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Abstract
Background  Synthetic biology is a young but rapidly growing field that allows for assembling long DNA fragments, 
including complete chromosomes. A key approach for long-DNA assembly is the Transformation Associated 
Recombination (TAR), which relies on efficient homologous recombination in yeast cells. Recent reports indicate that 
the TAR method efficiently assembles some human and animal viruses characterized by their large DNA genome size. 
The application of the TAR method to synthesize long DNA fragments derived from insect viruses is scarce. Therefore, 
this study aimed to explore the TAR approach for the construction of a long DNA fragment (>44.6 Kb) from the 
insecticidal Heliothesis virescens ascovirus 3h (HvAV-3h) dsDNA genome to assess the suitability of this approach in 
genome-wide engineering studies in this family of viruses.

Results  The long DNA fragment assembly process involved three stages: first, we amplified 15 segments of about 
2.9–3.2 Kb each via PCR. Next, we recombined these segments through three parallel TAR cycles, producing medium-
sized fragments of about 15 Kb. Finally, we assembled these fragments in a single TAR cycle to form a long DNA 
fragment of about 44.6 kb. We identified some positive clones by colony PCR or restriction digestion pattern. To 
assess the quality of the assembled DNA fragment, we conducted next-generation sequencing (NGS). A comparative 
analysis of Sanger sequencing for medium-sized fragments and NGS data from the synthesized long-DNA fragment 
demonstrated a nearly matched mutation profile, suggesting that the identified mutations and deletions were 
present at initial synthesis. Both datasets aligned with the reference HvAV-3h strain, revealing three specific nucleotide 
mutations and three unique mutation regions.

Conclusions  Overall, the in vivo TAR assembly method efficiently assembled a long DNA fragment derived from the 
ascovirus genome as a template. The process is cost-effective and can be scaled up to synthesize the entire genome 
for gene functional studies.

Keywords  Synthetic biology, Ascoviruses, Transformation-Associated Recombination (TAR), Yeast, HvAV-3h, BAC/YAC 
shuttle vector
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Introduction
Synthetic biology represents a relatively young yet rapidly 
advancing research field integrating multiple scientific 
disciplines, including molecular biology, computer sci-
ence, chemistry, physics, mathematics, and engineering 
[1]. The applications of synthetic biology are vast, partic-
ularly within virology. For example, it enables the synthe-
sis of both RNA and DNA viral genomes. Additionally, 
it allows for big-scale modification of naturally existing 
virus genetic materials, facilitating studies on viral gene 
functionality, gene expression, evolution, pathogenicity, 
and genome architecture. Furthermore, synthetic biol-
ogy can support the de novo synthesis of viruses with-
out a natural genome template and the development of 
attenuated viruses and vaccines [1, 2]. Another interest-
ing application of synthetic biology is the design of virus 
vectors with reduced immunogenicity and toxicity for 
gene therapy [3].

The assembly of DNA lies at the heart of synthetic biol-
ogy, as it represents the most essential step for creating 
a fully synthetic life. In vitro, the assembly of small DNA 
fragments is well-established relative to long DNA frag-
ments. For example, the in vitro assembly of long DNA 
fragments is limited by their high molecular weight and 
susceptibility to breakdown [4]. The process is known to 
be tedious and costly. Moreover, the chemical synthesis 
of long DNA fragments is error-prone [1]. Therefore, 
long DNA fragments are difficult to handle in vitro, and 
they are usually assembled in vivo by homologous recom-
bination in host cells. The commonly used workhorses 
for in vivo DNA assembly are E. coli, Bacillus subtilis, and 
Saccharomyces cerevisiae [5, 6, 7].

The Transformation-Associated Recombination (TAR) 
method is increasingly adopted to assemble long DNA 
fragments, including entire genomes derived from viruses 
[8]. The TAR technology relies on the characteristic abil-
ity of yeast cells to take up and recombine the exogenous 
DNA efficiently. The co-transformation of two linearized 
DNA fragments with approximately 60 base pairs (bp) of 
overlapping DNA leads to recombination and ligation by 
homologous recombination in yeast cells [9]. Similarly, 
multiple DNA fragments are assembled into a Bacterial 
Artificial Chromosome (BAC) or Yeast Artificial Chro-
mosome (YAC) linearized vector designed to possess 
3’ and 5’ homologous sequences or “hook sequences” 
to capture the DNA fragment of interest following the 
same principle [10]. For example, the TAR technology 
efficiently assembled long DNA fragments that are 31 Kb 
and 55 Kb in size based on the cyanophage PP genome 
[11] and the monkeypox virus genome [2], respectively. 
Furthermore, the TAR approach facilitated the assembly 
of the entire genome of some animal and human viruses, 
including the African swine fever virus [12] and the her-
pes simplex virus [13], respectively.

The application of the TAR technology to synthesize 
long DNA fragments derived from insect viruses remains 
limited. For example, the only synthesized insect viral 
genome based on the TAR technology is the Autographa 
californica multiple nucleopolyhedrovirus (AcMNPV) 
[14]. The reason for this delay in synthesizing arthropod 
viruses may be due to, in part, that many insecticidal 
viral families such as Ascoviridae, Poxviridae, and Iri-
doviridae are members of the Nucleocytoplasmic Large 
DNA Viruses (NCLDVs). NCLDV members are consid-
ered giant viruses with large genomes (typically > 100 
kb in size) and have high protein-coding capacity [45]. 
Therefore, genome synthesis for any viral member of 
the NCLDVs will be a time-consuming process and 
cumbersome.

