Received: 30 July 2020

Revised: 23 December 2020

Accepted: 29 December 2020

DOI: 10.1002/biot.202000354

RAPID COMMUNICATION

Biotechnology
Journal

Oligonucleotide abundance biases aid design of a type IIS
synthetic genomics framework with plant virome

capacity

Fabio Pasin'2

1 School of Science, University of Padova,
Padova, Italy

2 Agricultural Biotechnology Research Center,
Academia Sinica, Taipei, Taiwan

Correspondence

Fabio Pasin, School of Science, University of
Padova, Padova, Italy.

Email: fabio.pasin@studenti.unipd.it

1 | INTRODUCTION

Abstract

Synthetic genomics-driven dematerialization of genetic resources facilitates flexible
hypothesis testing and rapid product development. Biological sequences have compo-
sitional biases, which, | reasoned, could be exploited for engineering of enhanced syn-
thetic genomics systems. In proof-of-concept assays reported herein, the abundance
of random oligonucleotides in viral genomic components was analyzed and used for
the rational design of a synthetic genomics framework with plant virome capacity (Syn-
ViP). Type |IS endonucleases with low abundance in the plant virome, as well as Golden
Gate and No See’'m principles were combined with DNA chemical synthesis for seam-
less viral clone assembly by one-step digestion-ligation. The framework described does
not require subcloning steps, is insensitive to insert terminal sequences, and was used
with linear and circular DNA molecules. Based on a digital template, DNA fragments
were chemically synthesized and assembled by one-step cloning to yield a scar-free
infectious clone of a plant virus suitable for Agrobacterium-mediated delivery. SynViP
allowed rescue of a genuine virus without biological material, and has the potential
to greatly accelerate biological characterization and engineering of plant viruses as
well as derived biotechnological tools. Finally, computational identification of composi-
tional biases in biological sequences might become a common standard to aid scalable

biosystems design and engineering.

KEYWORDS
DNA chemical synthesis, Golden Gate cloning, plant virome, type |IS restriction enzyme, viral
infectious clone assembly

demonstrate correctness of genomic sequences, rescue of viruses that

might not be physically available (e.g., ancient or environmental sam-

Viruses are relatively simple biological entities, with genomic compo-
nents whose size is compatible both in terms of technical feasibility and
costs with current advances in de novo DNA synthesis.[2] Synthetic
genomics is becoming commonplace for the study and engineering of
animal viruses, especially those with medical interest and human pan-

demic potential.[3-7] In plant virology, synthetic genomics can help to

ples), as well as to accelerate virus reverse genetics, host-virus inter-
action studies, biological characterization of emerging viruses, or engi-
neering of biotechnological devices.[8-11] Adoption of this powerful
approach for plant virology has nonetheless lagged and is reported
only in a handful of studies.[?] The first reports of synthetic genomic

approaches in plant virology included the use of oligonucleotides to

Biotechnol. J. 2021;16:2000354.
https://doi.org/10.1002/biot.202000354

www.biotechnology-journal.com

© 2021 Wiley-VCH GmbH | 10f 10


https://orcid.org/0000-0002-9620-4301
mailto:fabio.pasin@studenti.unipd.it
http://www.biotechnology-journal.com
https://doi.org/10.1002/biot.202000354

20i10 | _ Biotechnology

PASIN

Journal

assemble a synthetic tobamovirus,[12] and the reconstitution of a full-
length tombusvirus genome from synthetic fragments cloned in an
intermediate vector.[13]

Successful examples of synthesis and assembly of viral and bacte-
rial genomes, whose sizes are orders of magnitude larger than those
of plant viruses, suggest that the field of plant virology has additional
constraints beyond DNA synthesis technology. Viral clone or vector
delivery to plants requires specialized techniques, 11! one of the most
efficient of which is Agrobacterium-mediated delivery (agro-infection).
Agro-infection requires assembly of viral genomic sequences into
binary vectors, which can pose technical challenges.[?! Adoption of syn-
thetic genomic approaches by plant virologists would be greatly facili-
tated by improved molecular tools and frameworks that enable assem-
bly and plant delivery of chemically-synthesized virus components.

Low-cost and large-scale methods for de novo gene synthesis rely
on barcode sequences that allow standardized, PCR-mediated assem-
bly of short oligonucleotides.[1415] Gibson assembly and its variants
were used successfully for plant virus clone assembly,[?16-18] but their
applications are limited to linear fragments with terminal homologies.
A cloning system compatible with linear or circular DNA molecules and
insensitive to specific terminal sequences such as gene synthesis bar-
codes would facilitate low-cost, rapid engineering of plant virus clones
and vectors without biological material requirements.

