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Abstract  Citrus tristeza virus (CTV) is a virus 
that already caused great losses in citrus producing 
regions. The cell wall of plant cells plays an impor-
tant role in the defence response to viruses. Follow-
ing several studies indicating that cell wall enzyme 
transcripts of callose synthase 7 (calS7) and xylo-
glucan endotransglucosylase 9 (xth9) are modified 
during a viral infection, transcript expression of 
calS7 isoform x5 (calS7x5) and xth9 was evaluated 
over time in Citrus × sinensis ‘Valencia Late’ (VL) 
and Citrus × clementina ‘Fina’ (CL), infected with 
the severe CTV isolate T318A, by quantitative (q) 
PCR. qPCR analysis of healthy and CTV  infected 
citrus was performed at 15 days, 10 months and at 
31  months post-inoculation (dpi/mpi), respectively. 
The CTV titer, evaluated at the three time-points by 
qPCR, increased over time in bark tissues, with VL 

plants exhibiting a titer about 5 times higher than 
CL 31 mpi. CTV infection did not cause significant 
changes in calS7x5 gene expression over time in 
both citrus cultivars. However, CTV infection was 
associated with significant up-regulation of xth9 in 
VL compared to controls 31 mpi. This study high-
lights that CTV infection can affect the expression 
of specific cell wall-associated genes over time and 
that this influence was distinct for VL and CL. This 
study provides further insight into the CTV-citrus 
host interaction, with the long-term response of VL 
to a severe CTV isolate involving a high expression 
of the xth9 gene.
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Abbreviations 
act	� β-actin
ANOVA	� Analysis of variance
CalS	� Callose synthase
CalS7 x5	� Callose synthase 7 isoform 5
CL	� Citrus × clementina Hort. ex Tanaka 

‘Fina’
CTV	� Citrus tristeza virus;
cox	� Cytochrome c oxidase
DAMPs	� Damage-associated molecular pattern
dpi	� Days post-inoculation
dNTP´s	� Deoxyribonucleotides
dRNA	� Defective RNA
GSL	� Glucan synthase-like
mpi	� Months post-inoculation
MYMIV	� Mungbean yellow mosaic India virus
ORF	� Open reading frame
PCR	� Polymerase chain reaction
PD	� Plasmodesmata
PVY	� Potato virus Y
qPCR	� Quantitative polymerase chain reaction, 

associated to real-time analysis
RT-PCR	� Reverse transcription polymerase chain 

reaction
sgRNA	� Sub-genomic RNA
SMV	� Soybean mosaic virus
ssRNA( +)	� Single-stranded genomic RNA of posi-

tive sense
totRNA	� Total RNA
TuMV	� Turnip mosaic virus
XET	� Xyloglucan endotransglucosylase 

(activity)
XTH	� Xyloglucan endotransglucosylase/

hydrolase (protein)
XTH9	� Xyloglucan endotransglucosylase 9
VL	� Citrus × sinensis (L.) Osbeck ‘Valencia 

Late’

Introduction

Plants respond to a virus infection by inducing exten-
sive defence mechanisms that determine the suscep-
tibility or resistance to the pathogen (Kozieł et  al., 
2021). The cell wall plays an important role in this 
defence response, since it is a physical barrier to path-
ogens (Kozieł et al., 2021). The cell wall is composed 
of a network of cellulose and cross-linking glucans 

embedded in a matrix of pectin polysaccharides (Hou-
ston et al., 2016). Cell walls of neighbouring cells are 
connected by plasmodesmata (PD), intercellular chan-
nels of 30–50 nm in diameter that establish a symplas-
tic communication (Lee & Lu, 2011). The interaction 
of viruses with plant cells is accompanied by the dep-
osition of callose, a β-1,3 glucan polymer in the PD, 
which reduces the orifice, thus blocking plasmodes-
mal trafficking and limit virus cell-to-cell movements 
(Lee & Lu, 2011). Callose may also be deposited on 
sieve elements, including the sieve plate, which limits 
the long-distance transport of viruses and contributes 
to increasing plant resistance (Zhang et al., 2022). The 
extent of changes that occur in the cell wall upon a 
viral infection are mirrored by the vast group of cell 
wall transcripts overexpressed, revealed by microar-
ray gene expression and transcriptome analysis, that 
code for cellulose synthases, expansins, pectinester-
ases, xyloglucan endotrans-glucosylase/hydrolases, 
chitinases, callose synthase and glucanases (Chen 
et al., 2013; da Silva et al., 2023; Houston et al., 2016; 
Shimizu et al., 2007; Yadav & Chattopadhyay, 2014; 
Yang et al., 2007; Zheng et al., 2013).