Ascoviruses are among the insect viruses characterized 
by their large genome size. They possess relatively large 
circular dsDNA genomes that range in size from 100 to 
200 Kb and encode 117–180 genes [15]. The virions are 
complex in symmetry with bacilliform, ovoidal, or allan-
toid (bean-like) shape and average 200–400 nm in length 
and 130 nm in diameter [16]. In nature, the female endo-
parasitic wasps are responsible for host-to-host trans-
mission [17]. Interestingly, the infection by these insect 
viruses can transform the infected cell into ~ 20–30 
virion-containing vesicles [18]. The accumulation of 
these vesicles in the infected host’s hemolymph (blood) 
causes the disease gross pathology, which is the discolor-
ation of the infected host hemolymph into opaque milk 
color [19]. The vesicles are contributing to the virus repli-
cation and transmission [19, 20, 21]. Currently, the ICTV 
committee (https://ictv.global/) has identified three ​s​p​e​c​i​
e​s in the genus Ascovirus, namely Spodoptera frugiperda 
ascovirus, Trichoplusia ni ascovirus, and Heliothis vires-
cens ascovirus.

The synthesis of long DNA fragments derived from 
ascovirus genomes has not yet been investigated. There-
fore, in the current study, we adopted the Polymerase 
Chain Reaction (PCR) combined with the TAR approach 
to synthesize and assemble a long DNA fragment (>44.6 
Kb) using the genomic DNA of Heliothis virescens asco-
virus 3h (HvAV-3h), a member of the Heliothis virescens 
ascovirus species. Furthermore, we sequenced the syn-
thesized DNA fragment by NGS to evaluate its similar-
ity to the parental virus, thereby validating the efficacy of 
this approach for future large-scale studies aimed at con-
structing the complete viral genome of HvAV-3h or other 
ascoviruses. The synthesis of the entire viral genome will 
facilitate the gene-functional studies within this family of 
insect viruses.

https://ictv.global/
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Materials and methods
Virus, cells, and plasmid
The HvAV-3h isolated originally by [22], served as the 
source of the template DNA used in the series of PCR 
reactions conducted for the synthesis of all the small-
size fragments (i.e., the building blocks of the long DNA 
fragment). The yeast strain (VL6-48N) used in this study 
is known as highly transformable with an HIS3 deletion 
for selection [23]. This yeast strain was the factory for 
the TAR of the synthesized medium-sized fragments or 
large-sized fragment. The yeast cells were grown on the 
surface of the Yeast Peptone Dextrose (YPD) medium 
(Qingdao Hope Bio-Technology Co.). The positive yeast 
colonies were selected on the surface of histidine-defi-
cient (–His) plates. We used the E. coli strain EPI300 
(Epicentre) [24] for the TAR cloned-vector DNA ampli-
fication. The E. coli cells were grown on the surface of 
LB agar medium supplemented with chloramphenicol 
(25 μg/mL) or on LB liquid medium supplemented with 
chloramphenicol (25  μg/mL) and copy control solution 
(Biosearch technologies). The TAR plasmid vector used 
in this study is the BAC/YAC pGF vector [11].

Virus infection and virion purification
The third instar larvae of Spodoptera exigua was used 
as a lepidopteran host for the propagation of the HvAV-
3h virus particles. The larvae were grown on artificial 
feed and kept at 27 ± 1  °C. The larvae were exposed to 
16 h of light and 8 h of dark [25]. For viral infection, we 
injected the third instar larvae of Spodoptera exigua with 
HvAV-3h-infected hemolymph collected and preserved 
at − 20  °C. After 7  days of infection, the infected larvae 
were bled to collect the typical milky-white hemolymph 
characteristic of the ascovirus infection. The collected 
hemolymph was exposed to sonication (100 W, 10 min, 
3  s crushing, 3  s intermittent) to release the HvAV-3h 
virions from the virion-containing vesicles. Afterward, 
two milliliters of the sonicated hemolymph were added 
to the surface of a sucrose gradient. The sucrose gradient 
description and HvAV-3h virions purification method are 
described in [26].

Genomic DNA isolation from the purified HvAV-3h virions
After the sucrose gradient purification step of the HvAV-
3h virions, the genomic DNA was isolated using the 
DNeasy Blood and Tissue Kit (Qiagen], according to the 
instructions provided by the manufacturer. The quan-
tity and quality of the purified DNA were checked using 
a Nanodrop 2000 spectrophotometer (Gene Company 
Limited).

Polymerase Chain Reaction (PCR) amplification of 15 small-
size DNA fragments from the HvAV-3h genome
The HvAV-3h purified DNA was used as a template to 
amplify the building blocks of the target long DNA frag-
ment. Briefly, 30 primers were designed to amplify the 
target region DNA, resulting in 15 small pieces. The 
pieces ranged from 2963 to 3263 bp in size. The designed 
primers are described in Table 1. The PCR program used 
for the amplification of all the small-size pieces is as fol-
lows: Initial denaturation step at 98 °C for 1 min, followed 
by 98 °C for 10 s, 60–68 °C for 15 s, and 72 °C for 2 min, 
the PCR steps were repeated 30–35 times. Finally, a final 
extension step was conducted for 5  min at 72  °C. The 
reaction mixture was made following the instructions 
provided by the Q5 Hot Start High-Fidelity 2X Master 
Mix (NEB). All the PCR-amplified products were gel 
purified using the Monarch DNA gel extraction kit (NEB) 
as described by the manufacturer.