Restriction enzymes (RE) are robust tools that have been used in
molecular cloning for decades. Type IIS REs cleave outside of the recog-
nition sites and can be used to produce cloning junctions with arbitrary
sequences; correct junction design allows unidirectional, scar-free
assembly.[19:20] Type [1S RE-based strategies such as No See’m cloning
allowed recovery of infectious clones of large-sized viruses with no
cloning scars.[21-24] Multiple digestion, ligation, purification and/or
subcloning steps were nonetheless required. Type |IS REs and DNA
ligases can be mixed for one-step digestion-ligation reactions.[25:26]
Based on this property, unique junction sites, and different antibiotic
selection schemes, Golden Gate cloning allows high throughput trans-
fer of desired fragments from donor to recipient vectors.[261 Golden
Gate syntaxes of unique cloning junctions have been used extensively
for robust, directional assembly in a single reaction of over 30 standard
parts, which are then flanked by 4-nt cloning junctions.[27-28]

The plant virome is composed of highly divergent viruses with poly-
phyletic origins.[2°] Here, | sought to explore compositional biases of
viral sequences for rational design of a Synthetic genomics frame-
work to rescue Viruses of Plants (SynViP). A sequence database was
analyzed to measure random oligonucleotide abundance in the plant
virome. The computational results were used to determine virome
cloning constraints of REs and guide the development of a framework
that combines Golden Gate and No See’'m principles with low-cost
DNA chemical synthesis. A new binary vector was generated to incor-
porate divergent sites of type |IS REs with low frequencies in the plant
virome. Appropriate cloning designs allow one-step, seamless assem-
bly of full-length viral genomic components suitable for agro-infection.
The SynViP framework has plant virome capacity, can be used with lin-
ear and circular DNA molecules, does not require subcloning steps, is

insensitive to fragment terminal sequences, and was used successfully

to assemble an infectious clone and rescue a plant RNA virus based on
adigital template.

2 | RESULTS

2.1 | Abundance of oligonucleotides in a plant
virome is non-random and correlates negatively with
their GC content

For sequence analysis, | selected a reference plant virome dataset that
includes 2044 accessions, which were grouped into 34 taxonomic fam-
ilies with 1 to >600 assigned genomic components (Figure 1A; Table
S1). The virome had a guanine + cytosine content (%GC) peak at the
42% bin (Figure 1A), and an average %GC aggregate per family ranging
from 31.48% to 58.22% (Figure 1B). To establish virus study systems,
genomic components are usually cloned individually into suitable plas-
mid vectors. Multipartite viruses are inoculated by simultaneous plant
delivery of multiple vectors that include each of the genomic compo-
nents. REs recognize short DNA sequences. Complete non-redundant
oligonucleotide (n.r. mer) sets were generated by random union of
three to eight DNA mononucleotides, and searched in the virome to
comprehensively infer RE constraints in plant virus cloning (Figure 1C).
Virome sequence analysis showed that n.r. mer counts had strong neg-
ative correlation with oligonucleotide GC content; abundance of an
oligonucleotide in the plant virome is, thus, significantly reduced by
an increase in its %GC. The result was confirmed for each of the n.r.
mer sets, and the Pearson’s correlation coefficients ranged between
-0.948 < r < -0.997 (Figure 1D). The n.r. mer sets were classified by
size and %GC, and the subsets obtained were ordered by their virome
average counts. The ordered subsets failed to group uniformly by size
(Figure 1E), indicating that a size increase alone is not sufficient to
reduce virome oligonucleotide abundance. Abundance of the 6-nt sub-
set with 100% GC was lower than that of the 7-nt subsets with 0%,
14.3%, and 28.6% GC; in turn, abundance of the 7-nt subset with 100%
GC was lower than that of the 8-nt subsets with 0%, 12.5% and 25.0%
GC (Figure 1F). The results revealed that (i) the virome dataset ana-
lyzed has a non-random oligonucleotide composition, (ii) the oligonu-
cleotide abundance in the virome is reduced by a concomitant increase
in oligonucleotide size and GC content and, by data interpolation, (iii) a
RE that recognizes a long DNA sequence with a high %GC would alle-
viate unwanted targeting and thus cloning constraints of plant virome

components.