Typical cell wall modifications that interfere with 
virus movement include cell wall thickening, altera-
tions in its structure or permeability and changes in 
ion fluxes (Kozieł et al., 2021; Marwal & Gaur, 2020). 
In susceptible plants the virus is able to overcome the 
plant defence systems, such as the down-regulation of 
certain plant cell wall enzymes, facilitating systemic 
translocation of the virus (Chen et al., 2013; Shimizu 
et  al., 2007; Yang et  al., 2007; Zheng et  al., 2013). 
Resistant plants prevent systemic movement of virus 
by mechanisms such as induced localized cell death 
and/or the accumulation of defensive wall-associated 
proteins such as pathogenesis-related proteins and 
deposition of cell-wall polysaccharides such as callose 
and xyloglucan (Otulak-Kozieł et al., 2018).

Callose is one of the most extensively studied 
polysaccharides associated with viral infections as its 
deposition in the PD, phloem sieve plates and other 
plant tissues controls cell-to-cell transport and slows 
virus invasion and movement (Iglesias & Meins, 
2000; Li et  al., 2012; Otulak-Kozieł et  al., 2018; 
Zhang et  al., 2022; Zheng et  al., 2013). Viruses can 
also promote their intercellular movement in hosts by 
downregulating the synthesis of callose or promoting 
callose degradation at PD (Chowdhury et al., 2019). 
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Callose deposition is linked to pathogen-associated 
molecular patterns (PAMPs) recognition by the plant 
(Dalio et al., 2017). Most plant viruses move within 
sieve elements to achieve a systemic infection and 
massive callose deposition occurs in the sieve tube 
plates within minutes of infection, to control or stop 
pathogen transport (Kloth & Kormelink, 2020; Zhang 
et  al., 2022). The  linear polymer of β-1,3-glucans is 
synthesized by a complex of enzymes where callose 
synthase (CalS) is the catalytic subunit (Nedukha, 
2015). In Arabidopsis thaliana 12 distinct isoforms 
of calS  have been identified and their expression is 
dependent on the tissue type, developmental stage 
and the presence of biotic and abiotic stresses (Barratt 
et al., 2011; Nedukha, 2015; Piršelová & Matušíková, 
2013; Töller et al., 2008). Among the three enzymatic 
isoforms with a role in callose deposition, callose 
synthase 7 [CalS7 or glucan synthase-like 7 (GSL7)] 
is most active in phloem cells and is responsible 
for callose synthesis in PD and in sieve plates  (De 
Storme & Geelen, 2014). Callose deposition occurs 
during phloem formation and as a result of wound-
ing, in different plant organs, including the stem tis-
sue (Barratt et al., 2011; De Storme & Geelen, 2014; 
Nedukha, 2015; Piršelová & Matušíková, 2013; 
Töller et al., 2008; Xie et al., 2011). The function of 
CalS7 was revealed by mutants lacking the enzyme, 
which showed  reduced accumulation of callose in 
the phloem sieve plates, on the radial walls of the 
sieve elements and in companion cells (De Storme & 
Geelen, 2014). CalS7 transcript expression was up-
regulated  with viral infection in several herbaceous 
(Babu et  al., 2008; Chen et  al., 2013; Otulak-Kozieł 
et al., 2018; Shimizu et al., 2007; Wu et al., 2013) and 
woody plants (Allie et  al., 2014; Madroñero et  al., 
2018).

Xyloglucan is the predominant hemicellulose 
in the cell walls and contributes to wall assembly 
and growth regulation, making the cell wall more 
rigid when it is cross-linked to cellulose fibres (Fry 
et  al., 1992; Hayashi & Kaida, 2011). This polysac-
charide, formed by a 1,4-β-glucan backbone with 
1,6-α-xylosyl residues, is present in the middle 
lamella, primary walls, and gelatinous wall layer 
of cell walls (Hayashi & Kaida, 2011). Changes in 
the metabolism of xyloglucan occurs in the pres-
ence of viruses (Otulak-Kozieł et  al., 2018; Yadav 
& Chattopadhyay, 2014; Zheng et  al., 2013). Xylo-
glucan endotransglucosylase/hydrolases (XTHs) are 

enzymes with hydrolytic activities (XEH) and cross-
linking activities (XET) responsible for splitting and 
assembly of the xyloglucan crosslinks in the cell wall 
(Kaur, 2019; Sharples et al., 2017).

