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Abstract
Cucumber mosaic virus (CMV) is the one of notorious virus known for its ubiquitous nature and causes substantial yield 
loss worldwide. The resistance against the Cucumber mosaic virus (CMV) was envisaged in Nicotiana tabacum transgenic 
lines by introducing viral gene fragments. The chimeric hairpin RNA constructs incorporating 401 bp of coat protein, 411 bp 
of replicase protein and 361 bp of 2b gene were developed respectively and transformed into N. tabacum. The regenerated 
transgenic lines introduced with inverted repeats of CMV gene fragments exhibited enhanced resistance against CMV. The 
preliminary molecular screening and qPCR confirmed the integration of transgene in the transgenic lines. The spectrum of 
resistance in transgenic lines was evaluated by challenge inoculation with CMV and the resistance was determined through 
DAC-ELISA. The complete resistance was achieved in the hpRNA-CP transformant with a very low titre (0.029) of CMV 
followed by hpRNA-REP (0.099) with no symptoms.
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Introduction

Cucumber mosaic virus (CMV) is one of the well-known 
destructive viruses causing around 60–100% yield loss on 
vegetable crops (Palukaitis et al. 1992; Raj et al. 2017). 
CMV is ubiquitous in nature due to its broad host range and 
a high degree of diversity. It infects more than 1287 plant 
species and utmost of the vegetable crops (Kunkalikar et al. 
2010). Owing to its inflated adaptive nature and the pro-
pensity of rapid evolutionary dynamics, CMV infects wide 
range host plants (Hong et al. 2003; Ouedraogo et al. 2019). 
CMV has the highest population diversity due to error-
prone replication and short generation (Roossinck 1997; 
Ouedraogo 2019). CMV undergoes rapid genetic variability 
and drift through recombination and ressortment than any 
other RNA virus (Nouri et al. 2014; Pavithra et al. 2019). 

This often led to the emergence of new strains or variants of 
CMV and endorses adaptive genes to sustain and broaden 
host range, infectivity and stability (Ouedraogo et al. 2019; 
Vinodhini et al. 2020). Moreover, CMV documented to have 
wide numbers of isolates varies in several molecular and 
biological properties (Jacquemond 2012). The prevalence of 
chorosis and mosaic-inducing strains of CMV were also doc-
umented in chilli-growing tracts of Tamil Nadu (Vinodhini 
et al. 2021). There are different strategies were used for the 
management of CMV. The conventional phytosanitary meas-
ures, eradication of associated insect vectors and rouging of 
infected plants are insufficient to control the virus infection 
(Hussain et al. 2004). The attempts in developing resistance 
against CMV using traditional breeding methods were also 
futile (Watterson 1993). Therefore, induction of a primary 
line of defense in the host through transgenic manipulation 
or exogenous application would be stable and reliable for 
a prolonged period (Rahman et al. 2016). RNA-mediated 
resistance by the hpRNA expression remains a potent tool 
in achieving complete resistance against plant viruses (Ntui 
et al. 2014a). In the present study, resistance derived in 
transgenic Nicotiana tabatacum by expressing hpRNA of 
TN chilli isolate of CMV was demonstrated.
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Materials and methods

Primers designing

The conserved regions of coat protein (CP), replicase (Rep) 
and silencing suppressor protein (2b) were determined using 
comparative multiple sequence alignments of the TN CMV 
isolates (MT410979; MT422731; MT422729) causing 
mosaic disease in chilli with other reported CMV isolates 
available in the NCBI database. The conserved region in the 
coat protein was determined using Clustal W (www. ebi. ac. 
uk) from the nucleotide position of 1272 to 1672, replicase 
protein from 304–714 nt and 2b gene from 121–481 nt pro-
ceeded for developing hpRNA construct. The gene-specific 
RNAi primers were designed using Primer3 software and 
its specificity was validated further with Gene runner 6.0 
(www. gener unner. net). The restriction sites in the con-
served region were analyzed with the Restriction Mapper 
version 3 (www. restr ictio nmapp er. org) for primer design-
ing. Therefore, sense primers were designed by including 
BamHI and ClaI restriction sites and antisense primers were 
included with KpnI and EcoRI restriction sites (Supplemen-
tary Table 1).

