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Fig. S1. Computational ORF predictions. ORFs were given a score based on the number of times it was identified across 23 Bullavirinae
genomes (92 possible identifications for each ORF, based on four computational tools and 23 genomes). Seventy-two cryptic ORFs (white bars)
and 11 previously discovered gX174 protein-coding ORFs (black bars).
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Fig. S2. Computationally identified ORF locations on gX174 genome. ORFs were given a score based on the number of times it was identified

across 23 Bullavirinae genomes (92 possible identifications for each ORF, based on four computational tools and 23 genomes). Black ORFs
indicate 10 expert-curated cryptic ORFs (1).
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Fig. S3. Computational tool contributions to ORF prediction scores. Identified ORFs were given a score based on the number of times it was
identified across 23 Bullavirinae genomes (92 possible identifications for each ORF, based on four computational tools and 23 genomes). Four
standard gene prediction tools were used: GLIMMER (2), GeneMark (3) using the GeneMark.hmm PROKARYOTIC (Version 2.10b) algorithm,
EasyGene (4), and Prodigal (5).



Gene H| |ORF 36
Start Start
Codon | |Codon
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CTATTGCTGGCGGTATTGCTTCCGCTCTTGCTG
CTATTGCTGGTGGTATTGCTTCCGCTCTTGCTG
CTATTGCTCGCGCEGGTATTGCTTCCGCTCTTGCTG
CTATTGCTGGCGGTATTGCTTCTGCCCTTGCTG
CTATTGCTCGGCGGTATTGCTTCTGCCCTTGCTG
CTATTGCTGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTCGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTCGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGTTGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTCGCGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTCGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTGGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTGGCGGTATTGCTTCCGCTCTTGCTG
CTATTGCTGCGCGGTATTGCTTCTGCTCTTGCTG
CTATTGCTCGGCGGTATTGCTTCTGCTCTTGCTG
CTATCGCTCGGCGGTATCGCCTCCGCACTTGCCG
CAATCGCTCCGCCGCGTATCGCCTCATCTCTTGCTG
CAATCGCTGGCGOGTATCGCCTCCTCTCTCGCTG
AAGTATCATTCGGAGGTATTGGCTCATCGCTGCTCG
CCGTTGTTGGTGGCATTGCCTCAGCCTTAGCTA
CCGTTGTAGGTGGTATTGCTTCAGCCTTAGCTG

. 1° y 30 ; 1° . 10 : 30
wall AABAGATTATTTGTICTTCAGCCE- --cTCAAGTGAGG- -TGATT----TA
WA4 AAGAGATTATTTGTCTCCAGCCG---CTTAAGTGAGG--TGATT----TA
NC11 AAGAAATTATTTGTCTCCAGCCG---CTTAAGTGAGG- - TGATT----TA
NCI AAGAGATTATTTGTCTTCAGCCA---CTTAAGTGAGG--TGATT----TA
NC7 AAGAGATTATTTGTCTTCAGCCA---CTTAAGTGAGG--TGATT----TA
NC5 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
NC16 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
NC37 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG- -TGATT----TA
NC56 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
WAI0 AAGAAATTATTTGTCTTCAGCCA---CTTAAGTGAGG--TGATT----TA
ID22 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
ID45 AAGAAATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
NC41 AAGAAATTATTTGTCTCCAGCCA CTTAAGTGAGG- - TGATT TA
5§13 AAGTGATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
NC51 AAGAGATTATTTGTCTCCAGCCA---CTTAAGTGAGG- -TGATT----TA
IDI  AAGAGATTATTTGTCTCCAGCCA---CTTAAGTGAGG--TGATT----TA
phiX174 AAGAGATTATTTGTCTCCAGCCA- - -CTTAAGTGAGG- - TGATT----TA
G4 - -GAAGCAGCCGTCCTTCAACCT---CTGAAATAAGGATTATCC----TA
ID2 - -GAAGTAACCGTTCTCCAACCT---CTTAAATAAGGTATTCTC----TA
IDI8 - -GAAACTACCGTACTCCAACCT---CTTAAATAAGGTCTAATC----TA
St-1 - - - - CGCCTTCCCTCCTGCTAAG- CCCAAAAAAGG- - AGCTTACAATA
alpha3 - - - - - CCGCCTTCCCTCCTGCTAAGCCCAAAAAGGAGTTACAGC- - - - GA
WAI3 - - - CCGCCTTCCCTCCTGCTAAGCCCCAAAAGGAGTTACAGC- - - - GA
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TTTGCC
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TTCG
CTTG
TTAG
TTAG