Plants belonging to the genus Citrus (family Ruta-
ceae), cultivated in tropical and subtropical areas, 
are the most commercially important woody fruit 
crops in the world (Liu et  al., 2012) and are part of 
the Mediterranean diet (Duarte et  al., 2016). The 
productivity and longevity of citrus species has been 
severely affected in citrus producing regions by a 
commonly distributed virus, citrus tristeza virus 
(family Closteroviridae, genus Closterovirus), which 
has a single-stranded positive-sense RNA genome 
(approx. 19.3 Kb) (Karasev et al., 1995; Z. N. Yang 
et  al., 1999). Citrus tristeza virus (CTV) isolates 
may cause one of four distinct syndromes in Citrus 
spp.: decline or tristeza disease (which may induce 
plant death), stem pitting (abnormal phloem devel-
opment), seedling yellows (leaf chlorosis and stunt-
ing) or  an  absence of symptoms (Dawson et  al., 
2015). CTV infection is mainly restricted to phloem 
cells, although the virus was also found in tracheid 
cells. CTV replicates in companion cells or phloem 
parenchyma cells and systemic infection is by long-
distance movement in sieve elements (Folimonova, 
2020). However, there is a poor understanding of the 
changes in the composition of the cell wall of phloem 
cells in face of an infection triggered by CTV. Cell-to-
cell and long-distance movement of CTV in phloem 
cells has been found to depend on the citrus host gen-
otype and the host-virus interaction, with several viral 
proteins participating, including  p33, p13 and p18 
(Dawson et al., 2015; Folimonova et al., 2008; Foli-
monova, 2020; Tatineni et al, 2011). Exposure of the 
highly susceptible C. macrophylla to CTV clone T36-
GFP resulted in small clusters of infected companion 
cells, while the sour orange (C. aurantium), which has 
low susceptibility  to CTV, displayed limited cell-to-
cell viral movement (Folimonova et  al., 2008). Fur-
thermore, sour orange seems to have a transient viral 
resistance to CTV which lasts for about  two years, 
after which severe CTV isolates such as T36 and mild 
isolates show a viral titer  similar to that of Mexican 
lime (Albiach-Marti, 2012). Comparative transcrip-
tome profiling analysis revealed that calSs and xths 
transcripts, as well as transcripts encoding cellulose 
synthase and expansins, were induced when C. × sin‑
ensis was infected with pathogens including CTV, 
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although the response differed with the  isolate (mild 
with CTV-B2 or severe with CTV-B6) (Cheng et al., 
2016; Fu et al., 2016, 2017; Granato et al., 2019).

Citrus × clementina (CL) ‘Fina’ and Citrus × sin‑
ensis ‘Valencia Late’ (VL) are widely planted citrus 
cultivars. The present study evaluated the expres-
sion of callose synthase 7 isoform 5 (calS7x5) and 
xyloglucan endotransglucosylase 9 (xth9) genes 
over time in the two citrus  cultivars, infected with 
the severe stem pitting CTV isolate T318A. CalS7x5 
and xth9 gene expression were evaluated by quanti-
tative (q) PCR in CL and VL bark tissue of healthy 
and CTV infected citrus, after 15  days, 10  months 
and 31  months post-inoculation (dpi/mpi, respec-
tively), to guarantee that both short-term and long-
term responses  were covered. The CTV titer in 
control and inoculated CL and VL plants were also 
evaluated and revealed that VL reached a viral titer 
4.9 times higher than CL at 31 mpi. The results 
revealed that the two citrus cultivars had a differ-
ent response to CTV infection and that xth9 gene 
expression may play a role in CTV infection.

Material and methods

Plant material and virus isolate

Citrus × clementina hort. ex Tanaka ‘Fina’ (CL) and 
Citrus × sinensis (L.) Osbeck ‘Valencia Late’ (VL), 
grafted onto the rootstock ‘Carrizo’ citrange (Cit‑
rus × sinensis Osb. × Citrus trifoliata L.), were pur-
chased from a certified CTV-free nursery and then 
maintained into a greenhouse at the University of 
Algarve. These two-year-old plants were potted 
in a 50:50 mix of pine bark and coconut fiber, fer-
tilized one time a week and kept in an insect-proof 
greenhouse. Plants were maintained under normal 
ambient conditions (temperature, relative humidity 
and illumination) for the Algarve region, Portugal, 
from April 2014 to March 2017. Two groups of four 
plants were used in this study for each citrus culti-
var, CL and VL. One group of four plants of each 
cultivar was infected with the severe stem pitting 
CTV isolate T318A from VT genotype (Harper, 
2013), kindly provided by Dr. Leandro Peña (Insti-
tute for Plant Molecular and Cell Biology – Poly-
technic University of Valencia) and the other groups 
were the control and were not inoculated with CTV. 

CL and VL were infected with CTV as described in 
Afonso et al. (2017). Samples from each group were 
collected at three different post-CTV inoculation 
times: 15  days post-inoculation (dpi), 10  months 
post-inoculation (mpi), and 31 mpi. Sampling of 
young twigs at approximately the same stage of 
development from each plant occurred in November 
(15 dpi), September (10 mpi) and June (31 dpi).

Molecular methods

Total RNA extraction

Total RNA (totRNA) was extracted from 100  mg 
of slices from young bark tissue (herbaceous mate-
rial) of control and infected plants using TRI Rea-
gent (Sigma-Aldrich, USA) according to the manu-
facturer’s instructions, and stored at -80  °C until 
use. totRNA (5 µg) extracted from each sample was 
treated with a TURBO DNA-free™ Kit (Ambion, 
Germany) according to the manufacturer’s instruc-
tions, to eliminate DNA contamination. The integrity 
of the RNA samples was assessed by gel electropho-
resis and the concentration of RNA was determined 
using a NanoPhotometer® UV–Vis Spectrophotom-
eter (IMPLEN, Germany).

