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Abstract: Baculoviruses are insect pathogens that are characterized by assembling the viral dsDNA 20 

into 2 different enveloped virions during an infective cycle: occluded virions (-ODV- immersed in a 21 

protein matrix known as occlusion body); and budded virions. ODVs are responsible for the pri- 22 

mary infection in midgut cells of susceptible larvae thanks to the per os infectivity factor (PIF) com- 23 

plex, composed of at least 9 essential viral proteins. Among them, P74 is a crucial factor which ac- 24 

tivity has been identified as virus-specific. In this work, the p74 gene from AcMNPV was 25 

pseudogenized using CRISPR/Cas9 technology, and then complemented with wild type alleles 26 

from SeMNPV and HearSNPV species, as well as chimeras combining the P74 amino- and carboxyl 27 

domains. The results on Spodoptera exigua and Rachiplusia nu larvae showed that an amino terminal 28 

sector of P74 (lacking two potential transmembrane regions but possessing a putative nuclear ex- 29 

port signal) is sufficient to restore the virus infectivity by itself or fused to the P74 transmembrane 30 

regions of the other viral species evaluated. These results provide novel information about the func- 31 

tional role of P74 and delimits the region on which mutagenesis could be applied to enhance viral 32 

activity and thus produce better biopesticides. 33 

Keywords: Baculovirus; P74; AcMNPV; SeMNPV; HearSNPV; CRISPR/Cas9; Spodoptera exigua; Ra- 34 
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 36 

1. Introduction 37 

Baculoviridae family is composed by insect-specific rod‐shaped viruses with large co‐ 38 

valently closed circular double-stranded DNA (cccdsDNA), from 81,755 bp (NeleNPV) to 39 

178,733 bp (XecnGV) in length, usually used as crop pest control agents among other bi- 40 

otechnological uses [1,2]. In nature, baculoviruses infect susceptible hosts in larval state 41 

and produce two genetically identical but morphologically distinct viral phenotypes: Oc- 42 

clusion-Derived Viruses (ODVs) and Budded Viruses (BVs) [3]. The first are the ones that 43 

initiate the infection in the midgut defining the host-range (primary infection), and are 44 

characterized by being embedded in a crystalline matrix denominated Occlusion Bodies 45 
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(OBs) that physically protect virions against environmental stresses, while the BVs are 46 

responsible of cell-to-cell infections inside the larval body (secondary or systemic infec- 47 

tion) [4].  48 

Baculoviruses are classified in four genera according to their nucleotide sequence and 49 

phylogeny [5], permissive host species [6], and the type of main OB´s protein [7]: Al- 50 

phabaculovirus, Betabaculovirus, Gammabaculovirus, and Deltabaculovirus. While alpha- and 51 

betabaculoviruses infect insects belonging to Lepidoptera order, gamma- and 52 

deltabaculoviruses infect members of Hymenoptera and Dyptera orders, respectively [3]. 53 

Besides, Alphabaculovirus genus is subclassified in two clades, “group I” and “group II”, 54 

based on phylogeny inferences and the occurrence of different envelope fusion proteins 55 

in BVs [8]. GP64 protein is present in group I alphabaculoviruses [9], while for all the other 56 

ones, including those belonging to the group II, the F protein is the factor associated to 57 

cell-to-cell spreading [10–12]. 58 

Baculovirus infection starts with the ingestion of OB-contaminated food (per os route) 59 

by the larvae [13]. Then, OBs get dissolved in the alkaline larval midgut and release the 60 

ODVs into the gut lumen to infect the epithelial cells. Once ODVs pass through the peri- 61 

trophic matrix, the viral envelope fuses with the cell membrane releasing the nucleocap- 62 

sids. This process of recognition, binding and fusion determines the success of the infec- 63 

tion and it is carried out by a group of virus proteins anchored in the ODV envelope, 64 

termed as per os infectivity factors (PIFs) [14–17]. So far ten PIFs have been identified: PIF0 65 

(Ac138), originally called P74 because the molecular weight is 74 kDa [18,19]; PIF1 (Ac119) 66 

[20]; PIF2 (Ac22) [21,22]; PIF3 (Ac115) [23,24]; PIF4 (Ac96) [25,26]; PIF5 (ODV-E56 or 67 

Ac148) [27,28]; PIF6 (Ac68) [29]; PIF7 (Ac110) [30]; PIF8 (VP91 or Ac83) [31,32]; and PIF9 68 

(Ac108) [33,34]. Interestingly, except for PIF9 which has no orthologs detected in 69 

Deltabaculovirus [35], all the genes that encode these factors are part of the 38 core genes 70 

described until now in Baculoviridae [31] and are also conserved in other invertebrate DNA 71 

viruses, like nudiviruses, hytrosaviruses, bracoviruses and nimaviruses [3,36]. In accord- 72 

ance with the information reported, all the PIF proteins but PIF5 are arranged in a com- 73 

plex, in which PIF1, 2, 3 and 4 form a stable core and PIF0 (P74), 6, 8 and 9 are more loosely 74 

associated [17,34,37]. When any of these factors is deleted from the baculoviral genome it 75 

results in the loss of oral infectivity by the inhibition of the primary infection [36,38]. But, 76 

the infective capacity of BVs does not seem diminish, since PIFs are not needed for cell to 77 

cell spreading. Consequently, in vitro propagation in insect cell culture of a PIF-deficient 78 

baculovirus is not affected and show wild type characteristics thus facilitating the study 79 

of these variants [20–22]. 80 

P74 was the first viral protein found to be essential for baculovirus oral infection and, 81 

more recently, has also been described to play a fundamental role in the ODV binding to 82 

larvae’s midgut epithelium [16,39]. The N-terminus portion of the protein is directed out- 83 

wards from the ODV-envelope, and unlike PIF1-4, 7 and 8, an inner nuclear membrane 84 

sorting motif (INM-SM) has not been described [38,40,41]. On the other hand, the C-ter- 85 

minus is believed to be anchored in the ODV envelope and whether it contains of two or 86 

three transmembrane (TM) domains is still under discussion [38,42]. It has been reported 87 

that P74 of Autographa californica nucleopolyhedrovirus (AcMNPV) undergoes two in- 88 

dependent cleavages once the OB dissolves in the midgut lumen. The first one would be 89 

mediated by a host-derived protease and divides the protein into two fragments of ap- 90 

proximately 35 and 40 kDa. The second cleavage would be executed by insect midgut 91 

trypsins releasing a 20-kDa fragment from the N-terminus, which still interacts with the 92 

rest of the PIF complex [43]. This process would be the crucial step to activate P74 [44]. 93 

Moreover, other studies have demonstrated that the infection of susceptible larvae with a 94 

p74-knockout AcMNPV could be rescued by co-feeding with the purified protein or even 95 

with a soluble truncated form without the C-terminal TM domain (1–580 aa) [42,45]. 96 

Nonetheless previous attempts to replace P74 with other homologs had failed, resulting 97 

in the completely loss of the oral infectivity. This highlights the highly specific interactions 98 
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among PIF proteins and between these and the cellular factors of the midgut epithelial 99 

cells to support the primary infection [46,47]. 100 

Manipulation trough viral genome engineering such as PIF deletions or modifica- 101 

tions allow us to assess the protein function and its implications in the baculoviral infec- 102 

tivity. In recent years genome mutagenesis has become easier by the introduction of the 103 

clustered regularly interspaced short palindromic repeats‐Cas9 or CRISPR/Cas9 technol‐ 104 

ogy [48–50]. The CRISPR/Cas9 system involves a single guide RNA (sgRNA) that interacts 105 

and directs the Cas9 endonuclease to a specific site to perform a double-strand DNA break 106 

(DSB) [51]. This triggers DNA repair by one of two major pathways, the error-prone non- 107 

homologous end joining (NHEJ) or the homology-directed repair (HDR) pathway. This 108 

last mechanism requires to provide a donor DNA with homology to the flanking sequence 109 

of the DSB. But in absence of this template, the endogenous cell repair machinery carry 110 

out the NHEJ leaving consequential insertions/deletions (indel) mutations as a scar near 111 

the site of the break [52].  112 

In this work a variant of AcMNPV, the prototypic baculovirus most used for biotech- 113 

nological purposes, was knocked out in the p74 gene by CRISPR/Cas9 technology and 114 

NHEJ repair, and then complemented with sequences that encode P74 domains or P74 115 

chimeras generated by combinations of domains from different baculovirus species 116 

(Spodoptera exigua multiple nucleopolyhedrovirus -SeMNPV- and Helicoverpa armigera single 117 

nucleopolyhedrovirus -HearSNPV). The characterization of P74 protein and the biological 118 

effects on susceptible larva add new evidence for the understanding of the baculovirus 119 

PIF complex. 120 

2. Materials and Methods 121 

2.1. In vitro cell culture and insect rearing 122 

The Spodoptera frugiperda Sf21 insect cell line [53] was cultured on monolayers at 25°C 123 

in Grace’s Medium (GIBCO BRL, Gaithersburg, MD, USA) supplemented with 10% fetal 124 

bovine serum (FBS; GIBCO BRL, Gaithersburg, MD, USA) and antibiotics and antimycot- 125 

ics (GIBCO BRL Gaithersburg, MD, USA). Spodoptera exigua larvae were derived from the 126 

stablished colony at the University of Valencia (Spain), and Rachiplusia nu larvae were 127 

obtained from AgIdea S.A. (Pergamino, Buenos Aires, Argentina). Insects were reared 128 

with artificial diet at 25°-27°C with 70% relative humidity and a photoperiod of 16/8 h 129 