Consensus AAGAAATTATTTGTCTCCAGCCAAGCCCTTAAGTGAGGTTTCGATTACAATATGTTTGGTGCTATTGCTGGCGGTATTGCTTCTGCTCTTGCTG

Fig. S4. Multiple sequence alignment of Gene H/ORF 36 regions from 23 Bullavirinae genomes. Multiple sequence alignment of 83 nt
centered on the start codon of gene H performed with MUSCLE (6) multiple sequence alignment algorithm. Height of the black bars below each
nucleotide represents degree of conservation within that column.



20

o
.
=}

50 60 70 80 90 100 IIID 120

D1
NC11
NC56
NC1
NC7
WAl
D22
phix174
NC5
NCI16
NC37
NC41
NC51
D45
WAI0
WA4
513
D2
D18

()

akal- 1

(]
[alalaialalalalalalalalalalalaRaNala el -

(a}
[aialaizialaiaiaiaiaialaisisksiaiaiala)

Gialalalalalal

(=]
[alalaEalalalalalalalalalalaXalalalale

[alalakaialaEaXaXaXaXaNaKaaNakakaks)
[akaEsEakalaNaXalaNaXalalalaXakal

=1
[a)
o

[aielakalalalaNalalalaNaNalaNaNaNalalalks

(=]

[aiaialalalalalalalalalalalalaNalalala)
EalaEasEalalalala¥a¥alaNalaNaNalalala)
izlzlzlalalalalalalalalalsiaialaiala)

(=)

Consensus

CTCCTATTGCTGGCGGTATTGCTTCTGCTCTTGCTCGCGGCGCCATGTCTAAATTGTTTGCACGCGGTCAAAAAGCCGCCTCCGGTGGCATTCAAGGTCATGTGCTTGCTACCGATAACAATACTGTAG

Fig. S5. Multiple sequence alignment of ORF 36 from 19 Bullavirinae genomes. Multiple sequence alignment of ORF 36 performed with
MUSCLE multiple sequence alignment algorithm. WA13 and alpha3 ORF36 sequences not included in alignment because their short length
disrupted the alignment. G4 and st-1 ORF36 sequences lack strong start codons and were not included in the alignment. Height of the black bars
below each nucleotide represents degree of conservation within that column.
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Fig. S6. Simulated RNA folding structures of all known @X174 protein-coding ORFs in WT
and kleenX174 genomes. NUPACK (7) lowest energy RNA structure from 83 nt window
surrounding each known gX174 gene using sequence variants from WT gX174 and kleenX174

genome sequences.
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Fig. S7. Predicted gene H RNA structure in 23 Bullavirinae genomes shows kleenX174 and kleenX174(2939C>T) outside the normal
range. Lowest energy structures of RNA folding simulation performed with NUPACK using default parameters. Folding window of 83 nt centered
on gene H initiation codon.



Table S1. Changes made to wild-type X174 genome to produce cryptX174 design.

Genome WT CryptX Gene Codon Amino Acid (Gene Codon Amino Acid|Gene Codon Amino Acid
Coordinate” Nucleotide Nucleotide| 1  Affected® Change 2 Affected® Change 3 Affected® Change

