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Expression of HSP90, PR1, and AGOZ2a During the Defensive
Response of Tomato Cultivars to Tomato Brown Rugose Fruit Virus
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Abstract

Tomato brown rugose fruit virus (ToBRFV; Tobamovirus fructirugosum) is an
emerging and highly destructive pathogen threatening tomato production worldwide.
This study investigated the expression patterns of three key defense-related genes:
HSP90, PRI, and AGO2a in two tomato cultivars exhibiting contrasting levels of
tolerance to ToBRFV infection. Four-leaf—stage plants were mechanically inoculated
with a verified viral isolate, and systemic leaf samples were collected at 7, 14, and 21
days post-inoculation (dpi). Total RNA was extracted, viral presence was confirmed
using specific primers, and gene expression was quantified by real-time PCR. In the
tolerant cultivar, all three genes were significantly upregulated following infection.
HSP90 and PR1 displayed a sustained and consistent increase across all sampling
times, while AGO2a showed a marked induction at 14 dpi, reaching levels
significantly higher than those in the susceptible cultivar (P < 0.0001). These
expression profiles indicate the activation of stable and effective defense pathways in
the tolerant cultivar. By contrast, the susceptible cultivar exhibited minimal or even
decreased expression of these genes, particularly PR/, suggesting ineffective induction
of antiviral defenses. The coordinated upregulation of HSP90, PRI, and AGO2a in the
tolerant cultivar highlights their complementary roles in disease mitigation: HSP90
likely stabilizes defense-related proteins, PR1 serves as a marker of salicylic acid—
mediated signaling, and 4GOZ2a contributes directly to viral suppression through RNA
silencing. Overall, these findings underscore the importance of rapid and sustained
activation of defense genes in conferring tolerance to ToBRFV and provide a
molecular basis for breeding strategies, genetic improvement, and the identification of
molecular markers for resistant tomato cultivars.

Keywords: disease resistance, heat shock protein (HSP90), disease susceptibility,
gene silencing, PR genes, gene expression responses
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Table 1. Primers that were used in this research

Primer Sequence Region
TBRFV-F-5722 CACAATCGCAACTCCATCGC CP
ToBRFV-R-6344 GTGCCTACGGATGTGTATGA
AGO2aF CTCCTTCACCATTCCCACAC AGO2a
AGO2aR CCCCCAAAGCAGATAAAACA
HSP90-F GCACAGGCACTTAGGGACTC HSP90
HSP90-R CTGAGGTGAGAAGGGCAGTC
PR1-F GCCAAGCTATAACTACGCTACCAAC PRI
PRI-R GCAAGAAATGAACCACCATCC
Actin-F GCCCCTCGTCTGTGACAATG Actin
Actin-R CCTTGGCCGACCCACAATA
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Fig. 1. HSP90 gene expression in susceptible and tolerant plants at 7, 14, and 21days post-inoculation with tomato brown
rugose fruit virus isolate. P-value significance levels: P < 0.05 (*), P <0.01 (**), P < 0.001 (***), P <0.0001 (****), and non-
significant differences (ns). Multiple comparisons were performed using Tukey’s test at the 0.05 probability level.
Experimental error in biological replicates is indicated by error bars.

rans w e d (K Sam 8 Ol 13 PRI 05 0L

Sleslewl U e ol sl Sa b s sl Sl S Olgeay Pathogenesis-Related protein 1 (PRI) 05 oly oL 3, Cu
s PRI OLy ¢ Jeamta o35 534S 3l 0L (dpi) (s3ambe 51 ey 555 YY) 5 V8 OV 53 VAYE 5 Ll 35 55 53 Real-Time PCR
I8 OLalS am Coms pl V350> 0 o0l Ol gl (iale 5 e 5as V03 8L 1) s s Sl STy 55 ls e
V3l G @ PRI O Olge ¢ G3ale 3 555V 6 53 2350l pme (solel s 51 b 035 L OF Ol i s o33l (L
S YL Olizan 05 0l ¢ gibe 31 me 535 YY) 53 (P<0.0001) 35 I3 sme sl 28 5 0301 Slas o OVl 5 ey J 28 0l
35 53 PRI Oz Sk 5 s 520 55 () (P<O.001) 54 515 e 35 b rs,pgh_awls%.ﬂ, JaS Ve ssd= a5 ke
53 oo 53 Sl T fructirugosum s 5 b (S3 90 a Gy 53 SA @ sl s (25 s jotene 5 (553 (S3Ludlad adasOLES ¢ fasie
e J 28 OLS L (sols me sl slal i 515 dile (3L ol sl o 55 L5 sa0les ples 53 PRI Oy Ol e ¢ b o35
G BU L s s baw s SA s O S o 5l 50 Ll 5 e S A o dalie Ol a3 G JRalS dalley 5 0 53 o il
(Y JS2) asl il o35 ol ey

Fely A8 el (3568 b s als ishe Jsb 53 U PRI GG 5 658 Wl oLy Jamte o35 45 ol OF Sy 5 o
e e slin b Jansd bl 53 (S Jalgs 51 S L5 e SA e IS 5 5 PRI S s e 0L Gl (5801 i sl e
e u-<’f°"“")§ rlé)l > T fructirugosum s 5 5 4

e @ o S par S Ol ;34G02a o5 ol

bl Ol « T fructirugosum s 5 Sl an S pax S obs &=k > Argonaute 2a (4G02a) 05 i& s 2 S 2
(% US8) 3,8 sl (dp) (3be 51 m 535 ¥) 5 V6 OV 53 VATE 5 Ll o3, 55 s 05 cul mRNA

- VFoF oylawsli g 5l /) °)M/W'°°)LW°)3°/&SM5@'°{'5#3@“W



weplisl 23 muly 15 AGO2a 4 PRI HSPI0 a5 0Ly (oo Oan 5 55550

PR1
% %k %k %k
ns
1.5 1]
Hl Sensitive
= ns 3
2 1 E Tolerant
=
= 1.0 ==
g
=
S
<
< 0.5
Z
&
“oimll W
0.0_ T T i|

7dpi  14dpi 21 dpi
dpi

6)\>L5I\M Q\ﬁ.au_{;‘)ﬁ«}jf 0 90 6‘“}@5 L}S/'\':sjﬁ BE2S) Q‘J}LJ)MDJ\MY\ )\i A% LSLQJJ))’Q}"’L:AJJL”} QLAL:f)J PRIQ; QL:;-Y Ji.“
) /N> P ) /e \ASP () o/ ASP (s5) /v 0>P

Glax /00 Jloaml mhav 53 (S5 iy alis O30 .(08) s ms o slis pte 5 (
el 0 yasiie gl O po 4 S5 s sl ST s iles]
Fig. 2. PRI gene expression in susceptible and tolerant plants at 7, 14, and 21days post-inoculation with tomato brown rugose fruit virus

isolate. P-value significance levels: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P <0.0001 (****), and non-significant differences (ns).
Multiple comparisons were performed using Tukey’s test at the 0.05 probability level. Experimental error in biological replicates is indicated

by error bars.
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Fig. 3. AGO2a gene expression in susceptible and tolerant plants at 7, 14, and 21days post-inoculation with tomato brown rugose fruit virus

isolate. P-value significance levels: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), P <0.0001 (****), and non-significant differences (ns).
Multiple comparisons were performed using Tukey’s test at the 0.05 probability level. Experimental error in biological replicates is indicated

by error bars.
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