PCR modification of the 3’ and 5’ ends and mutation of the 
PGF vector to assemble the target fragments
The pGF vector was amplified by PCR using the prim-
ers described in Table  2. The primers were designed to 
possess three sections. First, 20–23 bp overlap with the 
ends of the BamHI-linearized pGF vector. Second, a SrfI 
restriction enzyme site. Third, a 40 bp overlap with the 
viral DNA target region. To add the SrfI site as a unique 
restriction position into our primers design, we first 
mutated the SrfI restriction site in the pGF TAR vector. 
We used the Q5 Site-Directed Mutagenesis Kit (NEB) 
for SrfI site mutation, following the instructions of the 
manufacturer. The destruction of the SrfI site by a sub-
stitution mutation was confirmed by Sanger sequencing 
of the mutated SrfI site. Finally, the amplified pGF vector 
(with unique 3’ and 5’ hooks) was purified from the sur-
face of 0.8% agarose gel running in TEA buffer (1x). The 
quantity and quality of the purified DNA were checked 
using a Nanodrop 2000 spectrophotometer (Gene Com-
pany Limited). The BamHI digested pGF vector served as 
a template in the PCR reaction and was amplified as one 
piece or two overlapping pieces for subsequent assembly 
via TAR in yeast cells [14]. The PCR program used for 
the amplification of the pGF vector is as follows: Initial 
denaturation step at 98  °C for 1  min, followed by 98  °C 
for 10 s, 57 °C for 15 s, and 72 °C for 5–11 min, the PCR 
steps were repeated 30 times. Finally, a final extension 
step was conducted for 5–11 min at 72 °C. The reaction 
mixture was made following the instructions provided by 
the Q5 Hot Start High-Fidelity 2X Master Mix (NEB). All 
the PCR-amplified products were gel purified using the 
Monarch DNA gel extraction kit (NEB) as described by 
the manufacturer.



Page 4 of 13Zaghloul et al. BMC Biotechnology           (2025) 25:42 

Preparation of the highly transformable yeast strain in the 
spheroplast state
To transform the yeast cells with the gel-purified DNA 
fragments and pGF vector + hooks, we first prepared the 
yeast cells to be in the spheroplast stage following the 
protocols and buffer/solution compositions described in 
[24, 27]. In brief, the yeast cells were grown on the sur-
face of the YPD agar medium for two days, followed by 
the inoculation of a single growing colony into a YPD 
liquid medium (50 mL in 250 mL Erlenmeyer flask). The 
cells were kept under shaking conditions for 15 h at 30 °C 
and 280 rpm until the O.D. 660 was about 0.2–0.25.

For spheroplast preparation, the yeast cells were col-
lected by centrifugation at 1200 xg for 5  min in a cold 
centrifuge at 4 °C. Followed by suspension in 20 mL cold 

sorbitol solution (1 M). The sorbitol was collected by cen-
trifugation, and the cell pellet was resuspended in 20 mL 
of SPE buffer supplemented with 40 μL of zymolyase and 
40  μL of 2-mercaptoethanol (ME). This mixture of cells 
and SPE was kept under shaking conditions (60 rpm) 
for 15  min at 30  °C. Afterward, the cells were centri-
fuged using the same centrifugation conditions described 
above. The collected cells were gently washed twice with 
50 mL of cold sorbitol solution (1 M). The cells were then 
collected and resuspended in 2 mL of STC solution, pH 
7.5.