hpRNA construct development

The conserved CP (401 bp), Rep (411 bp) and 2b (361 bp) 
gene fragment were amplified and cloned into pHANNIBAL 
vector (CISRO Plant Industry, Australia) in sense orientation 
between BamHI and ClaI restriction sites and in antisense 
orientation between KpnI and EcoRI restriction sites. The 
recombinant pHANNIBAL vector harboring hpRNA cas-
sette with CaMV35S promotor and OCS terminator was sub-
cloned into pART27 binary vector (CISRO Plant Industry, 

Australia) by restricting with NotI enzyme (Fig. 1). Thence-
forth, hpRNA cassette was mobilized into Agrobacterium 
strain LBA4404 using PRK2013 helper strain through tri-
parental mating (Jefferson 1987). The recombinant colonies 
were selected upon serial dilution (with 0.9% NaCl) and the 
mobilization of hpRNA cassettes into the A. tumefaciens 
strain LBA4404 was confirmed through vir gene (F- 5’ ATG 
TCG CAA GGC AGT AAG CCCA3’; R- 5’GGA GTC TTTCA 
GCA TGG AGCAA3’) and transgene amplification.

Transformation of N. tabacum

The positive conjugants were selected and preceded for 
transformation in N. tabacum (Kutty et al. 2010). The leaf 
disc of N. tabacum var. Abirami explants grown under 
in vitro condition was co-cultivated with Agrobacterium cell 
suspension culture  (OD600-1.0) harboring hpRNA cassette. 
The transformed ex-plants were regenerated on Murashige 
Skoog’s (MS) medium supplemented with respective growth 
hormones and antibiotics (Supplementary Table 2) and incu-
bated at 26 ± 2 °C for 16 h light/8 h dark photoperiod cycle. 
The selective transfomants were selected upon the kanamy-
cin selective medium and after callus induction transformed 
to shoot induction medium. The elongated shootlets have 
been induced for rooting and the putative transgenic lines 
were transferred to transgenic greenhouse for hardening and 
maintained.

Molecular screening of transgenic lines

The preliminary confirmation for the integration of hpRNA 
cassette in the putative transgenic lines was carried out with 
the amplification of selectable marker and a reporter gene. 
The transformation efficiency was evaluated by the positive 
number of transgenic plants/total number of ex-plants used 

Fig.1  HYPERLINK "sps:id::fig1||locator::gr1||MediaObject::0" Vector map 
of recombinant pHANNIBAL and pART27 plasmid constructs used for plant 
transformation. The schematic representation of CP hpRNA constructs has 
been given. The conserved coat protein gene (401 bp) fragments were ampli-

fied and cloned in sense (BamHI& ClaI) and antisense (KpnI& EcoRI) orienta-
tions. The chimeric gene construct in recombinant pHANNIBAL vector sub-
cloned onto pART27 binary vector by restriction digestion with NotI enzyme. 
In similar, REP and 2b gene hpRNA constructs also have been developed

http://www.ebi.ac.uk
http://www.ebi.ac.uk
http://www.generunner.net
http://www.restrictionmapper.org
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for transformation multiplied by 100. The genomic DNA 
extracted from the transgenic plant by the CTAB method 
(Doyle 1990). Further, template DNA was used for PCR 
amplification of the NPTII gene (F- 5’TTG AGG CGC TAA 
ATG AAA CC3’; R- 5’ATT TGC CG ACT ACC TTG GTG 3’), 
coat protein (F- 5’TCA ACC AGT GCT GGT CGT AA3’; R- 
5’GAC AAG TCC GAG GAG GCA 3’), replicase (F- 5’CCC 
TCC ATC TTA CCC AGC AG3’; R- 5’CAA AAT GGT GGT 
TCC GTGA3’) and 2b gene (F-5’GAG CGT TCG ATT TCT 
ACT AAGCG3’; R- 5’TTC CGC CCA TTC ATT ACC 3’) frag-
ments. The polymerase chain reaction was carried out with 
conditions of 94 °C for 2 min followed by 94 °C for 30 s 
of denaturation, 54 °C for 30 s of annealing and 72 °C for 
90 s followed by final extension of 72 °C for 10 min with 
35 cycles.