2.2 | Abundance of type IIS RE sites in a plant
virome depends on site size and GC content

Type |IS REs are compatible with high-throughput and automated con-
struct design and assembly.!1920:30] A subset of commercially available
type IIS REs with >6-nt recognition sites and >3-nt overhangs was
considered (Table 1). Virome average counts for type IIS REs with 6-nt

sites ranged from 1.24 to 3.99 (Figure 2A); this variation could not be
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FIGURE 1 Biased abundance of nucleotide oligomers in plant virome sequences. (A) Number of genomic components and guanine-cytosine
content (%GC) distribution of the plant virome dataset used. (B) Aggregate component numbers and average %GC per taxonomic family (n = 34).
(C) Numbers of the random, non-redundant nucleotide oligomers (n.r. mer) used in sequence analysis. (D) The n.r. mers were grouped by size and
%GC, and virome average count (n = 2044) is shown for each subset; linear correlation values are shown (Pearson’s r). (E) Scatter plot shows
virome average counts (n = 2044) for the subsets in panel E. (F) For each subset, the red line indicates the aggregate average count per taxonomic
families (n = 34, each point indicates a family); values for the 6-nt (0.79) or 7-nt subsets (0.22) with 100% GC are indicated by dotted lines

explained by recognition site size alone. Abundance of the 6-nt type
11S REs was inversely related to their %GC, as counts for Earl or Bsbl
(50% GC) were greater than those for high %GC counterparts Bsal,
BfuAl, BtgZl or BsmBlI (66.67% GC; Figure 2A). Virome counts for the
7-nt type 1IS REs were also inversely related to the site %GC, as Sapl

frequency was 68% greater than Aarl (0.74 vs. 0.44) (Figure 2A), which
recognizes asequence with 71.43% GC (Table 1; Figure 2A). The virome
dataset comprises diverse taxonomic families with large variation in
the number of genomic components (Figure 1B; Table S1). Aggregate

counts per family were considered to control overrepresentation of
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TABLE 1 Thetype lISrestriction enzymes considered in the study and their features
Recognition site Overhang
RE Isoschizomers? Sequence nt %GC nt References?
Aarl na. CACCTGC 7 71.43 4 [6063-65]
Sapl BspQl, Lgul, PciSI GCTCTTC 7 57.14 3 [eeeldl
BfuAl Acc36l, BspMI, Bvel ACCTGC 6 66.67 4 see Aarl®
BsmBl Esp3l CGTCTC 6 66.67 4 el
BtgZI n.a. GCGATG 6 66.67 4 [72]
Bsal Bso31l, BspTNI, Eco31l GGTCTC 6 66.67 4 [Rere!
Bbs| Bpil, BstV2I GAAGAC 6 50.00 4 [26,75-78]
Earl Bstél, Eam1104I CTCTTC 6 50.00 3 see Sapl®

2n.a., non-commercially available isoschizomers (source Rebasel7?1).
bRepresentative uses in Golden Gate-based cloning.
“BfuAl recognizes the Aarl site; Earl recognizes the Sapl site.

a specific taxonomic group; results confirmed those of Figure 2A, as
per-family abundance of Earl or Bsbl was generally greater than that
of Bsal, BfuAl, BtgZl or BsmBlI (Figure 2B). The aggregate count dif-
ference among the 7-nt type IIS REs was significant (p < 0.01, n = 34),
and Sapl frequency was 42% greater than Aarl (0.75 vs. 0.53) (Fig-
ure 2C). Virome counts for type IS Res; thus, depend on both size
and %GC of the recognition sites. It can be concluded that use of a
type IIS RE that targets a 7-nt site with high %GC, that is, Aarl, would
be preferable in the design of a cloning strategy with plant virome
capacity.

