilize coat-spike protein interactions during
assembly or within the virion.

MATERIALS AND METHODS

Phage plating, media, buffers, stock preparation, and bacterial and phage strains. The plating
protocol, media, buffers, stock preparation, and wild-type Escherichia coli C122 strain have been previ-
ously described (42). The RY7211 cell line contains a mutation in the mraY gene, conferring resistance to
viral E protein-mediated lysis (43). Bacteriophage @3 was originally isolated in the early 1960s (44), a lab-
adapted strain (6) was sequenced in 1992 (GenBank accession no. X60322.1), which was 6,087 nucleo-
tides in length. A new isolate was sequenced in 2006 (GenBank accession no. DQ085810.2), which con-
tained 6,089 nucleotides (1). The 2006 sequence was the reference sequence used in these studies. The
nucleotide changes found in our strain of a3 and the mutants isolated in this study can be found in
Table S1 in the supplemental material.

Gene cloning. The cloning of the @3 H gene (26) and the X174 A* gene (11) have been previously
described. Like the @X174 A* gene, the a3 A* genes were cloned into pBAD33 (38). The A* genes, resid-
ing between nucleotides 1158 and 2159, along with the ribosome binding site of the longest gene,
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FIG 7 Coat protein mutations residing within the coat-spike protein interface. The coat and spike
proteins are depicted in magenta and gray, respectively. The locations of the substitutions found in
the low-temperature-adapted strains are depicted in light blue. The image was generated using
Chimera (48) and Protein Data Bank accession code 1M06.

were PCR amplified with primers that introduced upstream Xbal and downstream Hindlll sites. The tem-
plate DNA contained an amber mutation in the overlapping B gene. The resulting fragment was
digested with Xbal and Hindlll and ligated into pBAD33 (Thermo Fisher) treated with the same enzymes.
Gene expression was induced by supplementing media with 0.2% arabinose and repressed with 0.2%
glucose.

Experimental evolution. Four wild-type and four /tg(B)G118R plaques were isolated at 37°C and
placed into 100 L of H,0. Then, 5.0 ulL of each solution was spotted on 4 lawns: (i) wild-type cells incu-
bated at 37°C, (ii) cells expressing the cloned a3 A* gene incubated at 37°C, (iii) wild-type cells incubated
at a 28°C, for wild-type a3, or 26°C for Itg(B)G118R, and (iv) cells expressing the cloned a3 A* gene incu-
bated at 28°C (wild-type a3) or 26°C [Itg(B)G118R]. The 37°C plates were incubated for 3 h. Low-tempera-
ture plates were incubated for 18 h. After incubation, each clearing was stabbed multiple times with a
toothpick to transfer phage to freshly seeded plates. After this process was repeated for 10 cycles,
phages were collected from each clearing to generate solutions approximating 10° PFU/mL. To select
for variants with an expanded low-temperature growth range, the population was plated 2°C lower than
the evolution temperature. If a plaque could not be obtained above a frequency of 104, compared to
the titer at the evolution temperature, the lineage was discontinued. If plaques formed, the largest one
was placed in 100 uL H,O. The genome was sequenced, and the solution was used to conduct the next
10-cycle round of evolution, 2°C lower than the previous 10 cycles. The 37°C control lineages, eight in
total, were continuously transferred at 37°C for 40 cycles.

Construction of a3 strains with deletions in the H-A intercistronic region and in gene H. Strains
with deletions in the H-A intercistronic region were generated by PCR using the high-fidelity Q5 DNA
polymerase (New England Biolabs). Apart from the region to be deleted, the entire genome was ampli-
fied to produce a linear PCR product. The 5’ end of all deletions began at nucleotide 95, whereas the 3’
ends were progressively increased in increments of 100 nucleotides. The 5’ hydroxyl termini were phos-
phorylated using T4 polynucleotide kinase, and the ends were joined using T4 DNA ligase (New England
Biolabs). Deletion mutants were recovered in wild-type cells at 37°C. The H gene deletion spans nucleo-
tide 5176 to 5588 and was constructed in a similar manner but recovered in cells expressing a cloned a3
H gene (26).