Quantification of transgene expression by real‑time 
PCR (qPCR)

The relative expression of the transgene in transgenic lines 
was determined with qPCR analysis. The total RNA was 
extracted from the fresh transgenic lines (Chomczynski and 
Sacchi 1987) and the concentration of total RNA was quanti-
fied with a Nanodrop2000 spectrophotometer (Thermo Sci-
entific). RNA samples quantified for a 260/280 ratio over 
2.0 were used for analysis and the integrity of RNA was 
also analyzed by gel electrophoresis. First-strand cDNA was 
transcribed using CDNA synthesizing kit (Thermo sci.,) 
and proceeded for the relative expression of the transgene 
in transgenic lines. Shortly, the reaction mixture contained 
KAPA SYBR® FAST (Sigma-Aldrich) master mix- 5 µl, 
forward and reverse primer- 3 µl, water-1 µl and cDNA (1:10 
dilution)-1 µl was prepared and preceded with a polymerase 
chain reaction of 56 °C of annealing for 3 h. The relative 
expression of CP (F- 5’AAC CAG TGC TGG TCG TAACC3’; 
R- 5’TTG ATG AGT CGC GAA AGA TG3’), rep (F- 5’AGC 
AGC TCG AGG AGC AAT TA3’; 5’TCG TAC TTC CCT CCA 
TAC CG3’) and 2b genes (F- 5’TGA CAA ACG TCG AAC 
TCC AG3’; R- 5’GCT GGG  ACT TTT GTG ACC TC3’) in 
transgenic lines was quantified to know copy numbers. The 
primers were designed for CP, Rep and 2b gene specific 
to transgene conserved region using Primer 3.0 software. 
The primer pairs were selected manually based on melt-
ing temperature (Tm), GC content and complementarity 
and validated for amplification efficiency and primer-dimer 
formation. The house-keeping gene of Elongation factor 1a 
(EF-1a) was referred from Schmidt and Delaney (2010).

The comparative ∆∆Ct method was used for semi-quanti-
fication of transgene expression and the transgene expression 
was normalized with EF-1a reference gene by subtracting 
the Ct value of the reference gene from Ct value of transgene 
which expressed as ∆Ct (∆Ct = Ct transgene–Ct EF-1a). The 
relative transgene expression to the calibrator was indicated 

as ∆∆Ct (∆∆Ct = ∆Ct (transgene)–∆Ct (calibrator)). The 
lower gene expression in each transgene was selected as the 
calibrator. The amplification plots and fluorescence values 
were generated in Roche LightCycler ® 480 System. The 
results were presented as Ct value which is the baseline 
threshold value and represented as baseline subtracted curve 
fit. The agarose gel electrophoresis was carried out to vali-
date the qPCR results by the amplification of specific gene 
products (Mahto et al. 2018).

Challenge inoculations of transgenic plants for virus 
resistance

The CMV inocula was sap inoculated with 0.1 M of phos-
phate buffer (pH 7) containing 0.02% mercaptoethanol in 
1:2 ratio (infected sample: buffer) by gentle aberration on 
tobacco transgenic lines and healthy control (Subramanian 
and Narayanasamy 1973). The inoculated transgenic and 
control plants were maintained separately at 22 ± 2 °C in an 
insect-proof greenhouse and observed for symptom develop-
ment. The level of resistance and qualitative and quantita-
tive measure of CMV was determined through direct antigen 
coating-ELISA (DAC-ELISA). DAC-ELISA was carried 
out according to the methodology of Hobbs et al. (1987). 
The prepared crude extracts (1:10) of inoculated plant sam-
ples were tested against CMV-specific polyclonal antise-
rum (obtained from ICARNRCB, Tiruchirappalli, India) at 
1:1000 dilutions. The absorbance was read at 405 nm using 
a microplate reader (BioTek).

Results

The conserved coat protein (401 bp), replicase (411 bp) and 
2b gene (361 bp) fragments homologous to TN chilli isolate 
of CMV were amplified both in sense and antisense orien-
tations in pHANNIBAL vector. The recombinant pHAN-
NIBAL plasmid harboring hpRNA cassette embodied with 
CaMV35S promotor, PDK intron, OCS terminator and 
inverted repeats of transgene such as CP (3765 bp), Rep 
(3785 bp) and 2b (3687 bp). Thus have been sub cloned into 
pART27 binary vector to design chimeric gene construct. 
The recombination was confirmed with restriction digestion 
of binary vector with NotI enzyme which produced the DNA 
fragment as exact size of hpRNA cassettes. Subsequently, 
recombinant plasmid harboring the chimeric gene constructs 
were selected and mobilized into Agrobacterium strain 
LBA4404 through triparental mating. The specific trans-
formed colonies were selected and integration of hpRNA 
cassettes into the Agrobacterium was confirmed with vir 
gene and transgene-specific primers (Fig. 2).