2.3 | Design of SynViP, a type IIS synthetic
genomics framework with plant virome capacity

Despite the low Aarl frequency, data inspection identified genomic
components with a larger number of Aarl instances than Sapl (e.g.,
Genomoviridae, Figure 2B). | asked whether a cloning system compati-
ble with both Aarl and Sapl would confer a technical advantage. Virome
abundance of REs with low %GC sites imposes substantial cloning con-
straints; Earl and Bsbl (50% GC) were not considered further. Sequence
analysis showed that a hypothetical cloning system based on Bsal,
BsmBl, BtgZl, or BfuAl (6-bp targeting REs with 66.67% GC) would
allow recovery of clones with no sequence modification for 30.58%-
41.93% of the virome; complete virome cloning would nevertheless
require targeted insertion of up to 13 or 18 single-nucleotide muta-
tions per component (Figure 2D). Sapl- or Aarl-based systems would
respectively allow recovery of clones with no sequence modification
for 56.70% or 69.81% of the virome, and insertion of up to 6 single-
nucleotide mutations per component would confer virome capacity.
The alternative choice of Aarl- or Sapl-based designs would allow
cloning of faithful sequence copies for >80% of virome components
(bottom row, Figure 2D). Similar designs coupled with a targeted inser-
tion of single- or two-nucleotide mutations to remove RE recognition
sites would allow recovery of full-length clones of >95% or >99% of
virome components, respectively. In silico analysis showed that a sys-

tem compatible with both Aarl and Sapl is thus superior to those based
on anindividual type IIS RE.

Guided by these results, | generated pLX-AS, a mini binary vector
compatible with Golden Gate and No See’m assembly strategies that
employ either Aarl or Sapl (Figure 2E-G; see Section 4, and Table $2-
$3). pLX-AS is based on the pLX backbone,[31] which has been used
for Agrobacterium-mediated delivery to plants of infectious clones of
several RNA and DNA viruses.[1618] The T-DNA region of pLX-AS
comprises a cloning cassette flanked by sequences of the cauliflower
mosaic virus (CaMV) 35S promoter and the nopaline synthase (nos)
terminator (Figure 2E) for in planta transcription regulation of cDNA
clones from RNA viruses. The cloning cassette designed includes diver-
gent Aarl and Sapl sites flanking the Escherichia coli lacZ reporter for
white-blue screens of recombinant clones (Figure 2F). In RNA virus
clone assembly, backbone overhangs generated by Aarl or Sapl diges-
tion allow seamless fragment insertion downstream of the CaMV 35S
promoter, and in planta generation of authentic viral genomic 5’ ends
(Figure 2G).

2.4 | One-step digestion-ligation assembly of a
virus clone using a digital template and uncloned
synthetic DNA fragments

An Aarl/Sapl-based cloning strategy including pLX-AS would (i) be
compatible with linear and/or circular DNA molecules, (ii) be insensi-
tive to specific terminal sequences such as gene synthesis barcodes,
and (iii) facilitate rapid engineering of plant virus clones without
biological material requirements. The family Solemoviridae includes
RNA viruses with an average genome size of 4208 nt, close to the
aggregate median size (4154) of plant virome components (Figure 3A).
As proof of the utility of the synthetic genomics framework designed,
| focused on turnip rosette virus (TuRV; Solemoviridae). The TuRV
genomic sequence and its complex organization have recently been
revised,[3233] providing a representative, high-confidence control
during method validation. The TuRV accession KC778720.1 used as a
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FIGURE 2 Differential abundance of type IS restriction enzyme sites in the plant virome and design of the SynViP framework. (A) Left, plot
shows site size and %GC of reference type IIS restriction enzymes (RE); right, RE site counts in virome components (n = 2044; bars, maximum; red
lines, mean). (B) Heatmap shows RE site average counts in each taxonomic family; Orphan, species with unassigned family. (C) For each RE, the red
line and value indicate the aggregate average count per taxonomic families (each point indicates a family, n = 34); p value by Wilcoxon signed-rank
test is indicated for the Aarl versus Sapl comparison (n = 34). (D) Cumulative component percentages relative to the complete virome are shown
for site count numbers; values are shown for each RE, or considering the smallest count number among Aarl or Sapl, that is, MIN(Aarl,Sapl); orange
bars indicate 100%. (E) Diagram of pLX-AS, a 4.5-kb T-DNA binary vector including divergent Aarl and Sapl recognition sites. Vector components
are indicated (right); blue, lacZ reporter gene; nptl, kanamycin resistance gene. (F) Detail of the T-DNA cloning cassette of pLX-AS. The 3’ sequence
of the CaMV 35S promoter is in red; arrow indicates the nucleotide preceding the transcription initiation site; lines mark Aarl (purple) and Sapl
(orange) sites. (G) Detail of the pLX-AS cloning cassette, after Aarl (top) or Sapl (bottom) digestions; backbone overhangs are show in black