Detection of CTV by RT‑PCR

Confirmation of the CTV infection status of the citrus 
plants, CL and VL, was evaluated by amplification 
of the coat protein (p25) gene of CTV using reverse 
transcription polymerase chain reaction (RT-PCR). 
The RT-PCR reaction was performed using degen-
erate primer pairs to amplify the complete sequence 
(672  bp) of the p25 gene (Table  1). The RT-PCR 
reaction mixture and programme was performed 
as described before (Afonso et  al., 2017). Two μL 
(50  ng/µL) of totRNA were used from each sample 
analysed. The RT-PCR amplicon was purified using 
a MEGAquick-spin™ Plus Total Fragment DNA 
Purification Kit (GE Healthcare, UK), following 
the manufacturer’s instructions. The amplicon was 
cloned into a pGEM-T Easy vector (Promega, USA), 
sequenced and aligned with the reference sequence 
of isolate T318A retrieved from GenBank (GenBank 
accession DQ151548) and using ClustalX.
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Synthesis of cDNA and amplification of CTV 
ORF1a‑2b and citrus genes calS7 × 5 and xth9

To perform reverse transcription for transcript expres-
sion analysis, totRNAs from all samples of the exper-
iment (including all time-points and the two cultivars) 
were denatured at 65 °C for 5 min and ice cooled for 
another 5  min. Reverse transcription reactions were 
performed using the same reactional mix for all sam-
ples, in a final reaction volume of 20 µL using 500 ng 
of denatured totRNA, 200  ng of random hexamers 
(Jena Bioscience, Germany), 500  µmol of dNTPs 
(Invitrogen, USA), 8 U of RiboLock RNase Inhibi-
tor (Thermo Scientific, USA) and 100 U of RevertAid 
Reverse Transcriptase (Thermo Scientific, USA). 
Reverse transcription reactions occurred at 42 °C for 
1:30 h, followed by enzyme inactivation at 70 °C for 
10 min.

Sequences of CTV ORF1a-2b and citrus genes 
calS7x5 and xth9 were amplified by PCR and cloned 
into the pGEM T-Easy vector and used for standard 
curves in real-time PCR analysis. Primers designed 
for CTV ORF1a-2b (Table  1) did not amplify sgR-
NAs (3´ coterminal sgRNAs) and dRNAs (Ruiz-Ruiz 

et  al., 2007). PCR reactions had a final volume 
of 15  μl and contained 2 μL of cDNA (0.5–1  μg), 
200 nmol of each primer (Table 1), 200 μM of each 
dNTP (Invitrogen) and 0.375 U of BioTaq (Bioline, 
UK). The amplification reactions were performed in a 
thermal cycler T100™ (BioRad, USA) using the fol-
lowing cycle: 95 °C for 2 min, followed by 35 cycles 
at 95 °C for 30 s, 60 ºC for 35 s, and 72 °C for 40 s, 
with a final extension time of 7 min at 72 °C. A nega-
tive control reaction without cDNA was included. A 
PCR product with the predicted amplicon size was 
gel purified and cloned into the pGEM T-Easy vec-
tor as described above, sequenced and the identity 
of the amplicon confirmed by searching against the 
NCBI database (http://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​
cgi) using the Blastn algorithm.

A partial sequence of callose synthase 7-like, tran-
script  variant x5, of 397  bp, was amplified from CL 
and VL cDNA by PCR using the primers for calS7x5 
(Table  1), designed to amplify a nucleotide region 
with no  homology to other calS7  isoforms  (Gen-
Bank accession: XR_008054095). Amplified CL and 
VL callose synthase sequences were aligned using 
ClustalW software (http://​www.​genome.​jp/​tools/​clust​

Table 1   Primer sequences used in RT-PCR, PCR and qPCR amplifications and their respective efficiency and R2 value of the stand-
ard curve (for qPCR)

Fw forward primer; Rv reverse primer. R = A/G; Y = C/T

Amplified sequence Primer 5´- 3´ Amplicon 
size (bp)