The leaf disc of Nicotiana was transformed separately 
with each hpRNA-CP, hpRNA-REP and hpRNA-2b 
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construct by co-cultivation and transferred to a selective 
medium containing Kanamycin (100 mg  l−1). The Kana-
mycin selection allows the regeneration of ex-plant carry-
ing transgene alone. The calli induction was observed after 
10–13 days and the shoot proliferation was observed to be 
after 17–23 days on basal MS medium with 1 mg/l BAP, 
100 mg/l kanamycin and 300 mg/l cephataxamine. After 
twenty days, 5 cm long shootlets along with leaves were 
transferred to the rooting medium (Fig. 3). The transgenic 
plants were transferred onto pots for hardening and substan-
tial growth. The integration of transgene in transgenic lines 
was evaluated by molecular screening and qPCR analysis. 
The preliminary confirmation was carried out with PCR 
analysis using NPTII (marker gene) and transgene0-spe-
cific primers (reporter gene). The amplification of ~ 299 bp 

fragment corresponding to the NPTII gene confirms the inte-
gration of hpRNA in the transgenic plants (Fig. 4). In such 
a way, the concrete CP hpRNA integrated transformants 
produced amplicon at 401 bp, Rep hpRNA transformants 
produced 411 bp amplicon and 2b hpRNA transformant 
produced an amplicon of 361 bp (Fig. 4). The healthy con-
trol plants did not show any amplification upon tested for 
reporter and marker genes.

The molecular screening results show that five transfor-
mants of each hpRNA-CP, hpRNA-REP and hpRNA-2b con-
structs were positively amplified. The relative expression of 
transgenes in those selective transgenic lines was analyzed 
through qPCR for further confirmation of transgene integra-
tion. The analysis indicated the stable integration and dif-
ferential expression of transgenes in the transgenic lines. The 

Fig. 2  PCR amplification of 
vir genes (a) and NPTII (b) 
marker genes for the confirma-
tion of Agrobacterium-mediated 
transformation

        L         1      2         3       4         5         6        7      8        9   10   11     12   

~ 400 bp 

299 bp 

Transformants 

(a)

(b)

Fig. 3  Phases of regeneration of putative transgenic N. tabacum transformed with RNAi gene construct. a Ex-plants; b Pre-conditioning; c Co-
cultivation; d Selection; e, f Calli induction; g, h Shoot induction; i Rooting; j Regeneration of plantlets
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semi-quantification of transgene expression was analyzed by 
the comparative ∆∆Ct method. The differential expression 
of a transgene in the respective transgenic lines was normal-
ized to the endogenous gene (EF-1a) expressed in Nicotiana. 
The results showed that the maximum CP gene expression 
was observed as 230 fold followed by 188.70 fold of REP 
genes. The level of expression of the 2b gene in the trans-
genic plants was comparatively low (maximum 95.10 fold). 
Moreover, 81.26–230 fold of CP transgene expression was 
observed in hpRNA-CP transformants, 90.01–188.70 fold of 
REP gene in hpRNA-REP transformants and 10.01–95.10 
fold of 2b gene in hpRNA-2b transformants (Table 1). The 
expression of the 2b gene with CP and REP genes was 
shown to be relatively lower and further the expression pat-
tern was also validated by gel electrophoresis (Fig. 5).

The spectrum of resistance against CMV in the trans-
genic lines was determined through DAC-ELISA by chal-
lenge inoculation. The CMV sap was mechanically inocu-
lated onto twenty-seven transgenic tobacco lines harboring 