(light/dark).  130 

2.2. Bioinformatics studies 131 

A non-redundant set of 76 P74 protein sequences were obtained from the reported 132 

genomes (22 group 1-alphabaculoviruses; 28 group II-alphabaculoviruses; 22 be- 133 

tabaculoviruses; 3 gammabaculoviruses; and 1 deltabaculovirus) (Supplementary Table 134 

1) and aligned using ClustalX [54]. The consensus line was used to generate a sequence 135 

similarity plot employing a residue-by-residue sliding windows strategy (35 nucleotides- 136 

length), where arbitrary values were assigned to different symbols (+1 for identical resi- 137 

dues; +0.5 and +0.25 for the different degree of conservative changes; and -0.2 for non- 138 

conservative changes). The algebraic sum was normalized by the window length and al- 139 

lotted to the window central position. Moreover, the evolutionary history was inferred 140 

with MEGA7 [55] using the Maximum Likelihood method based on the LG+G+I model 141 

[56] and also considering orthologs to P74 of nudiviruses, hytrosaviruses and nimaviruses 142 

(Supplementary Table 1). Initial trees for the heuristic search were obtained by Neighbor- 143 

Joining and BioNJ algorithms (the matrix of pairwise distances was estimated using a JTT 144 

model) and the topology with superior log likelihood value was selected. A discrete 145 

Gamma distribution was used to model the different evolutionary rates among sites [2 146 

categories (+G, parameter = 1.1482)]. The weblogo server was used with default parame- 147 

ters (https://weblogo.berkeley.edu/logo.cgi) [57], and the hydropathy profiles were gen- 148 

erated using a sliding overlapping window strategy (21 residues-length displaced from 149 
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one residue at a time). The putative transmembrane domains, the disulfide bonds, and the 150 

nuclear export signal (NES) predictions were performed using webservers (https://ser- 151 

vices.healthtech.dtu.dk/service.php?TMHMM-2.0 [58]; http://disulfind.disi.unitn.it/ [59]; 152 

http://clavius.bc.edu/~clotelab/DiANNA/ [60]; https://services.healthtech.dtu.dk/ser- 153 

vice.php?NetNES-1.1 [61]) and standard parameters. 154 

2.3. P74 gene knockout in AcMNPV-bacmid  155 

The AcMNPV-bacmid bMON14272 [62] was depleted in p74 gene using 156 

CRISPR/Cas9 technology. Briefly, the CRISPR RNA (crRNA, 5´ AACTGGCTTTCAG- 157 

CAAGCGC 3´) used to direct the Streptococcus pyogenes Cas9 nuclease (New England Bi- 158 

olabs, Ipswich, MA, USA) to the initial part of the p74 open reading frame (ORF) was 159 

previously designed 207 bp downstream of ATG codon [50] using the CHOP‐CHOP 160 

online platform (https://chopchop.rc.fas.harvard.edu) and synthesized (Integrated DNA 161 

Technologies, Leuven, Belgium). To generate the ribonucleoprotein (RNP) complex, 1 μL 162 

of the crRNA (1 μM) was incubated with 1 μL of tracrRNA (1 μM) and 98 μL of nuclease‐ 163 

free duplex buffer (both from Integrated DNA Technologies, Leuven, Belgium) for 5 min 164 

at 95°C. Then, 1 μL of the crRNA-tracrRNA mixture was combined with 6.2 μL of Cas9 (1 165 

mM) and 2.8 μL of nuclease‐free water to a final volume of 10 μL (incubation at 37°C for 166 

5 min). The bacmid DNA was purified following the manufacturer’s instructions of Bac- 167 

to-Bac system (GIBCO BRL Gaithersburg, MD, USA) and added to the previous mixture 168 

(1 μg), which was then transfected in Sf21 cells (70% confluent) using Cellfectin® II Rea‐ 169 

gent (Invitrogen, Carlsbad, CA Carlsbad, USA) in Grace’s medium without FBS. After 5 170 

hours of incubation, the medium was replaced by Grace’s medium supplemented with 171 

10% FBS and incubated for 72 hours at 25°C. Later, BVs were isolated from supernatants 172 

following the plaque assay protocol [63] and the individual clones were analyzed by am- 173 

plicon Sanger sequencing using PrepMan® Ultra reagent (Applied Biosystems, Foster 174 

City, CA, USA) and the primers FwP74seq and RvP74seq (Table 1) [50] to detect indel 175 

mutations. Once P74 depleted bacmid (bMON14272Δp74) was identified, its BVs were 176 

replicated in Sf21 cells and the viral DNA purified using standard phenol/chloroform pro- 177 

tocol [63] to be sequenced by Illumina (MiSeq System, Laboratorio de Secuenciación Ser- 178 

vicio Central de Soporte a la Investigación-SCSIE, Universitat de València, Valencia, 179 

Spain). Finally, DH10b Escherichia coli competent cells were transformed with the Ac- 180 

MNPV-bacmidΔp74 DNA and the pMON7124 helper plasmid (GIBCO BRL 181 

Gaithersburg, MD, USA) to generate the DH10bacΔp74 strain for further Bac-to-Bac ap- 182 

plications. 183 

2.4. AcMNPV-bacmidΔp74 complementation 184 

Accordingly with the bioinformatics analysis of the P74 protein, several baculovirus- 185 

transfer plasmids were constructed in pFastBac-Dual vector (GIBCO BRL Gaithersburg, 186 

MD, USA) carrying the green fluorescent protein (GFP) ORF under the p10 promoter. 187 

Firstly, a synonym mutation (amino acid 458 -aspartic acid-; C1374 to T1374) in the p74 ORF 188 

from AcMNPV (NC_001623.1) was introduced by splicing by overlap-extension PCR us- 189 

ing the primers pFwp74Ac, pRevp74Ac, pFwBamAc and pRevBamAc (Table 1) to add a 190 

BamHI recognition site between the amino (Nt) and carboxyl (Ct) protein domains. Then, 191 

the p74 coding sequences of AcMNPV (mutated allele), SeMNPV and HearSNPV-G4 192 

(NC_002169, NC_002654, respectively; both sequences naturally possessing the BamHI 193 

site in the desired position) were amplified by PCR using the corresponding primer pairs 194 

pFwp74Ac/pRevp74Ac or pFwP74Se/pRevP74Se or pFwP74Ha/pRevP74Ha (Table 1), 195 

and then cloned in phase with the 6xHis-tag of the pQe30 vector (Qiagen, Hilden, Ger- 196 

many) using BglII/BamHI (for insert or vector, respectively) and HindIII endonucleases, 197 

T4 DNA ligase (New England Biolabs, Ipswich, MA, USA) and standard procedures [64]. 198 

These recombinant plasmids were used as source of complete, Nt or Ct P74 sequence do- 199 

mains to generate different ORF versions under the polyhedrin promoter in the pFastBac- 200 



Viruses 2021, 13, x FOR PEER REVIEW 5 of 18 
 

 

Dual-GFP vector [AcAc (Nt and Ct of p74 from AcMNPV); SeSe (Nt and Ct of p74 from 201 

SeMNPV); HaHa (Nt and Ct of p74 from HearSNPV); AcSe (Nt of p74 from AcMNPV and 202 

Ct from SeMNPV); AcHa (Nt of p74 from AcMNPV and Ct from HearSNPV); SeAc (Nt of 203 

p74 from SeMNPV and Ct from AcMNPV); Ac (only Nt of p74 from AcMNPV); null (with- 204 

out p74 ORF)] by the use of EcoRI, BamHI, HindIII, T4 DNA ligase and standard proce- 205 

dures [64]. These constructs (previously certified by Sanger sequencing; STAB VIDA, Ca- 206 

parica, Portugal; Macrogen, Republic of Korea) were used to generate recombinant bacu- 207 

lovirus stocks (BacΔp74/GFP+p74AcAc; BacΔp74/GFP+p74SeSe; 208 

BacΔp74/GFP+p74HaHa; BacΔp74/GFP+p74AcSe; BacΔp74/GFP+p74AcHa; 209 

BacΔp74/GFP+p74SeAc; BacΔp74/GFP+p74Ac; BacΔp74/GFP) employing the 210 

DH10bacΔp74 strain and Bac-to-Bac protocols. Besides, a non p74-knockout version was 211 

produced (Bac/GFP) using the original bMON14272 bacmid. All virus stocks were stored 212 

at 4°C and tittered by end-point dilution assay [65,66]. 213 

Table 1. List of PCR primers. 214 

Primer Sequence (5´ to 3´) 

FwP74seq GGTTTTAACAGCCGTCGATTTA 

RvP74seq TAAGATGCATTTGTTGTCGAGC 

pFwp74Ac GAAGATCTATGGCGGTTTTAACAG 

pRevp74Ac CCCAAGCTTAAAATAACAAATCAATTG 

pRevBamAc TAACCGAACGGATCCCATAGCGC 

pFwBamAc GCGCTATGGGATCCGTTCGGTTA 

pFwP74Se ATCAGATCTGCTATGCTCACTTTTGTAGAC 

pRvP74Se ATCAAGCTTATTCCGAATAGAGATTGTCGTAC 

pFwP74Ha ATCAGATCTTTCATGTCGAATATCATTTATATAC 

pRvP74Ha ATCAAGCTTATGTGTATAAATTGTGGTACC 

FwMe53 GCTTTGAAATGCACAACG 

Restriction enzyme site sequences are indicated (underlined). AGATCT (BglII); AAGCTT 215 
(HindIII); GGATCC (BamHI). 216 