Efficiency (%) R2 Reference

CTV Detection
p25 (CTV) Fw ATG​GAC​GAC​GAR​ACA​AAG​

Rv TCA​ACG​TGT​GTT​YAA​TTT​CC
672 – – This work

Primers for cloning into pGEM T-Easy
calS7x5 Fw TGT​TGC​GTG​GAC​TTC​TGA​TG

Rv TCT​TCC​AAC​ATA​CAG​TTT​CGGC​
397 – – This work

xth9 Fw TCT​GCT​GGA​ACT​GTC​ACT​G
Rv GCC​CAG​TCA​TCA​GCA​TTC​CA

341 – – This work

Real-time qPCR primers 5´- 3´
act Fw CAG​TGT​TTG​GAT​TGG​AGG​ATCA​

Rv TCG​CCC​TTT​GAG​ATC​CAC​AT
74 97.3 0.998 (Agüero et al., 2014)

cox Fw GTA​TGC​CAC​GTC​GCA​TTC​CAGA​
Rv GCC​AAA​ACT​GCT​AAG​GGC​ATTC​

68 98.5 0.999 (Li et al., 2006)

calS7x5 Fw ATA​GGG​TTC​CTC​CAG​GTT​CTGA​
Rv GCT​TCA​CCC​CAG​ATA​AGA​AGA​

81 104.2 0.993 This work

xth9 Fw GTG​AAT​GGT​GTG​GGC​AAC​AGA​GAG​
Rv TCC​TTT​GTG​CTC​CAA​GTT​AGT​GTG​C

156 92.8 1 This work

ORF1a-2b (CTV) Fw CGC​GTG​GGT​TAT​TTT​TCG​TAC​
Rv CGA​AGG​CAA​ACA​TCT​CGA​CTC​

148 99.4 0.999 (Ruiz-Ruiz et al., 2007)

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.genome.jp/tools/clustalw/
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alw/) and used to design primers for quantitative real-
time PCR (qPCR). Isolation of xyloglucan endotrans-
glucosylase/hydrolase 9 (XTH9) (GenBank accession: 
XM_006447384) used specific primers and the same 
strategy as outlined above (Table 1). PCR reactions had 
a final volume of 15 μl and the same reaction conditions 
and cycle conditions described above, except for the 
annealing temperature that was 58 °C for both calS7x5 
and xth9. A negative control reaction without cDNA 
was included. PCR products with the predicted ampli-
con size were gel purified and cloned into the pGEM 
T-Easy vector as described above, sequenced and their 
identity confirmed using Blastn against the NCBI data-
base (http://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi).

Real‑time quantitative PCR (qPCR)

qPCR assays were designed to quantify the expres-
sion of calS7x5 and xth9 in healthy or infected CL 
and VL plants, using the specific primers in Table 1. 
qPCR analysis was also performed for ORF1a-2b 
from CTV isolate T318A. Samples from 15 dpi, 10 
mpi and 31 mpi (n = 4/time-point) and control CL and 
VL plants were analysed by qPCR.

All qPCR reactions were performed in duplicate 
using a StepOnePlus™ Real-Time PCR thermocycler 
(Applied Biosystems, USA) using EvaGreen chemis-
try (BioRad, USA). The qPCR reaction mix contained 
5 µL of 2 × Sso Fast EvaGreen Supermix (BioRad, 
USA), 2.4 µL of RNase free water, 2 µL of synthesized 
cDNA (diluted 1:5) and 300  nM of each primer pair 
(Table 1) in a final volume of 10 µL. The cycling con-
ditions were 30 s at 95 °C, 40 cycles of 5 s at 95 °C 
and 10 s at the optimal annealing temperature for the 
primers (58  °C for cals7x5, xth9 and cox and 60  °C 
for  CTV and act), followed by a final melting curve 
between 65  °C and 95  °C. A standard curve relat-
ing amplification cycle with initial template quantity, 
determined by NanoPhotometer® UV–Vis Spectro-
photometer (IMPLEN, Germany), was prepared using 
tenfold serial dilutions of each amplicon. Copy number 
was determined using the following equation:

where X is the initial template concentration (ng of 
the amplicon fragment), NA is Avogadro’s number, 
Y is the template length (bp of each amplicon), and 

number of copies =
X × NA

Y × 1x10
9
× 650

650 (Da) is the average weight of a base pair (Afonso 
et al., 2017). Before calculating copy number for each 
duplicate reaction, it was verified that the average 
standard deviation between replicate Cts was below 
0.5 and their maximum levels generally below 1. 
Samples where gene levels were very low (Ct above 
35, such as the case of the CTV levels in control 
plants) had higher standard deviation levels and were 
considered as zero, after this revision.

The reference genes act and cox were used to nor-
malize the expression of the target genes (Table  1), 
after confirming their expression levels was stable 
across all samples, using the BestKeeper software 
(Pfaffl et al., 2004) at the web-based RefFind resource 
at http://​blooge.​cn/​RefFi​nder/ (Xie et al., 2012). The 
BestKeeper gene stability values for act, cox and their 
geometric mean were 0.87, 0.99 and 0.92, respec-
tively. Despite the slightly higher stability of the cox 
gene alone, it was decided to normalize all data by the 
geometric mean of the two validated stable reference 
genes, since it is recommended for an accurate qPCR 
to use more than one reference gene (Vandesompele 
et al., 2002). Relative gene expression of calS7x5 and 
xth9 levels in each plant and condition was calculated 
by dividing gene copy number by the geometric mean 
of the copy number of the reference genes, cox and 
act, in each sample (Pfaffl et  al., 2004). All qPCR 
efficiencies were > 90% and the regression coeffi-
cients (R2) of standard curves was > 0.99 (Table  1). 
The melting curve of each amplicon had a single 
peak and confirmed the absence of significant sec-
ondary primer structures or nonspecific amplifica-
tion products. No PCR products were detected when 
cDNA synthesis was carried out without reverse tran-
scriptase (-RT control) or when the cDNA template 
was omitted.