hpRNA cassettes and healthy control plant at 2–3 leaf stage. 
The inoculated plants were observed regularly for every 24 h 
for the symptom expression. There was no symptom devel-
opment was observed in hpRNA-CP and hpRNA-REP trans-
genic lines even after 20 days of post inoculation. Whereas, 
mild symptom expression was observed in hpRNA-2b 
transgenic lines. The healthy control plants produced char-
acteristic mosaic symptom of CMV (Supplementary Fig. 1). 
The plants were observed for four more weeks at regular 
intervals and then subjected to DAC-ELISA analysis. The 
results explicated that the hpRNA-CP transformant was 
recorded with a very low titre (0.029) of CMV followed by 
hpRNA-REP (0.099). Besides, the hpRNA-2b transformant 
was observed with 0.268 titre of CMV (Fig. 6). The healthy 
control plants with CMV infection recorded 1.784 virus titre 
(Table 2). Hence, it suggested that hpRNA-CP and hpRNA-
REP harboring transgenic lines confer complete resistance 
against CMV. However, hpRNA-2b harboring transgenic 
lines produced a partial spectrum of resistance against CMV.

       L      1    2       3      4     5      6     7        8      9    10   11    12    

       L          1       2           3      4           5          6       7        

299 bp 

299 bp 

      L          1            2            3              4           5          6         7        

401 bp 

      L            1            2            3              4           5          6         7        

411 bp 

      L            1            2            3              4           5          6         7        

361 bp 

(a) (b) 

(c) 

(d) 

Transgenic lines Transgenic lines 

Transgenic lines 

Fig. 4  Molecular screening transgenic lines with maker and reporter 
genes: PCR amplification of (a) NPTII gene fragment; (b) coat pro-
tein gene; (c) replicase gene; (d) 2b gene expressed from transgenic 

tobacco lines using specific primers and non-transformant/ healthy 
control not showing any amplification. The 1  kb molecular marker 
presented on the left side
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Discussion

The abundant expression of hpRNA construct in the plant 
confer RNA silencing mediated resistance efficiently against 
virus infections in most cases (Kalantidis et al. 2002; Duan 
et al. 2008, 2012). Distinctly, transgenic plant expressing 
hpRNA harboring inverted repeat sequences with intron 
confer 90% of gene silencing effectively (Smith et al. 2000; 
Wesley et al. 2001). There are large numbers of transgenic 
plants developed with the inheritance of post-transcriptional 
gene silencing (PTGS) through the introduction of dsRNA 
against invading viruses. The management of severe mosaic 
caused by CMV is futile. Hence, RNA-mediated resistance 
is the most effective strategy for developing stable resist-
ance against CMV. The present study demonstrates the spec-
trum of RNA-mediated resistance against CMV by inverted 
repeats of conserved gene fragments.

The length of RNAi fragment and sequence similarity 
is also highly essential for effective RNA silencing medi-
ated resistance (Duan 2012). It is reported that challenging 
virus with sequence mutation over 10–20% more than of 
transgene overwhelms resistance mechanism and promote 
infection. RNAi gene fragment with a length of 300–800 bp 
effectively induces RNAi silencing in plants (Ritzenthaler 
2005). Accordingly, specific hpRNA-CP, hpRNA-Rep and 
hpRNA-2b gene constructs have been developed to study the 
efficacy. The developed chimeric gene constructs were mobi-
lized into Agrobacterium strain LBA4404 and preceded by 
the regeneration of transgenic plants. There are several stud-
ies have demonstrated RNA-mediated resistance in different 
crop plants. But, the frequency of induction of RNA-medi-
ated resistance in transformed plants is more cumbersome. 

Hence, optimizing the frequency of resistance induction is 
an essential factor in RNA-mediated resistance.

The integration of transgene in the transgenic line was 
confirmed by preliminary molecular screening and qPCR 
analysis. There are around 45–50 percent of the transgenic 
plants showed that transgene integration implies intact 
T-DNA integration into transformants. The relative expres-
sion frequency of transgenes in the transgenic lines is cor-
related with virus titre by challenge inoculation with CMV 
to determine the spectrum of resistance. The transgenic line 
harboring hpRNA-CP-4 expressed as much as 230 folds in 
tobacco observed for very low CMV titre (0.029) followed 
by hpRNA-REP-4 expressed 188 folds with 0.099 virus titre. 
Kamo et al. (2010) reported that transgenic Gladiolus lines 
harbor CMV CP gene with lower level expression (24×) 
in qPCR analysis was apparently not resistance to CMV. It 
suggests the relative expression of the transgene may cor-
relate with the spectrum of resistance. The higher transgene 
expression appears to be effective in inducing CP-mediated 
resistance in transgenic Gladiolus plants (Kamo et al. 2010). 
Introduction of dsRNA derived from the fragment of the rep-
licase gene produced complete resistance to CMV in tomato, 
potato and Gladiolus (Kamo et al. 2010; Ntui et al. 2014a). 
Hu et al., (2011) demonstrated that transgenic tobacco incor-
porated with a partial fragment of the replicase (1a gene) 
gene of CMV in an intron-hairpin RNA construct produced 
complete resistance against CMV.