3982 T C A atg > aCg Start (Met) > Thr - - - - - -
4499 G A AIA*  atg > atA Start (Met) > lle - - - = ° =
5076 T C B atg > aCg Start (Met) > Thr| A/A* tgg > Cgg Trp > Arg - - -
53 G A K atg > atA Start (Met) >lle | AIA* gag > RAag Glu > Lys = o =
135 G A (o] atg > atA Start (Met) > lle K gag > Rag Glu>Llys AIA* tga > tRa Stop > Stop
392 G A D atg > atA Start (Met) > lle C tga > tRAa Stop > Stop - - -
569 T C E atg > aCg Start (Met) > Thr D tag > taC Tyr > Tyr - - -
850 G A J atg > atA Start (Met) > lle - - - - - -
1003 G A F atg > atA Start (Met) > lle - - - - - -
2397 G A G atg > atA Start (Met) > lle - - - - - -
2933 G A H atg > atA Start (Met) > lle - - - - - -

“Coordinate in original Sanger X174 genome sequence (Genbank NC_001422.1)
bCapital letters represent mutated base positions in CryptX174 design.



Table S2. Oligonucleotides used in this work.

FORWARD/
Name REVERSE Target Sequence
Chimera_P1-FOR FORWARD WT_Partl/KX_Partl ~ GTCTAGGAAATAACCGTCAGGATTGACACCC
Chimera_P2-FOR FORWARD WT_Part2/KX_Part2 AAAATACGTGGCCTTATGGTTACAGTATGCCCATCG
Chimera_P3-FOR FORWARD WT_Part3/KX_Part3 GGAGTGATGTAATGTCTAAAGGTAAAAAACGTTCTGGCG
Chimera_P4-FOR FORWARD WT_Part4/KX_Part4  GGCACTATGTTTACTCTTGCGCTTGTTCG
Chimera_P5_WT-FOR FORWARD WT_Part5 GCCACTTAAGTGAGGTGATTTATGTTTGGTGCTATTGCTGGCG
Chimera_P5_KX-FOR FORWARD KX_Part5 GCCACTTAAGTGAGGTGATTTATGTTCGGCGCTATTGCTGG
Chimera_P1-REV REVERSE WT_Partl/KX_Partl  GCATACTGTAACCATAAGGCCACGTATTTTGCAAGC
Chimera_P2-REV REVERSE WT_Part2/KX_Part2  CGTTTTTTACCTTTAGACATTACATCACTCCTTCCGC
Chimera_P3_WT-REV REVERSE WT_Part3 GAACAAGCGCAAGAGTAAACATAGTGCCATGCTCAGGAACARAG
Chimera_P3_KX-REV REVERSE KX_Part3 GAACAAGCGCAAGAGTAAACATAGTGCCGTGTTCGGGAACAAAGAAACG
Chimera_P4-REV REVERSE WT_Part4/KX_Part4  AACATAAATCACCTCACTTAAGTGGCTGG
Chimera_P5-REV REVERSE WT_Part5/KX_Part5 TCAATCCTGACGGTTATTTCCTAGACAAATTAGAGCCAATACC
KleenXSeq_1 FORWARD KleenX174 Genome  CTGGCGACCCTGTTTTGTAT
KleenXSeq_2 FORWARD KleenX174 Genome  CGGATATTTCTGATGAGTCGAA
KleenXSeq_3 FORWARD KleenX174 Genome  CTACACGCAGGACGCTTTTTCA
KleenXSeq_4 FORWARD KleenX174 Genome  TCTTTCTCAATCCCCAATGC
KleenXSeq_5 FORWARD KleenX174 Genome  AAGTCACTTGGGGTTTCTGG
KleenXSeq_6 FORWARD KleenX174 Genome  ATCTGTCAACGCCGCTAATC
KleenXSeq_7 FORWARD KleenX174 Genome  GCCCCTAGTTTCGTTTCTGG
KleenXSeq_8 FORWARD KleenX174 Genome  GAARATTATGCGCCAGATGCT

Dataset S1 (separate file). PhiX174 ORF characteristics and modifications to generate
kleenX174 genome design. Excel file.

Dataset S2 (separate file). Wild type sequence gene H synthetic template for cell-free protein
expression. Genbank file.

Dataset S3 (separate file). KleenX174 sequence gene H synthetic template for cell-free protein
expression. Genbank file.

Dataset S4 (separate file). KleenX174(2939C>T) sequence gene H synthetic template for cell-
free protein expression. Genbank file.
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