Table 1  Primers designed for the amplification of the small-size fragments of the Heliothis virescens ascovirus 3h (HvAV-3h), aimed 
at generating overlapping sequences. The sizes of the overlapping sequences in base pairs (bp) and the sizes of the PCR-amplified 
fragments (bp) are presented. Additionally, the primers used for colony PCR screening of the clones are listed
Primer name Sequence 5’ > 3’ Size (bp) Overlapping (bp)
A8-1 F GTAAAGACTCCACGAACAGTTTAATGAAAGTTTCTTC 3106 181
A8-1 R GTCGCTTCGTCGAATTTTCGTGTTGACTAACCG
A8-2 F GGCGAGACATGTAGCACGACCAAATCTAAATATTC 3141 252
A8-2 R GCCGCAAACAACTATCGACGCTACTTGATTC
A8-3 F CAAACCTACGTGTTCTAGATGGCACTGTATGA 3171 219
A8-3 R GAAGAAGTGTACGATGCGGTGAGTTTGATTC
A8-4 F CTGATACGTTCATGTACACGCGGATATATGGAG 3179 132
A8-4 R CATTTGTGATAGTTTATAACAGCGACGACCAG
A8-5 F GTGAGTTGTACTTGCCGATTTGTCGCAATAC 3263 155
A8-5 R* GTGCTACCGTGTGAAGAACTAAAACCTATGGG
A9-1 F* GATCGGAATTCTCGCAACACTCTCTCATAGC 2963 233
A9-1 R GTTAACGGGTCTGACGCATTCGAATTTTCATG
A9-2 F CCATCTGAAGACGATGATGATGGTAATTGTGC 3255 183
A9-2 R CTTTGAATCGTCGAATTCGATTCGTTCTCCG
A9-3 F CATGAATACTACGCAACTCGGCTACGAAACG 3091 141
A9-3 R CGAGATGTGGTCGTTTATACACTTCGTAATC
A9-4 F CTGTTTTCCTCGACCTAGATAACACGCTCATATG 3185 176
A9-4 R CTAATATCCACGGCTCTACCAACGACACCGT
A9-5 F GAGTAAATCATGGTTAGTAATGCCAGAGTATCAG 3187 178
A9-5 R CACGAACAACACAATCCAGAGGTGTTATACG
A10-1 F CTCTTATTCTCCCGTTCTGCTTTATACACGATTTTA 3105 193
A10-1 R CATAGAGCTGCATAAGCGGTGATAAGTAAAC
A10-2 F ATACAGTAACGGTCTTGAAAAGAGTCGTGAAC 3153 195
A10-2 R AACATGCTCGCAATATCGAAGTCGGTATCGTC
A10-3 F CGATGAATCTGACTCGGATGAATACGATGAC 3131 114
A10-3 R GAGACTGTGGTTTTAAAGAGCGTAGAGTCACT
A10-4 F GTCGCGATTCAACGTATCGTTCGTTTCCGAG 3191 162
A10-4 R GGCTTACAAGCTTATACCGCATGAGTGGAAG
A10-5 F GAACGAGCCATTAAAGCATAAACTCCTGGTTC 3085 –
A10-5 R CGAAATGATACATTACAAACATCAGCTCGCT
Vector_F* GCAAGGCGATTAAGTTGGGTAACGCCAGG –
Vector_R* GGAATTGTGAGCGGATAACAATTTCACACAGG –
A8-A10 R* GACGACGACGACGACGAATGGTCTAGAAGTC –
A11-1 F* GTAGATTTGTGATGGATGGCTACTATAGTGA –
*These primers were used for colony PCR screening of positive clones
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Co-transformation of the DNA fragments and linearized 
pGF vector into yeast spheroplasts
Finally, the DNA gel-purified fragments (~100–200 ng) 
and linearized vector (~100 ng) were mixed with the 
freshly prepared spheroplasts (described above) [24, 
27]. Afterward, we added 800 μL PEG8000 solution and 
mixed it gently by inverting the tube 4–6 times. This 
mixture was incubated at room temperature for 10 min. 
The cells were collected by centrifugation at a low speed 
of 400 xg at 4  °C. The collected cells were resuspended 
in 800 μL of SOS solution, followed by 40 min of static 
incubation at 30 °C. The yeast cells were cultured on his-
tidine-deficient (–His) plates and kept at 30 °C for 3 days 
to check the growing yeast clones. The obtained yeast 
clones were slightly touched with a sterile tip and added 
separately into the pre-set PCR mixture to examine by 
colony PCR the presence of the assembled fragments 
in the examined colony. For the colony PCR, the clones 
were examined using the same primers used to amplify 
the small-size fragments or using primers that span the 
junction between the DNA fragment and the vector or 
internal junction between two fragments (Table 1) to 
confirm that all the synthesized pieces are present in the 
final construct. Afterward, All the PCR reaction products 
were examined on the surface of 0.8% agarose gel in 1X 
TEA running buffer.

Plasmid preparation from yeast and E. coli cells
The positive yeast clones identified by colony PCR 
screening were cultured on SD-His liquid medium for 
two days (at 200 rpm and 30 °C). The growing yeast cells 
were collected by centrifugation (~3  mL), followed by 
treatment with 25  μL of zymolyase and 2.5  μL of beta-
mercaptoethanol to remove the yeast cell wall [12]. 
After one hour of static incubation at 37 °C, we isolated 
the yeast plasmid DNA following the instructions of the 
GeneJET plasmid Miniprep kit (Thermo Scientific). For 
plasmid isolation from E. coli cells, the cells growing on 
the LB liquid medium supplemented with chlorampheni-
col (25 μg/mL) and copy control solution were used for 
plasmid preparation using the same kit. The E. coli cells 
were grown for 5–12 h at 37 °C and 200–240 rpm.

Electroporation of E. coli cells
To amplify the yeast-purified plasmids, we transferred 
each plasmid into electrocompetent E. coli EPI300 cells 
prepared and preserved at–80 °C. Briefly, 3–6 μL of each 
purified plasmid were mixed gently with 40–60  μL of 
competent cells and incubated on ice for 5  min. After-
ward, we added this mixture into a 0.2  cm pre-chilled 
electroporation cuvette. The electroporation was con-
ducted at 2.5 kV, 25 μF, and 200 Ω. The pulsed cells were 
immediately transferred into 1  mL SOC medium and 
incubated on a shaker incubator for 1–2 h at 37  °C and 
180 rpm before being cultured on the surface of fresh LB 
medium supplemented with chloramphenicol (25  μg/
mL).

Restriction digestion analyses of the intermediate and 
long-assembled DNA fragments
The constructs were analyzed by restriction digestion 
to confirm the insert size. The purified plasmids were 
digested with SrfI or HindIII (NEB) restriction enzymes 
in case of intermediate or long DNA fragments, respec-
tively. The mutated pGF plasmid (described above) was 
digested with SrfI to confirm the length of the synthe-
sized intermediate DNA fragments. On the other hand, 
HindIII was used to digest the long DNA fragment (final 
construct) to confirm the digestion pattern and to vali-
date its similarity to the in silico predicted pattern.