The constructs designed to express dsRNA in plants in 
the form of self-complementary hairpin RNA (hpRNA) 
elicits the high degree and frequency of post-transcriptional 
gene silencing (PTGS) of invading viruses (Smith et al. 
2000; Wang et al. 2010; Chuang and Meyerowitz 2000; 

Table 1  Relative quantification 
of transgene expression in 
transgenic tobacco plants by 
Real-Time PCR (qPCR) by 
competitive  2−∆∆Ct method

– The expression of each transgene relative to EF-1a (elongation factor-1a) gene and a calibrator is 
described as  2−∆∆Ct

Transgenic lines CMV CP  (2−∆∆Ct ± S.E) CMV REP  (2−∆∆Ct ± S.E) CMV 2b  (2−∆∆Ct ± S.E)

IR-CP-1 81.26 ± 0.52 – –
IR-CP-2 168.59 ± 1.38 – –
IR-CP-3 159.0 ± 1.80 – –
IR-CP-4 230 ± 1.06 – –
IR-CP-5 167.73 ± 1.63 – –
IR-REP-1 – 157.05 ± 0.61 –
IR-REP-2 – 170.07 ± 1.21 –
IR-REP-3 – 188.70 ± 2.17 –
IR-REP-4 – 90.01 ± 1.54 –
IR-REP-5 – 90.42 ± 0.85 –
IR-2b-1 – – 95.10 ± 0.78
IR-2b-2 – – 88.00 ± 0.65
IR-2b-3 – – 11.10 ± 0.91
IR-2b-4 – – 17.0 ± 0.70
IR-2b-5 – – 10.01 ± 1.56
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Wesley et al. 2001). The complete resistance was achieved 
in hpRNA-CP and hpRNA-REP harboring transgenic lines 
with free of symptoms. Indeed, hpRNA-2b harboring trans-
formant with deficient transgene expression showed a partial 
spectrum of resistance with mild symptoms. The fragmen-
tary or deficient expression of the 2b gene may due to an 
incomplete suppression of intracellular signaling (Guo and 
Ding 2002; Ntui et al. 2014b). Apparently, the 2b protein 
interrupted the silencing mechanism by sequestering siR-
NAs production by preventing it from entering the RISC 
complex (Guo and Ding 2002). The mechanism of PTGS 
is that the synthesis of siRNA from the introduced hpRNA 

and the expressed siRNA complementary to the target 
RNA incorporated in the RISC complex. It ultimately led 
to the degradation of homologous target RNA and confers 
resistance against invading virus. RNA-mediated resist-
ance involves sequence-specific degradation (Kawazu et al. 
2009). It can overcome the potential risk of recombination 
and heterologous encapsidation occurring in protein/gene-
mediated resistance (Hu et al. 2011). The resistance response 
also seems to considerably vary with different CMV-host 
combinations (Namba et al. 1992; Kaniewski et al. 1999).

The obtained results from model plants indicate the 
effectiveness of RNAi in the management of viruses. 

121 bp 

(a)

115 bp 

104 bp 

(b)

(c) 

       L                1           2              3                  4               5             WT                L                1              2            3              4              5            WT             

       L                1           2              3                  4              5             WT         

Fig. 5  The expression of transgenes in transgenic lines was determined by semi-quantitative Real-Time PCR. The copy number of CP (a), Rep 
(b) and 2b (c) expressed in N. tabacum transgenic line determined by qPCR and further validated further by gel electrophoresis
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Further, it can be applied to the development of the avail-
able commercial crops to combat the problem that arises 
from viruses. With further advancement, the success-
ful generation of commercial transgenic plants can be 
developed by improvising and screening the candidate 
viral gene constructs. Besides, CMV-2b gene-dependent 
defense pathway regulation is yet to be studied in detail. 
The spectrum of resistance and its relation to the ratio of 
accumulation of each viral RNAs during CMV infection 
also need to be focused.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13205- 023- 03576-1.
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