digital template includes a single Sapl and no Aarl sites. Three linear
DNA fragments ranging from 1.2 to 1.6 kb and spanning the TuRV
genome were obtained by chemical synthesis (Table S4). Each syn-
thetic fragment was flanked by convergent Aarl sites that would allow

removal of synthesis barcodes (Figure 3B), and the generation of

orthogonal cloning junctions selected to allow (i) directional fragment
assembly in pLX-AS by one-step digestion-ligation, (ii) recovery of a
seamless TURV genomic sequence, and (iii) in planta generation of the
correct TuRV 5’ end from the CaMV 35S promoter (Figure 3C). A syn-

thetic ribozyme was included in the gene synthesis design for in planta
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FIGURE 3 Use of SynViP for the one-step digestion-ligation assembly of an infectious clone and the rescue of a genuine virus with no natural
template. (A) Bar plot shows average component size and %GC of each taxonomic family; the red line indicates the aggregate virome median size
(4154 nt; n = 34); Solemoviridae average size is shown (4208 nt; n = 19). (B) Top, genomic representation of turnip rosette virus (TuRV). DNA
fragments spanning the TuRV genome were chemically synthesized; fragments were flanked by synthesis barcodes (black boxes) and convergent
Aarl sites (triangles); diamond, a synthetic ribozyme. Fragments were assembled into pLX-AS by one-step digestion-ligation. pLX-TuRV is a T-DNA
binary vector with a seamless cDNA copy of the TuRV genome flanked by the CaMV 35S promoter (red arrow) and nos terminator (T-shaped
mark). (C) Detail of the orthogonal cloning junctions generated during the Aarl-based digestion-ligation depicted in panel B; the 3’ end of the
CaMV 35S promoter is in red. (D) Restriction profiles are shown of plasmids purified from selected colonies; left, computed restriction pattern. (E)
A control vector (Mock) or pLX-TuRV were transformed into Agrobacterium and delivered to Arabidopsis thaliana by agro-infection. Images show
plants at 30 days post agro-infection. (F) Viral RNA detection in uninoculated leaf samples of agro-inoculated plants. RT-PCR reactions are shown
using virus-specific primers (TuRV) or actin primers (CTRL); DNA size markers are indicated (right); M, mock sample. (G) Transmission electron
micrograph of particles purified from infected plant material; scale bar, 100 nm. (H) Size mean + SD and distribution (n = 100), and micrograph
magnification are shown of purified particles; scale bar, 50 nm
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removal of non-viral nucleotides from the TuRV 3’ end (Figure 3B,
Table S4).

The uncloned synthetic fragments and pLX-AS were mixed and sub-
jected to digestion-ligation using Aarl and T4 DNA ligase in Aarl buffer
supplemented with ATP (see Section 4); the reaction was transformed
into E. coli and white colonies were selected using a chromogenic
substrate to recover recombinant clones. Correct fragment assembly
into pLX-AS was confirmed by restriction analysis of plasmid DNA
(Figure 3D). A plasmid clone with the correct digestion pattern and
sequence was designated pLX-TuRYV, that is, an 8.3-kb vector suitable
for agro-infection that includes a cDNA copy of the full-length TuURV
genome (Figure 3B).

2.5 | Delivery of synthetic infectious clone to
plants by agro-infection

Arabidopsis thaliana is a model plant and TuRV host.[32] pLX-TuRV was
transformed into Agrobacterium, and its infectivity was evaluated in A.
thaliana by agro-infection. After 30 days, plants agro-inoculated with
pLX-TuRV showed severe symptoms and significant growth reduction
compared to the mock condition (p < 0.001; Figure 3E). Results are
consistent with the stunted growth phenotype reported for TuRV-
infected A. thaliana plants.[321 RNA analysis of upper uninoculated
leaves by RT-PCR assays showed TuRV accumulation in pLX-TuRV
agro-inoculated plants, but not in the mock condition (Figure 3F).
Nanoparticles were purified from infected plant material and analyzed
by electron microscopy (Figure 3G); the particles observed had an
icosahedral shape and an average size of 30.67 nm (Figure 3H), consis-
tent with those described for TuRV virions.[34! These results confirm
the infectivity of the pLX-TuRV binary vector assembled, and thus the
suitability of the SynViP framework and its cloning strategy for the gen-
eration of plant virus infectious clones and rescue of a genuine plant

virus, with no natural template or biological material requirements.