2.5. OB generation for the recombinant baculoviruses  217 

Both bMON14272 and bMON14272Δp74 do not express polyhedrin gene and there‐ 218 

fore they do not generate OBs in cell culture. Due to this, a co-occlusion strategy was em- 219 

ployed to produce infecting OBs using as helper a p74 deficient virus that express poly- 220 

hedrin. Thus, a recombinant baculovirus using bMON14272Δp74 and a pFastBac-Dual 221 

carrying mCherry ORF (under p10 promoter) and AcMNPV polyhedrin ORF (under pol- 222 

yhedrin promoter) was generated (BacΔp74/Cherry+polH), multiplied and tittered as pre‐ 223 

viously mentioned to produce BVs and OBs. All the OB productions were carried out by 224 

co-infecting Sf21 cells with each GFP-producing virus (providing variants of P74) with the 225 

mCherry-producing virus (providing polyhedrin) at a multiplicity of infection (MOI) 5 for 226 

each one. After 5 days of incubation at 25°C the cells were harvested, pelleted by centrif- 227 

ugation at 1,000xg for 5 min, and resuspended in 0.1% w/v SDS. OBs were separated from 228 

the cellular debris loading the lysate in a 40% w/v sucrose solution and centrifuging at 229 

30,000xg for 30 min. The resulting pellets were washed with distilled water and centri- 230 

fuged at 2,000xg for 5 min. Finally, after resuspending the OB pellets in distilled water 231 

they were quantified using a Neubauer chamber and an optical microscope thus generat- 232 

ing AcMNPV-Δp74, AcMNPV-p74AcAc, AcMNPV-p74SeSe, AcMNPV-p74HaHa, Ac- 233 

MNPV-p74AcSe, AcMNPV-p74AcHa, AcMNPV-p74SeAc, AcMNPV-p74Ac, AcMNPV- 234 

p74wt. The presence of P74 protein in the OBs was verified by western blot, first resolving 235 

the viral proteomes in a 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and 236 

then using mouse anti-6xHIS as primary antibody (BD Biosciences, Franklin Lakes, NJ, 237 

USA) and a goat anti‐mouse immunoglobulin conjugated with HRP as secondary anti- 238 

body (Jackson ImmunoResearch Laboratories INC, West Grove, PA, USA). Protein bands 239 

were detected using an enhanced chemiluminescent substrate (ECL; Thermo Fisher 240 
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Scientific, Watham, MA, USA) and a C-Digit blot scanner (LI-COR, Bad Homburg, Ger- 241 

many). 242 

2.6. Bioassays with recombinant AcMNPVs 243 

Two methodologies were used to assess the infectivity of the recombinant viruses. 244 

On the one hand, 16 fourth instar S. exigua larvae were injected into the haemocoel with 5 245 

µL of 5x104 BVs of each different AcMNPV in MQ water (Grace’s medium was used as 246 

negative control). The infections were confirmed by the visualization of fluorescence 247 

(Leica MZ10 F) and larvae were incubated at 26°C until death. On the other hand, to eval- 248 

uate the oral infectivity of co-occluded recombinant viruses by the droplet feeding method 249 

[67], suspensions of OBs were diluted in a 10% v/v phenol red and 10% w/v sucrose solu- 250 

tion to perform bioassays in early third instar S. exigua or R. nu larvae (1x107 OBs/mL). 251 

Exposed insects were maintained at 26°C and mortality was recorded each 12 h (S. exigua) 252 

or 24 h (R. nu) until all individuals died. The bioassays were performed side‐by‐side for 253 

all the viruses and repeated three times. Mortality curves were assessed using the Kaplan– 254 

Meier method and compared using the log‐rank analysis (Mantel–Cox test) using 255 

GraphPad Prism software (GraphPad Software Inc., San Diego, CA, USA). The hemo- 256 

lymph was recovered from infected larvae to expose Sf21 cells growing in monolayers on 257 

6-well plaques and was incubated for 4 days. The supernatants of infection recovered after 258 

this time were treated with PrepMan® Ultra reagent (Applied Biosystems, Waltham, MA, 259 

USA) to obtain the viral DNAs that was later used as PCR templates using the primers 260 

FwMe53 y RvP74seq (Table 1). These PCR products were sequenced by Sanger method 261 

(STAB VIDA, Caparica, Portugal) to confirm the genetic stability of the p74 knockout. 262 

3. Results 263 

3.1. P74 phylogeny and protein domains 264 

3.1.1. Phylogeny 265 

The baculovirus PIF proteins are structural polypeptides associated with the ODV 266 

envelope and functionally essentials for the primary infection. P74 phylogeny reproduces 267 

the organization of Baculoviridae in the 4 recognized genera [6], showing an ancestral evo- 268 

lution pattern as the viral family diversified (Figure 1). Orthologs to this protein are found 269 

in other ancestrally related invertebrate virus families such as Nudiviridae, Hytrosaviridae 270 

and Nimaviridae [36], suggesting the existence of similar functional roles for this protein 271 

in those viruses.. 272 
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Figure 1. Phylogenetic analysis of the P74 proteins. Evolutionary inference of the P74 protein con- 274 
sidering species of the 4 baculovirus genera and representative species of other invertebrate viruses 275 
(nudivirus, hytrosavirus and nimavirus). Bootstrapping values greater than 40 are shown. Al- 276 
phabaculoviruses, betabaculoviruses, gammabaculoviruses, and deltabaculoviruses are shaded in 277 
green, yellow, blue, and gray respectively. The 3 species of alphabaculoviruses considered in the 278 
experimental studies are in red letters. 279 

The P74 proteins considered in this work to evaluate their role in the AcMNPV PIF 280 

complex belong to well-differentiated clades within alphabaculoviruses. Furthermore, 281 

both AcMNPV and SeMNPV can infect Spodoptera exigua larvae (one of the models to be 282 

evaluated with the P74 variants), while HearSNPV cannot. 283 

3.1.2. Protein domains 284 

A P74 similarity study considering baculoviruses from the 4 genera reveals the oc- 285 

currence of few conserved motifs where it is possible to highlight 3 at the amino terminal- 286 

region (Nt). Each of these 3 domains contain 2 cysteines (probably necessary for folding 287 

by putative disulfide bonds), and 1 at the carboxyl-terminal region (Ct) containing a pu- 288 

tative NES which could also contribute to the protein localization on the virion surface 289 

(Figure 2.A). In this regard, 3 transmembrane (TM) regions can also be predicted (NES is 290 

contained in TM-1) at the Ct, which would allow the polypeptide to be structured in the 291 

ODV envelope exposing the Nt out of the virion (Figure 2.B,C,D) as previously reported 292 

[38].  293 
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 294 

Figure 2. Domain architecture of P74 proteins. Bioinformatics studies for P74 protein consensus 295 
based on sequences from species of 4 baculovirus genera. A. P74 similarity plot. The dashed line 296 
indicates the average value. Sequence logos highlights the 6 cysteines perfectly conserved in all P74 297 
(orange boxes). Dashed red lines shows the connectivity predicted with Disulfind server. The puta- 298 
tive NES is also indicated (yellow box) and the point of separation between the Nt and Ct regions is 299 
marked with a red asterisk. The WDP triad contains a conserved BamHI site at the nucleotide se- 300 
quence level (or the possibility of introducing it through a same-sense point mutation) further used 301 
on the construction of hybrid proteins. B. P74 hydropathy profile (black line). Variability was con- 302 
sidered as the standard deviation (in blue). The 3 putative transmembrane regions (TM) are indi- 303 
cated, one of them (TM-1) containing a putative NES sequence. C. Sequence logos of each of the TM 304 
detected. D. TM predictions. These regions are highlighted in gray in all analyses. 305 

This organization could suggest that the P74 protein has a sector with a structural 306 

role in the Ct (containing TMs), and another exposing a functional character in the Nt 307 

associated with the specific recognition for the host midgut cells. In fact, it is in the Nt 308 

where a protease-mediated activation process has been reported [43,44]. Interestingly, 309 

TM-2 and TM-3 differ from TM-1 in that they are in a region of minimal similarity; their 310 

physicochemical characteristics seem to be more important than the residues found there. 311 

By contrast, TM-1 is in one of the most conserved regions for P74 in Baculoviridae. 312 



Viruses 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

Immediately downstream of the NES (and at the end of the TM-1) appears a conserved 313 

amino acid triad consisting of tryptophan, aspartic acid, and proline (WDP). In this sense, 314 

the corresponding nucleotide sequence is “TGG GAY CCN” enabling the occurrence of a 315 

BamHI recognition site (--G GAT CC-). This is an opportunity to separate the ORF in 2 316 

sectors (Nt of 458 vs Ct of 187 amino acids in AcMNPV) for any baculoviral p74 (without 317 

affecting the amino acid sequence when in-phase chimerization are performed), thus as- 318 

sisting in a better analysis for this important factor. 319 

3.2. AcMNPV knockout in p74 gene and complementation 320 

3.2.1. CRISPR/Cas9 application 321 

The AcMNPV bacmid was edited by CRISPR/Cas9 technology generating a knockout 322 

in the p74 gene by NHEJ. To this, the Cas9/RNP complex was guided to the initial part of 323 

the p74 ORF (207 bp downstream of ATG codon) and 3 mutant candidates were selected 324 

among 11 viral clones. Two of these affected viruses showed a deletion of 3 bp (nucleo- 325 

tides 205-207 and 203-205) and a third one presented a 4 bp deletion (nucleotides 207-210) 326 

in the p74 ORF. Because the latter evidenced a frameshift that produce an early stop codon 327 