Sanger-sequencing and NGS of the synthesized fragments, 
followed by a comparison with the parental viral DNA 
sequence
The three medium-sized fragments were sequenced by 
a Sanger sequencer through the sequencing service pro-
vided by I-congene (Wuhan, China). The sequence of the 
long-DNA fragment was conducted through the Beijing 
Tsingke Biotech Co., Ltd. Briefly, the long-DNA fragment 
was processed using the MiSeq Reagent Micro Kit V2, 
according to the manufacturer’s instructions, followed 

Table 2  Long primers designed to amplify the BAC/YAC pGF 
vector to add unique 3’ and 5’ hook sequences for the target DNA 
fragment in the HvAV-3h genome. The overlap size in base pairs 
(bp) between the medium-size fragments is provided
Target 
region

Prim-
er 
name

Sequence 5’ > 3’ Over-
lap 
(bp)

Part 1 pGF-
F–A8

TGAGCGGTCCCATAGGTTTTAGTTCTTCACAC-
GGTAGCACGCCCGGGCgctagagtcgacctg-
caggcatg

155

pGF-
R–A8

CCCGAAGAAACTTTCATTAAACTGTTCGTG-
GAGTCTTTACGCCCGGGCcgggtaccgagctc-
gaattc

Part 2 pGF-
F–A9

TATGATCCGCGTATAACACCTCTGGATTGTGTT-
GTTCGTGGCCCGGGCgctagagtcgacctgcag-
gcatg

178

pGF-
R–A9

ACGTCGTTCGCTATGAGAGAGTGTTGCGAGA-
ATTCCGATCGCCCGGGCcgggtaccgagctc-
gaattc

Part 3 pGF-
F-A10

TTCGCCGGTAGCGAGCTGATGTTTGTAATG-
TATCATTTCGGCCCGGGCgctagagtcgacctg-
caggcatg

–

pGF-
R-A10

CGCATAAAATCGTGTATAAAGCAGAAC-
GGGAGAATAAGAGGCCCGGGCcggg-
taccgagctcgaattc

pGF 
Vector

pGF-
F*

TCGTCTCGCGCGTTTCGGTGATGACG –

pGF-R GTCTGCTCCCGGCATCCGCTTACAGAC
*The pGF-F and pGF-R primers were used for the amplification of the pGF 
vector with the long primers to amplify the vector as two fragments
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by Illumina Miseq sequencing. The obtained reads were 
cleaned by fastp (0.20.1) filtering. The DNA assembly was 
made by spades.py using the HvAV-3h strain (KU170628) 
as a reference genome. The assembled sequences were 
aligned with the HvAV-3h genome by dot-blot analysis, 
or BLAST searched with other ascoviruses available in 
the NCBI database to identify the degree of sequence 
identity and mutations. The dot plot was generated 
through the BLASTn tool available through the NCBI. 
Briefly, we aligned the parental viral genome sequence 
located from nucleotide 96,478 to nucleotide 141,151 in 
the HvAV-3h genome (NCBI accession no. KU170628) 
with the NGS assembled sequence of the synthesized 
fragment. We used the default alignment parameters sug-
gested by the BLASTn tool. The generated dot-plot y-axis 
refers to the HvAV-3h wild-type sequence, while the 
x-axis refers to the synthesized fragment sequence.

Results
Assembly of the 44,674 bp fragment derived from the 
HvAV-3h DNA genome
To synthesize the long DNA fragment (size = 44,674 bp) 
located from nucleotide 96,478 to nucleotide 141,151 
in the HvAV-3h genome, we followed the approach 
described in Fig. 1. Briefly, the TAR approach was applied 
sequentially to assemble the long-DNA fragment. First, 
the PCR-synthesized overlapping DNA small-size frag-
ments were recombined in yeast cells using TAR to 
assemble three intermediate-size fragments by homolo-
gous recombination, followed by a second round of TAR 
in yeast cells to synthesize the long-DNA fragment. The 
linearized pGF vector, with specific 3’ and 5’ hooks, was 
transformed along with the small-size or intermediate-
size fragments into the yeast spheroplasts. The target 
HvAV-3h DNA region encodes 42 proteins, including 
eight bro-like proteins, 18 hypothetical proteins, three 

Fig. 1  The flowchart for assembling the target long DNA fragment derived from the Heliothis virescens ascovirus 3h (HvAV-3h) genome. The assembly of 
the long DNA fragment was conducted in a hierarchical process where the PCR synthesized overlapping DNA small-size fragments (~2.9–3.2 Kb) (a) were 
co-transformed with the BAC/YAC shuttle pGF vector into yeast spheroplasts for assembly in three parallel rounds of Transformation-Associated Recombi-
nation (TAR) in yeast cells (b) to form three intermediate-size (~15 Kb) fragments (c). Afterward, a final TAR cycle is made in yeast cells (d and e) to recom-
bine the three intermediate fragments into a single long DNA fragment (f). The 3’ and 5’ unique hooks are referred to by purple and red color, respectively
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ATPases, a cathepsin B protein, a helicase protein, a 
BRCA1-like protein, a gamma-glutamyl hydrolase-like 
protein, a serine/threonine protein kinase, a CDT phos-
phatase transcription factor, a nicotinate-nucleotide 
pyrophosphorylase, a NAD-glutamate dehydrogenase, 
a thioredoxin-like protein, a putative zinc-finger DNA 
binding protein, a transcription elongation factor S–II, 
a lysophospholipid acetyltransferase, and a lectin-like 
protein.

Synthesis of the small-size fragments and vector 
amplification
The first step in DNA synthesis was to amplify the small 
size overlapping fragments or the building blocks. The 
overlap ranged from 114–252 bp between the small-size 
fragments to facilitate recombination in yeast cells (Table 
1). We conducted a series of PCR reactions to synthesize 
the small DNA fragments. In total, we synthesized 15 
small-size (Ranging in size from 2963 to 3263 bp) frag-
ments using PCR, and the primers used for each piece 
amplification are described in Table 1. The size of the 
PCR amplified fragments was checked on the surface 
of Agarose gel (Fig. 1). The gel-purified small-size frag-
ments were prepared and co-transformed with linearized 
pGF vector, amplified by PCR to possess unique 3’ and 
5’ hook sequences (Fig.  2a). Every five fragments repre-
sent one part that is intermediate in size (i.e., three parts 
in total to form the long DNA fragment). The small-size 
fragments located at nucleotide 96478 to 111553 in the 
HvAV-3h genome represent part 1 (15,076 bp in length), 

the small-size fragments located at nucleotide 111399 
to 126346 represent part 2 (14,948 bp in length), and 
the small-size fragments located at nucleotide 126169–
141151 represent part 3 (14,983 bp) (Fig. 2b–d).