3 | DISCUSSION

Gene synthesis has revolutionized the study of bacteriophages and ani-
mal viruses, and spurred major advances in prevention and control of
human infectious diseases. First studies in synthetic genomics used
viruses as simple model systems to prove the feasibility of recovering
functional biological entities solely by sequence data and in vitro chemi-
cal means.[12] More recently, synthetic genomic approaches have been
used in basic and applied research,!*2! including sequence refactor-
ing to facilitate human understanding and manipulation of individual
genetic elements,[35! to probe the completeness of our knowledge of
biological systems,[3¢! and for rational vaccine design and rapid vaccine
manufacturing.[3-7!

In plant virology, studies have reported the recovery of plant
infectious agents in the absence of a physical source of biological
materials,!?] although they relied on cloning methods with limited

scalability. Instructed by sequence analysis of a plant virome dataset,

| describe here SynViP, a synthetic genomics framework with plant
virome capacity. The SynViP framework described (i) does not require
subcloning steps, (ii) is compatible with DNA fragments generated by
low-cost and large-scale chemical synthesis methods and thus has no
natural template requirements, (iii) complies with Golden Gate princi-
ples to allow directional assembly of multiple DNA fragments in one-
step digestion-ligation reactions, (iv) allows recovery of scar-free con-
structs by following No See’'m principles, (v) through its simultaneous
compatibility with Aarl and Sapl, considerably reduces type IIS RE con-
straints in cloning plant virome components, and (vi) relies on the newly
designed pLX-AS binary vector for construct assembly.

pLX-AS includes elements for stable vector maintenance in E. coli
and Agrobacterium cells, and for viral clone delivery to plants by
agro-infection. pLX-AS autonomously replicates in E. coli and Agrobac-
terium; thus, overcoming a major limitation of the pSoup-pGreen
system.[37-41] To promote stable plasmid propagation in bacteria, pLX-
AS includes bacterial terminators up- and downstream of T-DNA,
and has a lower copy number than pPZP and derivative vectors (e.g.,
pCAMBIA, pCass4-Rz).142] The RK2-based pCB301 and its deriva-
tives (e.g., pJL-89, pDIVA) have been used in virus infectious clone
assembly;[10:17:43-46] b| X-AS includes the pBBR1 origin, which outper-
formed the RK2 replicon in transient expression assays.!31]

SynViP was successfully applied for one-step, seamless assembly
of an infectious clone of a representative plant RNA virus with no
natural template requirements. Uncloned synthetic fragments span-
ning the TURV genome were assembled by one-step digestion-ligation
into pLX-AS to yield pLX-TuRV, a TuRV infectious clone suitable for
agro-infection. The pLX-TuRV infectivity and rescue of a genuine plant
virus without biological material requirements was confirmed by visual
assessment of host symptoms, and by detection of virus genomes and
assembled virus particles in agro-inoculated plant samples. pLX-TuRV
is a new entry in our previously reported binary vector collection of
A. thaliana-infecting viruses,[1¢] which now covers members of fami-
lies with disparate genome composition (single-stranded RNA, single-
and double-stranded DNA) and organization, including Caulimoviridae,
Geminiviridae, Potyviridae, Virgaviridae, and Solemoviridae (this study).
Very short or repetitive sequences can limit efficiency and accuracy
of Gibson assembly, but they do not interfere with type 1IS-based
methods.[19] The approach described herein is, therefore, predicted to
be suitable for assembly of tandem genomic repeats needed to res-
cue viral agents with circular components.[94748] Collectively, it can
be anticipated that the framework described in this study will support
spread and further development of synthetic genomic approaches for
the biological characterization and engineering of plant viruses and
derived biotechnologies.

Finally, biological systems are often engineered through ad hoc
strategies that can be applied to a limited number of related species;[4?!
novel theoretical approaches and methodological concepts for biosys-
tems engineering are necessary to meet the ever-increasing human
needs.[%0-54] Non-random compositional tendencies, dinucleotide fre-
quency, and codon usage biases have been reported in genomic
sequences, including those of viruses.[55-57] The proposed computa-

tional identification of compositional biases in biological sequences
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might become a common standard to aid scalable biosystems design
and engineering.

4 | MATERIALS AND METHODS

Methods and details of the sequence analysis, digestion-ligation, ¢°]
virus inoculation and purificationl 1661621 are provided in the Support-
ing Information. The vector sequences from this study can be found
at NCBI under the GenBank accession numbers MW281334 (pLX-AS)
and MW281335 (pLX-TuRV).
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