(Figure 3), it was the candidate of choice to continue the studies. After verifying the ab- 328 

sence of off-target mutations by NGS whole genome sequencing, this mutagenized bac- 329 

mid was then used to reconstitute the Bac-to-Bac system to carry out complementation 330 

assays with p74 ORF variants. In this regard, 2 donor vectors were used to generate two 331 

types of viruses over the p74 knockout backbone: one expressing P74 variants and GFP; 332 

and a second type expressing polyhedrin and mCherry. Thus, when cells are simultane- 333 

ously infected by these recombinant bacmids orally infective particles could be generated 334 

(Figure 1SM). 335 

 336 

Figure 3. AcMNPV knockout in p74 gene. Sequence result of the p74-knockout AcMNPV-bacmid. 337 
The cRNA recognition site is highlighted in yellow and the protospacer-adjacent motif (PAM) se- 338 
quence is indicated in red. Dotted line shaded in light blue corresponds to the nucleotide deletion 339 
observed. The red box marks the early stop codon generated by the mutation, and the amino acids 340 
in blue are substitutions also consequence of the 4 bp deletion. Both initial and stop codons are in 341 
bold. The orange triangle shows where the DSB is expected to be generated. The mutant 3 was the 342 
selected one (highlighted with a yellow star). 343 

3.2.2. AcMNPV OBs with P74 variants 344 

Regarding the strict host specificity of P74, the corresponding ORFs from SeMNPV 345 

and HearSNPV (both species belonging to Group 2 Alphabaculovirus genus; Figure 1) were 346 

selected along with the Nt and Ct protein regions considering its separation at the natural 347 

BamHI site located in WDP, to generate p74 chimeric alleles for their evaluation in the 348 

AcMNPV context (group 1 Alphabaculovirus genus; Figure 1). For the p74 ORF from Ac- 349 

MNPV was first necessary to introduce a same-sense mutation to add a BamHI recogni- 350 

tion site in the nucleotide sequence that translate in WDP. As the study of relative simi- 351 

larity among P74s of all baculoviral genera has shown (Figure 2.A), the protein of Ac- 352 

MNPV has a greater similarity in its Nt domain than in Ct with respect to its orthologs, 353 

although both with relatively low identity percentages (Table 2). Another striking fact is 354 

the difference in isoelectric point (PI) between the two sectors, being Ct predominantly 355 

acidic (Table 2 SM).  356 
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Table 2. P74 identity and similarity. 357 

 P74 AcMNPV SeMNPV HearSNPV 

 AcMNPV 100 55 52 

Complete SeMNPV 82 100 55 

 HearSNPV 82 82 100 

     

 AcMNPV 100 59 57 

Nt SeMNPV 85 100 59 

 HearSNPV 83 84 100 

     

 AcMNPV 100 46 42 

Ct SeMNPV 78 100 46 

 HearSNPV 77 77 100 

Values are expressed as percentages using whole numbers (“similarity” is shaded in light gray 358 
and “identity” is indicated with uncolored background). “Complete” refers to the full protein 359 
while “Nt” and “Ct” are respectively the amino and carboxyl terminal domains separated in the 360 
amino acid triad WDP (containing at the nucleotide level a BamHI recognition site). 361 

Different OB stocks containing variants of P74 (AcMNPV-p74AcAc, AcMNPV- 362 

p74SeSe, AcMNPV-p74HaHa, AcMNPV-p74AcSe, AcMNPV-p74AcHa, AcMNPV- 363 

p74SeAc, AcMNPV-p74Ac) and controls (AcMNPV-Δp74 and AcMNPV-p74wt) were 364 

generated and produced in Sf21 cells using the knocked out-bacmid expressing poly- 365 

hedrin and mCherry to co-occlude the viruses carrying the GFP-P74 versions (Figure 1SM 366 

and Figure 4). 367 

 368 

Figure 4. Production of viral OBs with P74 variants. AcMNPV per os infective virions with P74 369 
variants were generated in Sf21 cells by the co-infection of BVs expressing those proteins and GFP, 370 
with BVs expressing polyhedrin and mCherry. Both BVs are based on the p74-knockout bacmid. 371 
Representative microscopy photos (400X) are shown. A. Green fluorescent cells showing that the 372 
infection induced GFP expression B. Red fluorescent cells showing that the infection induced 373 
mCherry expression C. Bright field (the presence of OBs can be seen.). D. Merged image obtained 374 
through the combination of the previous ones (A. and B.). 375 

The green and red fluorescent cells, perceived as yellow and orange cells in the 376 

merged image (Figure 4.D), shows that the co-infection occurred, and complemented OBs 377 

could be generated. The presence of the P74 recombinant proteins in the OBs was then 378 

confirmed by western blot using the 6xHIS-Tag added at the Nt (Figure 5).  379 
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 380 

Figure 5. Recombinant P74 protein detection in OBs. Immunodetection of P74 variants in OBs by 381 
western blot using antibodies anti-6xHIS tag. The source of the OBs evaluated is indicated on each 382 
lane. 383 

As indicated by the results of cell phenotype (Figure 4) and the immunoassay, all 384 

recombinant OBs could be adequately produced containing the different versions of the 385 

P74 protein. It was only not possible to detect the P74 Nt domain when not fused to any 386 

Ct, suggesting that it was probably found in a lower proportion, or that the tag was re- 387 

moved by some proteolytic activity.  388 

3.3. Infectivity of AcMNPV variants 389 

3.3.1. Infectivity of AcMNPV variants in S. exigua 390 

The infectivity of all recombinant AcMNPVs was primarily validated by BV injec- 391 

tions in S. exigua larvae (insect susceptible to oral and intrahemocelic AcMNPV infection) 392 

confirming that for all cases the secondary infection was not affected (Figure 6 A, B). In 393 

addition, to control the correct performance of the model under study, OBs of AcMNPV- 394 

p74AcAc were employed to per os infect the same invertebrate species (Figure 6 C, D). 395 

 396 

 397 

Figure 6. Infectivity of complemented AcMNPV p74 knockout. S. exigua larvae exposed to virions 398 
derived from AcMNPV knocked out in p74 and supplemented with the ORF variant of the same 399 
virus, AcMNPV-p74AcAc. (A.) Representative larva after BV injection showing GFP and (B.) 400 
mCherry expression. (C.) Representative larva after per os infection with OBs showing GFP and (D.) 401 
mCherry expression. All images (0.8X) were taken 120 hours after starting treatment. 402 

These studies showed that cell-to-cell infection had not been affected, and that the 403 

6xHIS-Tag (and the introduction of the single mutation to add the BamHI site in p74 ORF 404 

from AcMNPV) did not prevent the success of the primary infection.  405 

Comparative bioassays were then carried out to study the influence of the different 406 

P74 domains and variants on the viral specificity and pathogenicity (Figure 7). 407 
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 408 

Figure 7. Virulence of the recombinant AcMNPVs in S. exigua. Mortality percentages of third in- 409 
star larvae of S. exigua orally infected with the different variants of OBs. Results from 3 replicates 410 
are shown and standard deviations are included. 411 

S. exigua larvae showed not to be susceptible to the per os infection with AcMNPV- 412 

Δp74, as expected since it does not express any P74, reconfirming its PIF nature as previ‐ 413 

ously reported [18,45]. Thus, the remaining polypeptide of 71 amino acids resulting of 414 

NHEJ mutation in p74 ORF (Figure 3) does not generate an infective phenotype, confirm- 415 

ing the gene pseudogenization. In addition, the complementation with the P74 protein 416 

from SeMNPV (AcMNPV-p74SeSe) and HearSNPV (AcMNPV-p74HaHa) did not pro- 417 

duce infectious OBs, regardless of whether this replacement is made from viruses for 418 

which S. exigua is naturally susceptible (SeMNPV) or not (HearSNPV). In the same direc- 419 

tion, AcMNPV-p74SeAc also failed to infect the insects showing that the Ct domain would 420 

not contain the host-restricted functions. However, AcMNPV-p74AcAc, AcMNPV- 421 

p74AcSe, AcMNPV-p74AcHa and AcMNPV-p74Ac were infectious (as well as the posi- 422 

tive control, AcMNPV-p74wt). Interestingly, not only AcMNPV-p74wt and AcMNPV- 423 

p74AcAc were equally infectious and lethal despite expressing P74 under different pro- 424 

moters (p74 vs polyhedrin gene promoters, respectively), but also all of those that contained 425 

the P74-Nt domain from AcMNPV performed similarly (whether the motif was alone or 426 

combined with the Ct region of the other tested species), observing no significant differ- 427 

ences in mortality among them. Although it was not possible to detect the Nt domain by 428 

western blot, this assay showed that it was present to rescue the virus infectivity. In all 429 

cases, the viral progeny produced in the larvae where the infection progressed were ana- 430 

lyzed to certify the stability of the mutation in p74 gene. 431 

3.3.2. Infectivity of AcMNPV variants in R. nu 432 

To analyze the influence of the host, similar assays were carried out in R. nu larvae 433 

(neither susceptible nor permissive for SeMNPV and HearSNPV, but orally and intrahem- 434 

ocelic infective for AcMNPV) obtaining equivalent results (Figure 8; Figure 2SM). 435 
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 436 