Assembly of three intermediate-size fragments (Parts 1, 2, 
and 3)
To assemble the first intermediate-size fragment (Part 1), 
the yeast spheroplasts were transformed with the first set 
of small-size fragments that constitute part 1 (~15 Kb) 
(Fig. 2b) along with the linearized pGF vector two frag-
ments (Fig. 2a). Similarly, we assembled part 2, and part 
3, individually, using the related small-size fragments 
(Fig. 2c and d). We isolated the plasmids from putative-
positive yeast colonies growing on–His selective medium 
and transformed them into electrocompetent E. coli cells 
for amplification. The plasmids were then isolated from 
the transformed E. coli cells. The assembled intermedi-
ate-size fragments derived from part 1, part 2, and part 
3 were released from the purified pGF vectors as demon-
strated in Fig.  3a using the SrfI restriction enzyme. The 
SrfI restriction enzyme was added to our primers design 
(Table 2) to facilitate the release of the intermediate-size 
and large-size fragments after assembly. A substitution 
mutation was successfully made in the pGF SrfI restric-
tion site, as confirmed by Sanger sequencing described 
in Fig. 3b. The mutation destroyed the pGF original SrfI 
site to become a unique-cutting site for the subsequent 
release of the assembled fragments.

Fig. 2  PCR amplification of the BAC/YAC shuttle pGF vector and small-size DNA building blocks of the Heliothis virescens ascovirus 3h (HvAV-3h) long 
DNA fragment. In a, the pGF vector is amplified by PCR in the form of two overlapping fragments to be recombined in yeast cells via Transformation-
Associated Recombination (TAR). In b, c, and d, the gel images refer to the PCR amplified small-size fragments using the purified viral DNA as a template 
in PCR reactions. Part 1 refers to the first set of small-size fragments located at nucleotide 96478 to 111553, part 2 refers to the second set of small-size 
fragments located at nucleotide 111399 to 126346, and part 3 refers to the third set of small-size fragments located at nucleotide 126169–141151. The 
described nucleotide positions are based on the HvAV-3h genome sequence (NCBI accession No. KU170628)

 



Page 8 of 13Zaghloul et al. BMC Biotechnology           (2025) 25:42 

The assembly of the long DNA fragment from the three 
intermediate-size fragments
After the SrfI digestion, we observed the incomplete 
digested vector (described in Fig.  3a). The presence of 
an incomplete digested vector interfered with the sub-
sequent trials to recombine the three intermediate frag-
ments. Therefore, we conducted a triple digestion using 
other unique-cutting restriction enzymes like SbfI and 
FseI. These two restriction sites exist only in the pGF vec-
tor and are absent in the viral DNA part1, 2, and 3 assem-
bled fragments. The vector destruction step was essential 
to get any yeast-positive clones that assembled the three 
parts. For example, although we got several yeast colo-
nies (>300) growing on the selective–His plates, they 
were only possessing one part and missing the other two, 
implying that they were false-positive clones formed due 
to the presence of some circularized pGF vector-loaded 
with one intermediate fragment. On the other hand, the 
gel purification of the three intermediate fragment parts 
1, 2, and 3 (Fig. 3) and co-transformation with the lin-
earized pGF vector improved the efficiency of the final 
TAR process to assemble the long-DNA fragment and 
getting positive clones (Fig. 4). The detection of the posi-
tive yeast clones relied on the colony PCR screening of 

some yeast colonies. Figure 4a demonstrates the exami-
nation of ten clones. In all clones, we were able to detect 
the first junction between the vector and the long DNA 
fragment, described in Fig. 4c. Moreover, further exami-
nation of two randomly selected clones with other primer 
sets designed to confirm the presence of the second junc-
tion between the vector and the long-DNA fragment or 
internal junction between two assembled fragments was 
positive as well (Fig.  4b), implying the assembly of the 
full-size long DNA fragment in the two clones.

The assembled long DNA fragment shares a high sequence 
identity with HvAV-3h and other closely related HvAV 
strains
Subsequently, we transformed the long DNA fragment 
assembled and cloned in the pGF vector into electro-
competent cells for a final round of plasmid DNA ampli-
fication. A limited number of clones (1–2 clone/plate) 
was able to grow on the surface of the LB + cm selective 
plates, implying a reduction in the E. coli transforma-
tion efficiency with increasing the transformed plasmid 
size. Analysis of these clones by restriction digestion 
using HindIII indicated that the resulting digestion pat-
tern closely matched the in silico predicted pattern for 