Reporter gene construction and assays. To construct the A* reporter genes, wild-type a3 DNA was
PCR amplified starting at nucleotide 684, to include promoter from which A* genes are transcribed and
ending at the A* gene start codons at nucleotide 1168 or 1216. The upstream primer contained a HindlIl
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site at the 5’ end, whereas the downstream primers contained a BamHlI site. The resulting fragments
were digested with Hindlll and BamHI and ligated into pLES94 (30) treated with the same enzymes.
Thus, the clones contained the a3 regulatory regions fused to a lacZ gene. The plasmids were trans-
formed into E. coli Top10 cells (Invitrogen), genotype F-mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15
AlacX74 recA1 araD139 A(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG.
Reporter gene assays were conducted as previously described (45) with minor modifications. Briefly,
cells were grown to concentrations of ~3.0 x 108 cells mL. Then, 1.0 mL was concentrated by centrifu-
gation, and the cell pellet was resuspended in 2.0 mL of chilled Z buffer (60 mM Na,HPO,, 40 mM
NaH,PO4, 10 mM KCl, 1.0 mM MgSO,, 50 mM B-mercaptoethanol, [pH 7.00]). To permeabilize the cells,
0.1 mL of CHCl, and 0.05 mL of a sodium dodecyl sulfate solution (0.1% wt/vol) were added. Samples
were incubated for 5.0 min at 28°C before the addition of 0.2 mL of an ortho-nitrophenyl-3-galactoside
solution (4.0 mg/mL in 60 mM Na,HPO4, 40 mM NaH,PO4 [pH 7.0]). Reaction mixtures were incubated
for 27 min before the addition of 0.5 mL of 1 M Na,CO,, which stopped the reactions. The absorbance at
420 nm and 550 nm was measured for each sample, and Miller units were calculated as previously
described (45). Statistical analysis was conducted using GraphPad Prism version 9. One-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison tests was performed on aggregate values from two
biological replicates performed in technical triplicate. An adjusted P value of <0.01 was considered
significant.
Infected cell extracts and rate zonal sedimentation. To characterize infection products, infected
cell extracts were prepared from 100 mL of lysis-resistant cells (1.0 x 10® cells/mL) infected at a multi-
plicity of infection (MOI) of 3.0. The 37°C infections were incubated for 3 h, whereas the 28°C and 26°C
infections were incubated for 6 h. Infected cells were concentrated and resuspended in 2.0 mL sucrose
gradient buffer (SGB; 100 mM NaCl, 5.0 mM EDTA [ethylenediaminetetraacetic acid], 6.4 mM Na,HPO,,
3.3 mM KH,PO, [pH 7.0]) and then lysed by an overnight incubation with lysozyme (2.0 mg/mL). After
removing cellular debris, the supernatants were concentrated to 200 uL in a Corning Spin-X spin column
(100 kDa cutoff) and loaded atop a 5.0 mL, 5 to 30% (wt/vol) sucrose gradient. Gradients were spun at
192,000 x g for 1 h and then separated into 125-uL fractions. Assembled particles were detect by UV
spectroscopy (A,g, and Ag).
Single-stranded DNA (ssDNA), replicative-form (RF) double-stranded DNA (dsDNA), assembled
particle-associated DNA purification, and extracts for sucrose gradient sedimentation. ssDNA was
generated and purified with the OLT (Our Little Trick) protocol, which has been previously described in
detail (46), as has the protocol used for RF dsDNA purification (47). To isolate DNA associated with
assembled particles, 500 ulL of gradient fractions were diluted 2-fold in 10 mM Tris-HCI (pH 7.5)/10 mM
NaCl/1.0 mM EDTA. Sodium dodecyl sulfate (SDS), pronase, and additional EDTA were added to respec-
tive final concentrations of 0.5% (wt/vol), 0.5 mg/mL, and 10 mM. Samples were incubated at 37°C for
2.5 h before DNA was extracted as previously described (11).
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