Figure 8. Virulence of the recombinant AcMNPVs in R. nu. Mortality percentages of third instar 437 
larvae of R. nu orally infected with the different variants of OBs. Results from 3 replicates are shown 438 
and standard deviations are included. 439 

As observed in S. exigua larvae, AcMNPV-p74wt, AcMNPV-p74AcAc, Ac-MNPV- 440 

p74AcSe, AcMNPV-p74AcHa and AcMNPV-p74Ac were infective for R. nu and no sig- 441 

nificant differences were observed. Furthermore, signs of infection or mortality were nei- 442 

ther detected for viruses that did not contain the AcMNPV P74 Nt domain, i.e., AcMNPV- 443 

p74SeAc, Ac-MNPV-p74SeSe, AcMNPV-p74HaHa and AcMNPV-Δp74. 444 

4. Discussion 445 

Previous studies failed to achieve infective baculoviruses when PIFs were replaced 446 

by orthologous sequences [36,68], except for some PIF3 replacements in Helicoverpa ar- 447 

migera nucleopolyhedrovirus (HearNPV) by the homologs from Spodoptera litura nucle- 448 

opolyhedrovirus (SpltNPV) and Mamestra brassicae multiple nucleopolyhedrovirus 449 

(MbMNPV), which retained only partial oral infectivity [47,69], proving evidences of the 450 

strictness on the recognition process of the host in the primary infection. This may be due 451 

to the stability of the PIF complex in structural terms, and/or due to the need for specific 452 

interactions with host factors including cell receptors and activating enzymes such as pro- 453 

teases. This is the first study that analyze the expression of P74 chimeras (combining Nt 454 

and Ct domains from different species) during an infection cycle to try to find which re- 455 

gion (if not the entire protein) is the one that carries such biological restrictions. 456 

The non-expression of any PIF protein separately nullifies the infectivity of the ODVs 457 

in susceptible larvae. This would indicate that there are important structural and func- 458 

tional constraints where each intervening factor is required in an essential way. Three pu- 459 

tative transmembrane domains were predicted in P74 protein consistent with previous 460 

reports [17,42], although other studies only identify the two closest (TM-2 and TM-3) to 461 

the carboxyl terminal end [36,38]. It is not clear whether TM-1 is a real transmembrane 462 

region, because truncated versions of P74 (only deleting TM-2 and TM-3 and replacing it 463 

with GFP) were soluble and apparently not anchored to the ODV membrane [45]. After 464 

being synthesized in the cytoplasm, PIFs must be imported into the nucleus for proper 465 

ODV assembly. Although most of the ODV envelope proteins contain an INM-SM se- 466 

quence which tags them for nuclear import [38,40,70], no similar motif was reported in 467 

P74. Nonetheless, in this study the presence of a NES-like sequence was predicted at the 468 

end of TM-1, one of the most conserved regions for P74 in Baculoviridae. This kind of motifs 469 

are rich in hydrophobic residues (e.g., leucine), starts with an alpha-helix, and are usually 470 

involved in the transportation of proteins from the nucleus to the cytoplasm, binding with 471 

the export karyopherin known as chromosomal region maintenance 1 (CRM1 or exportin 472 

1) [71]. Given the late appearance of the P74 protein during the infection cycle [18], it could 473 

be speculated that this region has the binding role needed for the conformation of the PIF 474 
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complex in association with the hypertrophied nucleus envelope of the infected cell. This 475 

could explain why truncated P74 versions lacking TM-1, TM-2 and TM-3 did not rescue 476 

oral infectivity, as demonstrated in previous works [45]. Our results showed that a trun- 477 

cated variant of P74 containing TM-1 was sufficient to rescue the infectivity of a P74 de- 478 

fective AcMNPV. This complementation was successful in the absence of TM-2 and TM- 479 

3, as well as when that region was replaced by orthologs from viral species of the same 480 

genus but different group, as SeMNPV and HearSNPV are. Remarkably, the bioassays 481 

also showed no significant differences in the infectivity or pathogenicity of these Ac- 482 

MNPV-P74 Ct domain replacement or missing variants, when compared to each other or 483 

even with AcMNPV-p74wt. This demonstrates that the acidic Ct region of 187 amino acids 484 

containing the most important TM regions (TM-2 and TM-3) seems to play a non-essential 485 

structural role and can be replaced by orthologous segments from other species (that nat- 486 

urally infect the same host or not) without compromising the P74 activity and the OB 487 

virulence. 488 

The maintenance of infectivity does not occur when the Nt is replaced (regardless of 489 

whether it comes from a viral species infectious for the host), showing that this domain 490 

contains the functional restrictions. It is also interesting to note that the Nt supports pep- 491 

tide fusion without affecting its role, in accordance with previous evidence that shows 492 

that this region undergoes a proteolysis process for its activation [43,44]. These results 493 

together indicate that the region of the first 458 amino acids of P74 protein of AcMNPV is 494 

sufficient and essential to consolidate a functional PIF complex in the ODV envelopes and 495 

is responsible of the host-related restrictions.  496 

It is important to highlight some methodological aspects associated with functional 497 

genomics studies which applies in this context. The introduction of knockout mutations 498 

is an indispensable tool for understanding gene functions. In baculoviruses, this type of 499 

research is traditionally performed by replacing viral sequences with marker or reporter 500 

genes [46,72]. Although this kind of strategy has made it possible to generate a lot of 501 

knowledge so far, it carries associated risks, such as the introduction of cryptic promoters 502 

or the elimination of sequences with other unknown important roles (e.g., miR genes, or- 503 

igins of replication, expression-modulators of neighboring genes, psi packaging like ele- 504 

ments, etc.) that can impact on the viral cycle and on the virions that are produced (both 505 

morphologically and in their infectious capacities). Many of these functional sequences 506 

are usually contained within genes, so a knockout by replacement or deletion can affect 507 

several viral functions simultaneously [73–75]. Therefore, the application of CRISPR/Cas9 508 

technology and NHEJ in baculovirus for these purposes appears as a better option due to 509 

its lower probability of multiple affectations and should now be the best tool for this type 510 

of genomic studies. In this sense, continuing with the work where the use of gene editing 511 

mediated by CRISPR/Cas9 is reported for the first time in baculovirus [50], the present 512 

study demonstrates its usefulness for baculovirus functional genomics research and pro- 513 

poses a methodological detail for its implementation henceforth. 514 

5. Conclusions 515 

The P74 protein is an essential factor to support primary baculovirus infection in a 516 

susceptible host, without affecting secondary infection. In this work it has been shown 517 

that the elimination of the transmembrane region of the terminal carboxyl end of P74 (an 518 

acidic part of low amino acid conservation but structural preservation) does not compro- 519 

mise its function, and that even this region can be replaced by orthologs of species that 520 

infect or do not infect the same host. However, considering our results and those of the 521 

literature, it seems that a central hydrophobic region (which can be hypothesized as TM 522 

and/or as NES) is essential for the activity and presumably necessary to associate this pro- 523 

tein with the rest of the PIF complex and ODV envelope. This "hydrophobic core region" 524 

requires further research to elucidate its role because it is strikingly conserved in all bac- 525 

uloviral species. Furthermore, this study opens the door for future genetic editing medi- 526 

ated by CRISPR/Cas9 to improve/change the efficiency of the primary infection by 527 
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replacing regions of the p74 gene in wild type baculovirus, thus increasing the biopesticide 528 

power in strategies of biologic control for crop pests. 529 
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quences used in the P74 phylogeny inference, Table S2: P74 Molecular weight and isoelectric point. 532 

Author Contributions: Conceptualization, M.N.B. and S.H.; methodology, M.V.N., A.M.T. and 533 
A.M.M.; software, C.S.C.; validation, M.V.N., A.M.T. and A.M.M.; formal analysis, M.V.N., A.M.T. 534 
and A.M.M.; investigation, M.V.N., A.M.T. and A.M.M.; resources, M.N.B., S.H. and M.V.M.; data 535 
curation, C.S.C.; writing—original draft preparation, M.V.N. and M.N.B.; writing—review and ed- 536 
iting, M.V.N., M.N.B.; supervision, M.N.B and S.H.; project administration, M.N.B. and S.H.; fund- 537 
ing acquisition, M.N.B., S.H. and M.V.M. All authors have read and agreed to the published version 538 
of the manuscript.  539 

Funding: This research was funded by Universidad Nacional de Quilmes and “Agencia Nacional 540 
de Promoción Científica y Tecnológica” (Argentina), grant numbers PICT-2015 N° 2061 and PICT- 541 
2018 N°04321. A.M.T., M.V.M., C.S.C. and M.N.B. are research career members of CONICET (Ar- 542 
gentina); M.V.N. has a PhD fellow of CONICET (Argentina). Research at the University of Valencia 543 
was supported by Grant RTI2018-094350-B-C32 funded by MCIN/AEI/ 10.13039/501100011033 and 544 
ERDF-A way of making Europe. 545 

Institutional Review Board Statement: Not applicable. 546 

Informed Consent Statement: Not applicable. 547 

 548 

Data Availability Statement: Not applicable. 549 

Acknowledgments: Dr. Ángel Llopis-Giménez has kindly contributed to the bioassays and the in- 550 
terpretation of their associated results. The authors want to dedicate this work to the memory of Dr. 551 
Pablo Daniel Ghiringhelli. 552 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 553 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu- 554 
script, or in the decision to publish the results”. 555 