Statistical analysis

Results are presented as the mean ± SEM (CL-
15dpi-control n = 3; CL-15dpi-infected n = 4; CL-
10mpi-control n = 3; CL-10mpi-infected n = 4; 
CL-31mpi-control n = 3; CL-31mpi-infected n = 4; 
VL-15dpi-control n = 3; VL-15dpi-infected n = 4; 
VL-10mpi-control n = 3; VL-10mpi-infected n = 3; 
VL-31mpi-control n = 3 and VL-31mpi-infected 
n = 4), using SigmaPlot v12 (SPSS Inc.). Statisti-
cal analysis of the expression of each gene within 

http://www.genome.jp/tools/clustalw/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blooge.cn/RefFinder/
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one cultivar was assessed using two-way analysis of 
variance (ANOVA) with time post-inoculation and 
infection status as factors and the software SigmaPlot 
version 14.0. Significant statistical differences were 
accepted when the p-value was < 0.05 and were eval-
uated by Multiple Comparisons (Tukey Test) versus 
the control condition, which was defined as 15 dpi for 
the factor “time post-inoculation” and as the control 
(non-infected) group for the factor “infection status” 
for both cultivars.

Results and discussion

CTV titer in ’Valencia Late’ sweet orange and ’Fina’ 
clementine over time

The CTV titer in citrus cultivars CL and VL increased 
over time, reaching a significantly higher titer at 31 
mpi, compared with the other two time-points and 
non-infected individuals (Fig.  1). Fold change analysis 
revealed VL generally had a higher CTV titer than CL 
(Fig. 1 and Table 2). The relative quantification of CTV 
in VL and CL was evaluated at each sample time-point 
(Table 2). Values of CTV titer at 15 dpi were low in both 
CL and VL but at this early stage of infection VL plants 
already exhibited, in terms of relative quantification, 

a CTV titer 30 times higher than CL (Table 2). At 10 
mpi, the relative titer of CTV was slightly lower in VL, 
but after 31 mpi VL plants had 5 times higher CTV than 
CL (Table 2), levels that for both  cultivars represented a 
significantly higher titer at 31 mpi compared to the pre-
vious time-points (Fig. 1). As previously demonstrated, 
CTV-infected citrus hosts usually show high viral titers 
during spring and autumn (Cambra et al., 2002), which 
may explain   the high viral titers in CL and VL samples 
collected in June, at 31 mpi. The nucleotide  sequence 
of the CTV p25 gene of isolate T318A was confirmed 
by sequencing.  The specificity of the primers avoided 
the amplification of abundant sgRNAs that form dur-
ing CTV replication. These sgRNAs consist of the (-)
ssRNAs complementary to the gRNA, the positive and 
negative strands of the ten 3´ co-terminal sgRNAs and 

Fig. 1   Relative quantification by qPCR of CTV in young bark 
tissue from CL and VL infected with the severe CTV isolate 
T318A at 15 dpi, 10 mpi and 31 mpi, and the respective con-
trols. Relative quantification of CTV in each group of plants, 
was obtained using CTV copy number normalized by the copy 
number of the internal controls act and cox. The mean and 
standard deviation were obtained using four biological repli-
cates and two independent assays. The same lower-case letters 

indicate relative CTV titer that are not significantly different 
(p < 0.05) in control plants compared along the different time-
points. Different upper-case letters indicate relative CTV titer 
that is significantly different (p < 0.05) between CTV infected 
plants, at the indicated time. # represents a statistically signifi-
cant difference (p < 0.05) in CTV titer between CTV infected 
plants and their respective control, at the indicated times post-
inoculation

Table 2   Comparison between relative CTV quantification in 
CL and VL plants at 15 dpi, 10 mpi and 31 mpi

Cultivars Ratios

Time post-
inoculation

CL VL CL/VL VL/CL

15dpi 1.80 × 10−2 6.04 × 10−1 3.14 × 10−1 3.19 × 101

10mpi 1.09 × 105 4.19 × 105 2.60 × 100 3.84 × 10−1

31mpi 2.01 × 105 9.98 × 105 2.01 × 10−1 4.97 × 100
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the two abundant positive-stranded 5´ co-terminal RNA 
species of ∼800 nt each one (Ruiz-Ruiz et al., 2007).