Fig. 3  Restriction digestion of the recombined pGF plasmid to release the intermediate-size assembled fragments. In (a), the three intermediate-size 
fragments assembled separately via TAR in yeast cells from the small-size PCR amplified fragments were released from the pGF vector using a unique 
restriction enzyme site (SrfI). In (a), note the presence of a faint band in lanes 1, 2, and 3 higher in size than the assembled intermediate fragment (~15 
Kb) and the vector (~10 Kb) referring to the incomplete digestion with SrfI. In (b), the Sanger sequence validation of the SrfI restriction site (GCCCGGGC) 
mutation in the pGF vector. The plasmid was mutated to facilitate the release of the assembled fragments by SrfI digestion
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this region in the parental HvAV-3h genome (Fig. 5a). We 
performed NGS for the verified plasmid. The sequence 
of the long-DNA fragment (A8-A10) synthesized in 
this paper has been deposited in the NCBI BioProject 
database accession no. (PRJNA1230813). The NGS and 
dot-plot analysis of the obtained long DNA fragment 
sequence with the wild-type HvAV-3h genome in the 
target region (located from nucleotide 96,478 to nucleo-
tide 141,151) revealed a 97.3% sequence identity between 
the compared sequences. Moreover, the dot-plot analy-
sis revealed the presence of a deleted region containing 
a bro-like gene. Specifically, we detected the deletion 
of bro11, two small-size hypothetical proteins, and a 
nicotinate-nucleotide pyrophosphorylase protein in the 
synthesized fragment (Fig.  5b). Generally, this deleted 
region in HvAV-3h genome (105–109 Kb) exhibits sub-
stantial variation across different HvAV strains (Fig. 5c). 
Furthermore, the pairwise alignment with HvAV-3h 
(NCBI accession No. KU170628) revealed the presence 
of multiple mutations in the synthesized fragment. How-
ever, most of these mutations were synonymous and are 
unlikely to be caused solely by TAR.

Interestingly, conducting a comparative analysis of 
Sanger sequencing results for the medium-sized frag-
ments and NGS data from the synthesized long-DNA 
fragment demonstrated nearly identical mutation pro-
files. This consistency indicates that the detected muta-
tions/deletions were already present during the initial 
synthesis of medium-sized fragments. Alignment of both 
sequencing datasets with the reference HvAV-3h strain 
(KU170628) revealed three specific nucleotide muta-
tions (Table 3) and three mutation regions (Fig. 5c): The 

first mutation region (105–109 kb) is the segment with 
the substantial variation across different HvAV strains 
(Fig.  5c). The BLAST result showed that the synthe-
sized fragment has the maximum query coverage with 
HvAV-3g and the highest sequence identity with HvAV-
3e (Supplementary Table 1). In the second mutation 
region (113–114 kb), the BLAST analysis demonstrated 
99.8% sequence consistency with HvAV-3i (Supplemen-
tary Table 2). The third mutation region (122.2–122.4 kb) 
showed complete sequence identity with both HvAV-3i 
and HvAV-3e strains (Supplementary Table 3).

Discussion
The assembly of long DNA fragments derived from any 
member of the Ascoviridae family has not been previ-
ously investigated. Therefore, the current study aimed to 
apply the TAR assembly method to assemble a long DNA 
fragment derived from the HvAV-3h, which belongs to 
this family of insect viruses characterized by their large 
dsDNA genomes and complex symmetry [15]. Evaluating 
assembly methods using DNA templates derived from 
diverse organisms may reveal the strengths and weak-
nesses of a specific approach in large-scale synthetic 
genomics for a particular virus species or family. Many 
insect viruses possess large dsDNA genomes and belong 
to the NCLDVs, which are recognized to have the most 
complex known viruses. Notable arthropod-infecting 
families within this group include Ascoviridae, Iridoviri-
dae, and Poxviridae [28]. In addition to arthropods, the 
Iridoviridae can infect fish and Amphibia [19], whereas 
Poxviridae are capable of infecting vertebrates. NCLDVs 
are typically distinguished by their large genomes, 

Fig. 4  PCR screening of positive yeast clones. Panel (a) displays the results of colony PCR conducted on putative positive colonies transformed with gel-
purified HvAV-3h fragments with the linearized pGF vector, which contains unique 3′ and 5′ hooks (Lanes 1–10). Panel (b) shows the recombined plasmid 
DNA from two randomly selected yeast clones, which were subsequently analyzed using PCR with three distinct sets of primers. The positions of these 
primers are depicted in panel (c). Primer pair 1 is at the first junction between the pGF vector and the assembled HvAV-3h long DNA fragment. Primer 
pair 3 is at the second junction between the pGF vector and the assembled HvAV-3h long DNA fragment. Primer pair 2 is at the region connecting two 
intermediate pieces. The PCR products from the first and second yeast clones are presented in lanes 1–3 and lanes 1′–3′, respectively
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virions, and protein-coding capacity, such that the size 
and coding capacity of these viruses can be comparable 
to those found in bacterial genomes [45].

We successfully generated a single long DNA fragment 
derived from the HvAV-3h genome, constituting approxi-
mately 23.5% of the total genome size (190,519 bp). Nota-
bly, this long DNA fragment exceeds the lengths of the 
complete genomes of several other synthesized viruses, 
for example, hepatitis C virus (HCV), SARS-like coro-
navirus, and bacteriophage T7 [29, 30, 31]. Recent stud-
ies demonstrated that the TAR approach is among the 
promising DNA assembly methods that specifically facili-
tate the assembly of long DNA fragments. It requires no 

Table 3  Point mutations in synthesized long-DNA fragment and 
medium-sized fragments
Position* HvAV-3h Synthesized long-

DNA fragment
Medium-
size frag-
ments

111,130 C T C
115,448 C T T
124,145 G A A
*The position is referred to the genome of HvAV-3h (NCBI accession No. 
KU170628)