References 556 

(1)  Szewczyk, B.; Rabalski, L.; Krol, E.; Sihler, W.; Souza, M. L. De. Baculovirus Biopesticides - a Safe Alternative to Chemical 557 
Protection of Plants. J. Biopestic. 2009, No. January 2009. 558 

(2)  Gf, R. The AcMNPV Genome : Gene Content , Conservation , and Function. In Baculovirus Molecular Biology; 2019; Vol. 113. 559 
(3)  Williams, T.; Bergoin, M.; van Oers, M. M. Diversity of Large DNA Viruses of Invertebrates. J. Invertebr. Pathol. 2017, 147, 4– 560 

22. https://doi.org/10.1016/j.jip.2016.08.001. 561 
(4)  Slack, J.; Arif, B. M. The Baculoviruses Occlusion-Derived Virus: Virion Structure and Function. Adv. Virus Res. 2006, 69 (06), 562 

99–165. https://doi.org/10.1016/S0065-3527(06)69003-9. 563 
(5)  Herniou, E. A.; Jehle, J. A. Baculovirus Phylogeny and Evolution. Curr. Drug Targets 2007, 8, 1043–1050. 564 
(6)  Jehle, J. A.; Blissard, G. W.; Bonning, B. C.; Cory, J. S.; Herniou, E. A.; Rohrmann, G. F.; Theilmann, D. A.; Thiem, S. M.; Vlak, 565 

J. M. On the Classification and Nomenclature of Baculoviruses: A Proposal for Revision Brief Review. Arch Virol 2006, 151, 566 
1257–1266. https://doi.org/10.1007/s00705-006-0763-6. 567 

(7)  Hu, Z. H.; Arif, B. M.; Jin, F.; Martens, J. W. M.; Chen, X. W.; Sun, J. S.; Zuidema, D.; Goldbach, R. W.; Vlak, J. M. Distinct 568 
Gene Arrangement in the Buzura Suppressaria Single-Nucleocapsid Nucleopolyhedrovirus Genome. J. Gen. Virol. 1998, 79 569 
(11), 2841–2851. https://doi.org/10.1099/0022-1317-79-11-2841. 570 

(8)  Lung, O.; Westenberg, M.; Vlak, J. M.; Zuidema, D.; Blissard, G. W.  Pseudotyping Autographa Californica Multicapsid 571 
Nucleopolyhedrovirus (Ac M NPV): F Proteins from Group II NPVs Are Functionally Analogous to Ac M NPV GP64 . J. 572 
Virol. 2002, 76 (11), 5729–5736. https://doi.org/10.1128/JVI.76.11.5729-5736.2002. 573 

(9)  Oomens, A. G. P.; Blissard, G. W. Requirement for GP64 to Drive Efficient Budding of Autographa Californica Multicapsid 574 
Nucleopolyhedrovirus. Virology 1999, 254 (2), 297–314. https://doi.org/10.1006/viro.1998.9523. 575 

(10)  Jkel, W. F. J.; Lebbink, R. J.; Op Den Brouw, M. L.; Goldbach, R. W.; Vlak, J. M.; Zuidema, D. Identification of a Novel Occlu- 576 
sion Derived Virus-Specific Protein in Spodoptera Exigua Multicapsid Nucleopolyhedrovirus. Virology 2001, 284 (2), 170–181. 577 
https://doi.org/10.1006/viro.2001.0906. 578 

(11)  Pearson, M. N.; Groten, C.; Rohrmann, G. F.  Identification of the Lymantria Dispar Nucleopolyhedrovirus Envelope Fusion 579 



Viruses 2021, 13, x FOR PEER REVIEW 16 of 18 
 

 

Protein Provides Evidence for a Phylogenetic Division of the Baculoviridae . J. Virol. 2000, 74 (13), 6126–6131. 580 
https://doi.org/10.1128/JVI.74.13.6126-6131.2000. 581 

(12)  Pearson, M. N.; Rohrmann, G. F.  Transfer, Incorporation, and Substitution of Envelope Fusion Proteins among Members 582 
of the Baculoviridae , Orthomyxoviridae , and Metaviridae (Insect Retrovirus) Families . J. Virol. 2002, 76 (11), 5301–5304. 583 
https://doi.org/10.1128/JVI.76.11.5301-5304.2002. 584 

(13)  Blissard, G. W.; Theilmann, D. A. Baculovirus Entry and Egress from Insect Cells. Annu. Rev. Virol. 2018, 5, 113–139. 585 
https://doi.org/10.1146/annurev-virology-092917-043356. 586 

(14)  Dong, Z. Q.; Zhang, J.; Chen, X. M.; He, Q.; Cao, M. Y.; Wang, L.; Li, H. Q.; Xiao, W. F.; Pan, C. X.; Lu, C.; Pan, M. H. Bombyx 587 
Mori Nucleopolyhedrovirus ORF79 Is a per Os Infectivity Factor Associated with the PIF Complex. Virus Res. 2014, 184, 62– 588 
70. https://doi.org/10.1016/J.VIRUSRES.2014.02.009. 589 

(15)  Gutiérrez, S.; Kikhno, I.; Ferber, M. L. Transcription and Promoter Analysis of Pif, an Essential but Low-Expressed Baculovi- 590 
rus Gene. J. Gen. Virol. 2004, 85 (2), 331–341. https://doi.org/10.1099/VIR.0.19623-0. 591 

(16)  Haas-Stapleton, E. J.; Washburn, J. O.; Volkman, L. E.  P74 Mediates Specific Binding of Autographa Californica M Nucleo- 592 
polyhedrovirus Occlusion-Derived Virus to Primary Cellular Targets in the Midgut Epithelia of Heliothis Virescens Larvae . 593 
J. Virol. 2004, 78 (13), 6786–6791. https://doi.org/10.1128/JVI.78.13.6786-6791.2004. 594 

(17)  Peng, K.; van Oers, M. M.; Hu, Z.; van Lent, J. W. M.; Vlak, J. M.  Baculovirus Per Os Infectivity Factors Form a Complex on 595 
the Surface of Occlusion-Derived Virus . J. Virol. 2010, 84 (18), 9497–9504. https://doi.org/10.1128/jvi.00812-10. 596 

(18)  Faulkner, P.; Kuzio, J.; Williams, G. V.; Wilson, J. A. Analysis of P74, a PDV Envelope Protein of Autographa Californica 597 
Nucleopolyhedrovirus Required for Occlusion Body Infectivity in Vivo. J. Gen. Virol. 1997, 78 (12), 3091–3100. 598 
https://doi.org/10.1099/0022-1317-78-12-3091. 599 

(19)  Kuzio, J.; Jaques, R.; Faulkner, P. Identification of P74, a Gene Essential for Virulence of Baculovirus Occlusion Bodies. Virol- 600 
ogy 1989, 173 (2), 759–763. https://doi.org/10.1016/0042-6822(89)90593-X. 601 

(20)  Kikhno, I.; Gutiérrez, S.; Croizier, L.; Croizier, G.; Ferber, M. L. Characterization of Pif, a Gene Required for the per Os Infec- 602 
tivity of Spodoptera Littoralis Nucleopolyhedrovirus. J. Gen. Virol. 2002, 83 (12), 3013–3022. https://doi.org/10.1099/0022-1317- 603 
83-12-3013. 604 

(21)  Pijlman, G. P.; Pruijssers, A. J. P.; Vlak, J. M. Identification of Pif-2, a Third Conserved Baculovirus Gene Required for per Os 605 
Infection of Insects. J. Gen. Virol. 2003, 84 (8), 2041–2049. https://doi.org/10.1099/VIR.0.19133-0. 606 

(22)  Fang, M.; Nie, Y.; Wang, Q.; Deng, F.; Wang, R.; Wang, H.; Wang, H.; Vlak, J. M.; Chen, X.; Hu, Z. Open Reading Frame 132 607 
of Heliocoverpa Armigera Nucleopolyhedrovirus Encodes a Functional per Os Infectivity Factor (PIF-2). J. Gen. Virol. 2006, 608 
87 (9), 2563–2569. https://doi.org/10.1099/VIR.0.81788-0. 609 

(23)  Ohkawa, T.; Washburn, J. O.; Sitapara, R.; Sid, E.; Volkman, L. E.  Specific Binding of Autographa Californica M Nucleopol- 610 
yhedrovirus Occlusion-Derived Virus to Midgut Cells of Heliothis Virescens Larvae Is Mediated by Products of Pif Genes 611 
Ac119 and Ac022 but Not by Ac115 . J. Virol. 2005, 79 (24), 15258–15264. https://doi.org/10.1128/JVI.79.24.15258-15264.2005. 612 

(24)  Li, X.; Song, J.; Jiang, T.; Liang, C.; Chen, X. The N-Terminal Hydrophobic Sequence of Autographa Californica Nucleopoly- 613 
hedrovirus PIF-3 Is Essential for Oral Infection. Arch. Virol. 2007 15210 2007, 152 (10), 1851–1858. 614 
https://doi.org/10.1007/S00705-007-1012-3. 615 

(25)  Fang, M.; Nie, Y.; Harris, S.; Erlandson, M. A.; Theilmann, D. A.  Autographa Californica Multiple Nucleopolyhedrovirus 616 
Core Gene Ac96 Encodes a Per Os Infectivity Factor ( Pif-4 ) . J. Virol. 2009, 83 (23), 12569–12578. 617 
https://doi.org/10.1128/JVI.01141-09. 618 