Sampled plant material was from young branches 
with tender bark, known to contain the highest virus 
titer (Korkmaz et  al., 2008; Zhou et  al., 2017). The 
time of inoculation with CTV was 2.7 years prior to the 
last  sampling, so the virus was expected to be evenly 
distributed in all parts of the host plant. The CTV viral 
titer also dependson the activity of the viral suppressor 
genes p23, p20 and p25 that interact with the antiviral 
RNA silencing mechanisms as well as on the products 
of the viral genes p33, p18 and p13 whose function are 
not completely understood (Dawson et al., 2013). Mech-
anisms such  as salicylic acid and enzymatic and non-
enzymatic antioxidant activities also interfere with viral 
titer (Gómez-Muñoz et  al., 2017; Munir et  al., 2019). 
The difference in CTV viral  titer between VL and CL 
are also related to the citrus cultivar. Different citrus spe-
cies support different CTV titers as revealed for the sus-
ceptible hosts C. macrophylla and C. × sinensis ‘Madam 
Vinous’ and the low susceptible host sour orange, which 
was associated with the ability of the virus to infect 
phloem companion cells and to move in the sieve ele-
ments (Dawson et  al., 2013; Folimonova et  al., 2008). 
Viral accumulation inside the host depends also on the 
CTV isolate, and particularly T318A has been shown to 
increase its viral load in sour orange, sweet orange, C. 
macrophylla and C. aurantifolia (Mexican lime) in the 
first two years, stabilizing at 2.5 years (Comellas, 2009). 
Despite the possible initial dissimilar CTV accumulation 
in different citrus tissues (Dawson et al., 2015), a high 
and stabilized CTV titer was determined in sour orange 
and sweet orange genotypes at 36 mpi, infected  with 
mild or severe stem pitting isolates as T318A and T36  
(Comellas, 2009). The viral titer values for  CL and 
VL at 31 mpi, point to the conclusion that VL is more 
susceptible to CTV than CL.

Expression of calS7x5 and xth9 genes in citrus 
cultivars over time and CTV infection

Both CL and VL showed no change in their phenotype 
over the 31-month study period. In the present study it 
was found that calS7x5 gene expression in CL cultivar 
was significantly different between infected and non-
infected plants only at 15 dpi, with infected plants show-
ing a lower expression, denoted by a # (Fig.  2). Both 
CL and VL plants displayed an increased expression of 
calS7x5 at 10 mpi, compared to the previous sampling 

time, equally for infected and healthy plants. The expres-
sion of calS7x5 at 31 mpi was identical to infected and 
control plants for both citrus cultivars (Fig.  2). These 
results do not agree to what was previously described 
in C. × sinensis infected with the CTV severe isolate 
B6, where it was found the up-regulation of transcripts 
encoding an enzyme that indirectly promoted callose 
deposition (Fu et  al., 2016). The distinct response of 
the VL cultivar of C. × sinensis could be related to the 
type of tissue studied, in this case the stem and not the 
leaf (analysed by Fu et  al., 2016). On the other hand, 
distinct CTV isolates may cause different symptoms in 
the same citrus host (Dawson et al., 2015), and B6 and 
T318A are distinct, although belonging to the same 
VT genotype (Harper, 2013). As reported by Fu et  al. 
(2017), the mild isolate B2 and the severe isolate B6 
induce distinct transcripts in C. × sinensis related to the 
synthesis of cell wall enzymes as cellulose synthase. The 
results of this study indicate that the infection of VL and 
CL with a severe CTV isolate do not interfere in calS7x5 
gene expression, at least at the analysed time-points.

The outcome of a viral infection caused by both the 
mild B2 and the severe B6 CTV isolates in C. × sinen‑
sis induced transcripts encoding xyloglucan endotrans-
glycosylase/hydrolase (XTH) (Fu et  al., 2016). How-
ever, it seems an increase in xth gene expression is not 
a common feature to all CTV infected citrus species as 
C. macrophylla infected with T318A showed a lower 
expression of xth9 transcripts in the bark stem tissues 
at 14 mpi (da Silva et al., 2023). In the present work, 
xth9 gene expression was found highly expressed in 
infected plants of both cultivars CL and VL at 15 dpi 
(Fig. 2). At 31 mpi, both cultivars exhibited statistically 
significant differences in xth9 gene expression com-
pared to the respective control plants, with a down-
regulation in CL and a noticeable up-regulation in 
VL (Fig. 2). It should be noted that control VL plants 
showed an almost constant xth9 gene expression at the 
three time-points examined (Fig.  2). The high xth9 
gene expression detected in VL could be related to the 
need for xyloglucans  availability, possibly involved 
in a response to CTV infection. The hemicellulose 
xyloglucan was reported to be part of the endogenous 
elicitors involved in a signalling cascade of defence 
responses to pathogens in Vitis vinifera and Arabidop‑
sis, which includes activation of MAPK pathways and 
phenylalanine ammonia-lyase (PAL) that catalyses 
the first step of the phenylpropanoid pathway (Clav-
erie et al., 2018). The attained results suggest that the 
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increase in xth9 gene expression in VL is related to a 
citrus defence response. In soybean plants affected by 
the soybean mosaic virus, a fluctuation of callose syn-
thase transcripts over time was described, which were 
repressed at 7 dpi and induced at 14 dpi, inferred to 
be a delayed resistance response from the infected 
plant (Babu et  al., 2008). Callose deposition related 
to the occlusion of  sieve elements  is a  labile process 
that changes in a question of minutes or hours (Kloth 