Fig. 5  Restriction digestion pattern analysis of the synthesized long-DNA fragment, dot-plot analysis of its next-generation sequence with parental 
HvAV-3h, and BLAST alignment with other HvAV strains. In (a) HindIII digestion pattern of the synthesized long DNA-fragment recombined to pGF plas-
mid. M refers to the molecular DNA marker (250 bp-15 Kb size range, Accurate Biology). The left-side pattern represents the in silico prediction, and the 
right-side pattern refers to the resulting HindIII digestion pattern. The resulting digestion pattern closely matched the in silico predicted pattern for this 
region in the parental HvAV-3h genome except for the portion highlighted by the red box. These bands may represent incomplete digestion or mutation 
in the HindIII restriction site. In (b), dot-plot analysis of the synthesized long DNA fragment with the parental Heliothis virescens ascovirus 3h (HvAV-3h) 
genome sequence in the target region (located from nucleotide 96,478 to nucleotide 141,151). The y-axis represents the HvAV-3h parental viral genome 
(NCBI accession No. KU170628). The x-axis represents the synthesized fragment obtained NGS sequence. In (c), a diagram of BLAST result of querying 
HvAV-3h whole genome. The 105–109 kb region exhibiting substantial variation across different HvAV strains was labeled by an orange box
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enzymes and produces seamless ligated DNA fragments 
by yeast homologous recombination [2, 11, 32]. In our 
study, we constructed the long DNA fragment in a grad-
ual process by synthesizing small fragments, which were 
recombined into intermediate-sized fragments by TAR in 
yeast. Afterward, we made an additional round of TAR in 
yeast cells to assemble the intermediate fragments. Previ-
ous experiments have demonstrated the possible usage of 
TAR to form a large circular DNA molecule from over 20 
DNA fragments in a single transformation step in yeast 
cells. However, one limitation associated with the direct 
assembly of the final long DNA construct using small 
fragments is that the yeast cell must take up at least one 
of each small fragment to assemble the complete long 
DNA fragment [33]. Consequently, as the number of 
DNA pieces required for uptake increases, the probabil-
ity of successful assembly diminishes.

Previous studies have indicated that only a limited 
number of mutations existed in the viral genome frag-
ments assembled by TAR in yeast cells [13, 34, 44]. In 
contrast, we have observed the presence of a bro-like 
gene containing region deletion and the accumulation 
of multiple synonymous mutations in the synthesized 
long DNA fragment. Moreover, we observed that the 
long-DNA fragment NGS sequence had a nearly identi-
cal mutation profile with the assembled medium-sized 
fragments. This consistency indicates that the detected 
mutations and deletions were already present during 
the initial synthesis of medium-sized fragments. There-
fore, the presence of these deletions and mutations in the 
case of HvAV-3h DNA fragment synthesis is unlikely to 
be caused solely by TAR and could reflect the contribu-
tion of different factors. For example, the presence of the 
template viral DNA as a cocktail resulting in that some 
of the 2–3 Kb fragments generated by PCR already car-
rying the mutation. Among the possible reasons for the 
existence of these viruses as a cocktail of closely related 
strains is the difficulty of separating them due to the typi-
cal propagation of ascoviruses in different lepidopteran 
insect hosts and the lack of a suitable insect tissue cul-
ture system to reproduce the in vivo infection and to get 
a singular viral clone. For example, the ascovirus charac-
teristic virion-containing vesicles were reported by previ-
ous in vitro tissue culture studies to be absent or formed 
with significant differences when compared to the in vivo 
formed ones [35]. Interestingly, a similar observation was 
reported earlier in the Spodoptera frugiperda ascovi-
rus 1a (SfAV-1a) during an in vivo transcriptomic study, 
where mapping of the SfAV-1a reads into the reported 
viral genome sequence, including the Open Reading 
Frames (ORFs) demonstrated the presence of multiple 
mismatches [36]. These observations may explain why 
most of the mutations we have identified in the synthe-
sized long-DNA fragment were synonymous. On the 

other hand, the template viral DNA may have encoun-
tered the accumulation of multiple mutations due to the 
repeated passage of the parental viral DNA through dif-
ferent insect hosts, which facilitates the accumulation of 
these synonymous mutations. A recent study on HvAV-
3h supports this hypothesis since the HvAV-3h virions 
adapt to the host. For instance, the HvAV-3h virions 
exhibited different protein compositions when isolated 
from different host larval species [37]. Generally, DNA 
viruses exhibit higher mutation rates relative to RNA 
viruses. The significance of these synonymous mutations 
for virus evolution remains controversial. Nonetheless, 
these mutations can alter cis-acting regulatory elements, 
reduce the stability of duplex structures, and affect gene 
expression [38, 39, 40, 41]. Additionally, some muta-
tions may occur during the amplification step of the TAR 
assembly building blocks synthesized by PCR. Indeed, 
even with PCR enzymes characterized by their high 
fidelity, random errors are inevitable, particularly during 
amplifying long DNA sequences [11, 42, 43]. To mitigate 
mutation introduction during TAR, some researchers 
have used exclusively chemically synthesized DNA build-
ing blocks, thereby preventing the introduction of any 
mutation in the assembled long fragments [44]. More-
over, cloning and Sanger sequencing of the small-building 
blocks can contribute to excluding mutated fragments at 
early synthesis steps.

Conclusions
We successfully used the TAR assembly approach to con-
struct a long-DNA fragment derived from the HvAV-3h 
genome. The findings of this study revealed the efficient 
and cost-effective synthesis of both small (~2.9–3.2 Kb) 
and intermediate-sized (~15 Kb) viral DNA fragments 
to assemble the final construct exceeding 44.6 Kb. How-
ever, a decrease in the transformation efficiency of E. 
coli was encountered when the transformed plasmid size 
increased. In summary, this method holds the potential 
for scaling up to synthesize the complete viral genome for 
gene functional studies.
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