(26)  Huang, H.; Wang, M.; Deng, F.; Wang, H.; Hu, Z. ORF85 of HearNPV Encodes the per Os Infectivity Factor 4 (PIF4) and Is 619 
Essential for the Formation of the PIF Complex. Virology 2012, 427 (2), 217–223. https://doi.org/10.1016/J.VIROL.2012.01.022. 620 

(27)  Harrison, R. L.; Sparks, W. O.; Bonning, B. C. Autographa Californica Multiple Nucleopolyhedrovirus ODV-E56 Envelope 621 
Protein Is Required for Oral Infectivity and Can Be Substituted Functionally by Rachiplusia Ou Multiple Nucleopolyhe- 622 
drovirus ODV-E56. J. Gen. Virol. 2010, 91 (5), 1173–1182. https://doi.org/10.1099/VIR.0.017160-0. 623 

(28)  Sparks, W. O.; Harrison, R. L.; Bonning, B. C. Autographa Californica Multiple Nucleopolyhedrovirus ODV-E56 Is a per Os 624 
Infectivity Factor, but Is Not Essential for Binding and Fusion of Occlusion-Derived Virus to the Host Midgut. Virology 2011, 625 
409 (1), 69–76. https://doi.org/10.1016/J.VIROL.2010.09.027. 626 

(29)  Nie, Y.; Fang, M.; Erlandson, M. A.; Theilmann, D. A. Analysis of the Autographa Californica Multiple Nucleopolyhedrovirus 627 
Overlapping Gene Pair Lef3 and Ac68 Reveals That AC68 Is a Per Os Infectivity Factor and That LEF3 Is Critical, but Not 628 
Essential, for Virus Replication. J. Virol. 2012, 86 (7), 3985–3994. https://doi.org/10.1128/JVI.06849-11. 629 

(30)  Liu, J.; Zhu, L.; Zhang, S.; Deng, Z.; Huang, Z.; Yuan, M.; Wu, W.; Yang, K. The Autographa Californica Multiple Nucleopol- 630 
yhedrovirus Ac110 Gene Encodes a New per Os Infectivity Factor. Virus Res. 2016, 221, 30–37. https://doi.org/10.1016/J.VI- 631 
RUSRES.2016.05.017. 632 

(31)  Javed, M. A.; Biswas, S.; Willis, L. G.; Harris, S.; Pritchard, C.; van Oers, M. M.; Donly, B. C.; Erlandson, M. A.; Hegedus, D. 633 
D.; Theilmann, D. A.  Autographa Californica Multiple Nucleopolyhedrovirus AC83 Is a Per Os Infectivity Factor (PIF) 634 
Protein Required for Occlusion-Derived Virus (ODV) and Budded Virus Nucleocapsid Assembly as Well as Assembly of the 635 
PIF Complex in ODV Envelopes . J. Virol. 2017, 91 (5), 2115–2131. https://doi.org/10.1128/JVI.02115-16. 636 



Viruses 2021, 13, x FOR PEER REVIEW 17 of 18 
 

 

(32)  Zhu, S.; Wang, W.; Wang, Y.; Yuan, M.; Yang, K. The Baculovirus Core Gene Ac83 Is Required for Nucleocapsid Assembly 637 
and Per Os Infectivity of Autographa Californica Nucleopolyhedrovirus. J. Virol. 2013, 87 (19), 10573–10586. 638 
https://doi.org/10.1128/JVI.01207-13. 639 

(33)  Boogaard, B.; Evers, F.; Lent, J. W. M. van; Oers, M. M. van. The Baculovirus Ac108 Protein Is a per Os Infectivity Factor and 640 
a Component of the ODV Entry Complex. J. Gen. Virol. 2019, 100 (4), 669–678. https://doi.org/10.1099/JGV.0.001200. 641 

(34)  Wang, Xi. shang, yu. chen, cheng. liu, shurui. chang, Meng. Zhangh, Nan. Hu, Hengrui. Zhang Fenghua. Zhang, Tao. Zhiying 642 
Wang. Liu, xija. lin, zhe. Deng, Fei. Wang, Hualin. Zou, Zhen. Vlak, Just M. Wang, Manli. Hu, Z. Baculovirus Per Os Infec- 643 
tivity Factor Complex: Components and Assembly. J. Virol. 2019, 93 (6), 1–17. 644 

(35)  Garavaglia, M. J.; Miele, S. A. B.; Iserte, J. A.; Belaich, M. N.; Ghiringhelli, P. D. The Ac53, Ac78, Ac101, and Ac103 Genes Are 645 
Newly Discovered Core Genes in the Family Baculoviridae. J. Virol. 2012, 86 (22), 12069–12079. 646 
https://doi.org/10.1128/JVI.01873-12. 647 

(36)  Wang, X.; Liu, X.; Makalliwa, G. A.; Li, J.; Wang, H.; Hu, Z.; Wang, M. Per Os Infectivity Factors: A Complicated and Evolu- 648 
tionarily Conserved Entry Machinery of Baculovirus. Sci. China Life Sci. 2017, 60 (8), 806–815. https://doi.org/10.1007/s11427- 649 
017-9127-1. 650 

(37)  Peng, K.; van Lent, J. W. M.; Boeren, S.; Fang, M.; Theilmann, D. A.; Erlandson, M. A.; Vlak, J. M.; van Oers, M. M. Charac- 651 
terization of Novel Components of the Baculovirus Per Os Infectivity Factor Complex. J. Virol. 2012, 86 (9), 4981–4988. 652 
https://doi.org/10.1128/JVI.06801-11. 653 

(38)  Boogaard, B.; van Oers, M. M.; van Lent, J. W. M. An Advanced View on Baculovirus per Os Infectivity Factors. Insects 2018, 654 
9 (3). https://doi.org/10.3390/insects9030084. 655 

(39)  Mu, J.; Lent, J. W. M. van; Smagghe, G.; Wang, Y.; Chen, X.; Vlak, J. M.; Oers, M. M. van. Live Imaging of Baculovirus Infection 656 
of Midgut Epithelium Cells: A Functional Assay of per Os Infectivity Factors. J. Gen. Virol. 2014, 95 (11), 2531–2539. 657 
https://doi.org/10.1099/VIR.0.068262-0. 658 

(40)  Braunagel, S. C.; Williamson, S. T.; Saksena, S.; Zhong, Z.; Russell, W. K.; Russell, D. H.; Summers, M. D. Trafficking of ODV- 659 
E66 Is Mediated via a Sorting Motif and Other Viral Proteins: Facilitated Trafficking to the Inner Nuclear Membrane. Proc. 660 
Natl. Acad. Sci. U. S. A. 2004, 101 (22), 8372–8377. https://doi.org/10.1073/pnas.0402727101. 661 

(41)  Braunagel, S.; Summers, M. Molecular Biology of the Baculovirus Occlusion-Derived Virus Envelope. Curr. Drug Targets 2007, 662 
8 (10), 1084–1095. https://doi.org/10.2174/138945007782151315. 663 

(42)  Slack, J. M.; Dougherty, E. M.; Lawrence, S. D. A Study of the Autographa Californai Multiple Nucleopolyhedrovirus ODV 664 
Envelope Protein P74 Using a GFP Tag. J. Gen. Virol. 2001, 82 (9), 2279–2287. https://doi.org/10.1099/0022-1317-82-9-2279. 665 

(43)  Peng, K.; van Lent, J. W. M.; Vlak, J. M.; Hu, Z.; van Oers, M. M. In Situ Cleavage of Baculovirus Occlusion-Derived Virus 666 
Receptor Binding Protein P74 in the Peroral Infectivity Complex. J. Virol. 2011, 85 (20), 10710–10718. 667 
https://doi.org/10.1128/jvi.05110-11. 668 

(44)  Slack, J. M.; Lawrence, S. D.; Krell, P. J.; Arif, B. M. Trypsin Cleavage of the Baculovirus Occlusion-Derived Virus Attachment 669 
Protein P74 Is Prerequisite in per Os Infection. J. Gen. Virol. 2008, 89 (10), 2388–2397. https://doi.org/10.1099/vir.0.2008/002543- 670 
0. 671 

(45)  Slack, J. M.; Lawrence, S. D.; Krell, P. J.; Arif, B. M. A Soluble Form of P74 Can Act as a per Os Infectivity Factor to the 672 
Autographa Californica Multiple Nucleopolyhedrovirus. J. Gen. Virol. 2010, 91 (4), 915–918. 673 
https://doi.org/10.1099/vir.0.017145-0. 674 

(46)  Song, J.; Wang, R.; Deng, F.; Wang, H.; Hu, Z. Functional Studies of per Os Infectivity Factors of Helicoverpa Armigera Single 675 
Nucleocapsid Nucleopolyhedrovirus. J. Gen. Virol. 2008, 89 (9), 2331–2338. https://doi.org/10.1099/vir.0.2008/002352-0. 676 

(47)  Song, J.; Wang, X.; Hou, D.; Huang, H.; Liu, X.; Deng, F.; Wang, H.; Arif, B. M.; Hu, Z.; Wang, M. The Host Specificities of 677 
Baculovirus per Os Infectivity Factors. PLoS One 2016, 11 (7), 1–12. https://doi.org/10.1371/journal.pone.0159862. 678 