& Kormelink, 2020; Walker, 2022). The evaluation of 
calS7x5 and xth9 gene expression took place at 15 dpi 
followed by well separated times, so it may not have 
captured changes that may have occurred shortly after 
the onset of infection. Factors that may have influenced 
calS7x5 and xth9 gene expression variability over time 
was  exposure  to different  temperature and humidity 
conditions, which changed  depending on the season 
the plants were sampled. As an example, a callose 

Fig. 2   Relative quantification of cals7x5 and xth9 in young 
bark tissue from ‘Fina’ clementine (CL) and ‘Valencia Late’ 
(VL) healthy and infected plants with the severe CTV iso-
late T318A, at 15 dpi, 10 mpi and 31 mpi, estimated by 
qPCR. Represented values are the relative quantification of 
CTV in each plant group, in copy number normalized by the 
copy number of the internal controls act and cox. Means and 
standard deviations were obtained from four biological repli-
cates and two independent assays. Different lower-case letters 

indicate a statistically significant difference for gene expres-
sion (p < 0.05) of each gene in control plants over  time. The 
same type of notation but using upper-case letters was used 
to express significantly different expression levels when com-
paring infected plants along different time-points (temporal 
changes in the infected group). # represents a statistically sig-
nificant difference (p < 0.05) of expression between control and 
CTV infected plants at the indicated times post-inoculation
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synthase gene expression  changed  with the flowering 
stage of Carica papaya (Madroñero et al., 2018).

The present results confirm that the two citrus culti-
vars respond differently to CTV T318A infection, result-
ing in a distinct viral titer at 31 mpi for VL, 4.9 higher 
than for CL (Table 2). Based on previous reports regard-
ing  infection of  C. macrophylla and sour orange  with 
a T36 cDNA clone, where a high  CTV load evi-
denced a susceptible  host (Dawson et  al., 2013; Foli-
monova et  al., 2008), it is suggested that the enzyme 
encoded by gene  xth9 may contribute to a success-
ful CTV infection in VL. A lower xth gene expression 
was described in Arabidopsis in response to an infection 
with  turnip mosaic virus (TuMV) (Yang et  al., 2007) 
and in soybean in response to mungbean yellow mosaic 
India virus (MYMIV) (Yadav & Chattopadhyay, 2014). 
Contrarily, the potato virus Y (PVY) infection redirected 
the deposition of XTH5 compared to control plants 
(Otulak-Kozieł et al., 2018). In the case of C. × sinensis, 
it was previously reported that  an infection with CTV 
increased cell wall metabolism-related genes (Cheng 
et  al., 2016), where xth6, xth28 and xth30 were found 
up-regulated in response to both mild and severe isolates 
(Fu et al., 2017).

Conclusions

CL and VL plants infected with the severe isolate 
T318A showed an increase in viral titer over time 
and after more than 2.5  years post-inoculation with 
CTV.  CTV replication was distinct among the two 
citrus cultivars, with VL having a viral titer approxi-
mately 5 times higher than that of CL at 31 mpi, which 
suggests that VL is more susceptible to CTV than CL. 
A temporal variation in calSx5 gene expression over 
time was depicted in both controls and infected plants 
of CL and VL, which ocurred in a similarly way, so 
these changes seemed to be independent of CTV infec-
tion. CalS7x5 gene expression was underexpressed 
at 31 mpi, when both citrus cultivars had a high viral 
titer. Our experiment revealed a significant impact of 
CTV infection on xth9 gene expression for both cit-
rus  cultivars after 31 mpi. A significant increase of 
xth9 gene expression was detected   in  VL infected 
plants compared to its controls, while in infected CL 
xth9 gene expression was significantly decreased. This 

study points to a very distinct response of VL and CL 
to CTV infection, which seems to  involve xth9 gene 
expression. Our hypothesis is that  the increased xth9 
gene expression in VL over time is related to a citrus 
defence response.  Many aspects related to the com-
plex CTV-host interaction still need to be unraveled. 
The specificity is such that different CTV isolates 
interact differently with the same citrus host, as well 
as the same isolate can induce different symptoms in 
different citrus hosts. It will be interesting in the future 
to investigate if and how xth9 gene expression could 
impact on the susceptibility of VL to CTV.
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