(48)  Hsu, P. D.; Scott, D. A.; Weinstein, J. A.; Ran, F. A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E. J.; Wu, X.; Shalem, O.; Cradick, 679 
T. J.; Marraffini, L. A.; Bao, G.; Zhang, F. DNA Targeting Specificity of RNA-Guided Cas9 Nucleases. Nat. Biotechnol. 2013, 680 
31 (9), 827–832. https://doi.org/10.1038/nbt.2647. 681 

(49)  Suenaga, T.; Kohyama, M.; Hirayasu, K.; Arase, H. Engineering Large Viral DNA Genomes Using the CRISPR-Cas9 System. 682 
Microbiol. Immunol. 2014, 58 (9), 513–522. https://doi.org/10.1111/1348-0421.12180. 683 

(50)  Pazmiño-Ibarra, V.; Mengual-Martí, A.; Targovnik, A. M.; Herrero, S. Improvement of Baculovirus as Protein Expression 684 
Vector and as Biopesticide by CRISPR/Cas9 Editing. Biotechnol. Bioeng. 2019, 116 (11), 2823–2833. 685 
https://doi.org/10.1002/bit.27139. 686 

(51)  Cui, Y.; Xu, J.; Cheng, M.; Liao, X.; Peng, S. Review of CRISPR/Cas9 SgRNA Design Tools. Interdiscip. Sci. Comput. Life Sci. 687 
2018, 10 (2), 455–465. https://doi.org/10.1007/s12539-018-0298-z. 688 

(52)  Wyman, C.; Kanaar, R. DNA Double-Strand Break Repair: All’s Well That Ends Well. http://dx.doi.org/10.1146/an- 689 
nurev.genet.40.110405.090451 2006, 40, 363–383. https://doi.org/10.1146/ANNUREV.GENET.40.110405.090451. 690 

(53)  Vaughn, J. L.; Goodwin, R. H.; Tompkins, G. J.; McCawley, P. The Establishment of Two Cell Lines from the Insect Spodop- 691 
tera Frugiperda (Lepidoptera; Noctuidae). In Vitro 1977, 13 (4), 213–217. https://doi.org/10.1007/BF02615077. 692 

(54)  Larkin, M. A.; Blackshields, G.; Brown, N. P.; Chenna, R.; McGettigan, P. A.; McWilliam, H.; Valentin, F.; Wallace, I. M.; Wilm, 693 



Viruses 2021, 13, x FOR PEER REVIEW 18 of 18 
 

 

A.; Lopez, R.; Thompson, J. D.; Gibson, T. J.; Higgins, D. G. Clustal W and Clustal X Version 2.0. Bioinformatics 2007, 23 (21), 694 
2947–2948. https://doi.org/10.1093/BIOINFORMATICS/BTM404. 695 

(55)  Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. 696 
Biol. Evol. 2016, 33 (7), 1870–1874. https://doi.org/10.1093/MOLBEV/MSW054. 697 

(56)  Le, S. Q.; Gascuel, O. An Improved General Amino Acid Replacement Matrix. Mol. Biol. Evol. 2008, 25 (7), 1307–1320. 698 
https://doi.org/10.1093/MOLBEV/MSN067. 699 

(57)  Crooks, G. E.; Hon, G.; Chandonia, J.-M.; Brenner, S. E. WebLogo: A Sequence Logo Generator. Genome Res. 2004, 14 (6), 1188– 700 
1190. https://doi.org/10.1101/GR.849004. 701 

(58)  Krogh, A.; Larsson, B.; Von Heijne, G.; Sonnhammer, E. L. L. Predicting Transmembrane Protein Topology with a Hidden 702 
Markov Model: Application to Complete Genomes. J. Mol. Biol. 2001, 305 (3), 567–580. https://doi.org/10.1006/JMBI.2000.4315. 703 

(59)  Ceroni, A.; Passerini, A.; Vullo, A.; Frasconi, P. DISULFIND: A Disulfide Bonding State and Cysteine Connectivity Prediction 704 
Server. Nucleic Acids Res. 2006, 34 (suppl_2), W177–W181. https://doi.org/10.1093/NAR/GKL266. 705 

(60)  Ferrè, F.; Clote, P. Disulfide Connectivity Prediction Using Secondary Structure Information and Diresidue Frequencies. Bi- 706 
oinformatics 2005, 21 (10), 2336–2346. https://doi.org/10.1093/bioinformatics/bti328. 707 

(61)  la Cour, T.; Kiemer, L.; Mølgaard, A.; Gupta, R.; Skriver, K.; Brunak, S. Analysis and Prediction of Leucine-Rich Nuclear 708 
Export Signals. Protein Eng. Des. Sel. 2004, 17 (6), 527–536. https://doi.org/10.1093/PROTEIN/GZH062. 709 

(62)  Luckow, V. A.; Lee, S. C.; Barry, G. F.; Olins, P. O. Efficient Generation of Infectious Recombinant Baculoviruses by Site- 710 
Specific Transposon-Mediated Insertion of Foreign Genes into a Baculovirus Genome Propagated in Escherichia Coli. J. Virol. 711 
1993, 67 (8), 4566–4579. https://doi.org/10.1128/JVI.67.8.4566-4579.1993. 712 

(63)  O’Reilly, D. R.; Miller, L. K. M.; Luckow, V. A. Baculovirus Expression Vectors: A Laboratory Manual; Oxford University Press, 713 
1994. https://doi.org/10.1016/0167-7799(93)90146-z. 714 

(64)  Green, M. R.; Hughes, H.; Sambrook, J.; MacCallum, P. Molecular Cloning: A Laboratory Manual. 2012, 1890–1890. 715 
(65)  King, L. A.; Hitchman, R.; Possee, R. D. Recombinant Baculovirus Isolation. In Methods in Molecular Biology; 2016; Vol. 1350, 716 

pp 73–94. https://doi.org/10.1007/978-1-4939-3043-2_4. 717 
(66)  Mena, J. A.; Ramírez, O. T.; Palomares, L. A. Titration of Non-Occluded Baculovirus Using a Cell Viability Assay. Biotech- 718 

niques 2003, 34 (2), 260–264. https://doi.org/10.2144/03342bm05. 719 
(67)  Hughes, P. R.; Wood, H. A. A Synchronous Peroral Technique for the Bioassay of Insect Viruses. J. Invertebr. Pathol. 1981, 37 720 

(2), 154–159. https://doi.org/10.1016/0022-2011(81)90069-0. 721 
(68)  Wu, W.; Wang, J.; Xie, F.; Long, Q.; Wang, X. Baculovirus P74 Gene Is a Species-Specific Gene. Acta Biochim. Biophys. Sin. 722 

(Shanghai). 2003, 35 (9), 834–840. 723 
(69)  Makalliwa, G. A.; Wang, X.; Zhang, H.; Zhang, N.; Chen, C.; Li, J.; Deng, F.; Wang, H.; Wang, M.; Hu, Z. HearNPV Pseudo- 724 

typed with PIF1, 2, and 3 from MabrNPV: Infectivity and Complex Stability. Virol. Sin. 2018, 33 (2), 187–196. 725 
https://doi.org/10.1007/s12250-018-0014-5. 726 

(70)  Wang, Y.; Kleespies, R. G.; Huger, A. M.; Jehle, J. A.  The Genome of Gryllus Bimaculatus Nudivirus Indicates an Ancient 727 
Diversification of Baculovirus-Related Nonoccluded Nudiviruses of Insects . J. Virol. 2007, 81 (10), 5395–5406. 728 
https://doi.org/10.1128/JVI.02781-06. 729 

(71)  Fu, S.-C.; Fung, H. Y. J.; Cağatay, T.; Baumhardt, J.; Chook, Y. M. Correlation of CRM1-NES Affinity with Nuclear Export 730 
Activity. https://doi.org/10.1091/mbc.E18-02-0096 2018, 29 (17), 2037–2044. https://doi.org/10.1091/MBC.E18-02-0096. 731 

(72)  Yao, L.; Zhou, W.; Xu, H.; Zheng, Y.; Qi, Y. The Heliothis Armigera Single Nucleocapsid Nucleopolyhedrovirus Envelope 732 
Protein P74 Is Required for Infection of the Host Midgut. Virus Res. 2004, 104 (2), 111–121. https://doi.org/10.1016/j.vi- 733 
rusres.2004.03.005. 734 

(73)  Huang, Z.; Pan, M.; Zhu, S.; Zhang, H.; Wu, W.; Yuan, M.; Yang, K. The Autographa Californica Multiple Nucleopolyhe- 735 
drovirus Ac83 Gene Contains a Cis -Acting Element That Is Essential for Nucleocapsid Assembly. J. Virol. 2017, 91 (5). 736 
https://doi.org/10.1128/jvi.02110-16. 737 

(74)  Jiao, Y.; Wang, J.; Deng, R.; Yu, X.; Wang, X. AcMNPV-MiR-3 Is a MiRNA Encoded by Autographa Californica Nucleopoly- 738 
hedrovirus and Regulates the Viral Infection by Targeting Ac101. Virus Res. 2019, 267, 49–58. https://doi.org/10.1016/j.vi- 739 
rusres.2019.05.004. 740 

(75)  Miele, S. A. B.; Cerrudo, C. S.; Parsza, C. N.; Nugnes, M. V.; Mengual Gómez, D. L.; Belaich, M. N.; Ghiringhelli, P. D. Iden- 741 
tification of Multiple Replication Stages and Origins in the Nucleopolyhedrovirus of Anticarsia Gemmatalis. Viruses 2019, 11 742 
(7). https://doi.org/10.3390/v11070648. 743 

 744 

 745 


