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Fog R

Tomato is one of the most important vegetable crops in the world. However, its
production is threatened by various pests and diseases, including Fusarium wilt, caused
by the soil-borne pathogen Fusarium oxysporum f. sp. lycopersici. In Taiwan, there are
no recommended fungicides for managing this disease, leaving farmers to rely on
resistant cultivars and cultural control methods. Phosphonic acid has been used to
control oomycete diseases in various crops for decades. Although its mode of action is
not fully understood, it is believed to induce plant defense responses. This study
investigates the effectiveness of phosphonic acid against tomato Fusarium wilt through
in vitro assays and pot experiments. Additionally, the expression of three defense-
related genes in tomato roots was evaluated using quantitative PCR (qPCR). The in
vitro tests revealed that phosphonic acid had little to no antifungal activity against F.
oxysporum f. sp. lycopersici, with a minimum inhibitory concentration of 3.2%, much
higher than the recommended field application rates (0.2% for foliar spray and 0.5%
for soil-drench), both of which were used in this study. Despite this, phosphonic acid
application significantly reduced disease severity in pot assays. qPCR analysis
indicated that only the soil-drench treatment led to a temporary but significant
upregulation of gene expression. These findings suggest that the effectiveness of
phosphonic acid in controlling Fusarium wilt may result from the priming of plant
defense responses. This study presents a potential supplementary method for managing

tomato Fusarium wilt, aiming to improve disease control without chemical fungicides.

Key words: Tomato ~ Fusarium oxysporum t. sp. lycopersici ~ phosphonic acid ~ plant
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cucumerinum)¥2 £ 818 % % i (Fusarium oxysporum f. sp. tracheiphilum)= 3% ic P!
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EAp o FIEHA R EREE D R BREAOL R AF L ERSEA Y
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AFEY & facE KR Fusarium oxysporum f. sp. lycopersici 4287 (Ma et
al.,2010) » 171 potato dextrose agar (PDA, HiMedia, India)>* 25°C2. ®32 % 7 % {3 »
KFE %7 ™ 3R FH A » £F 100 mL potato dextrose broth (PDB, HiMedia,
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Professional, Finland) % % 65°C#-4a3z 3 * » A » R I £ 8 4 B
A7 K (dH20) > #4353 6303 60 tpm B 1 /] pF o @ % R N g Ik
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S s BRI ER R B R R 5%k
Heo R R e 12.8% I B A i 0 4 PDB 2t 96 it g {7 2 B A AR 10
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2200l TAEFE B SRR 5 0.0125%3 6.4% 3 A 43 F RBBER 5 5x10°
conidia/mLe 11 X 4e » 2 4323 2 (T3 T R eE D4 PDB 5 f R 2> =+ B e
TEE A BTG 0 96TV 25°CR B & 2 X (SRR B Tk MirE
A (minimum inhibitory concentration, MIC)z_ & %3 2k frd % 3 151 (L 42
% #7(Clinical and Laboratory Standards Institute) 3™ Z_&w g ‘pE] P R
( Reference Method for Broth Dilution Antifungal Susceptibility Testing of
Filamentous Fungi; Approved Standard - Second Edition) » rZ[ 12 p P22 » % IR
EBpv 2 B EkA £ 5 MIC B3 o ikdf MIC i85 4 % » B MM F ik
A& (minimum fungicidal concentration, MFC)z# % #-P~ g2 2 ¢ MIC I 6.4% % 3

UL > PDAR R A Y > F BEREFT 3P EAH > M 25°CLHE R 2 X

P
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AR RIS 2 SRS it
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NGB RAS A BRA PREZ NP2 PR B RS NE I RA BT
»FERIE CLE IR (A ) ~ 2.0 0.2% T BRI R B~ 3.7 0.5% L BEEL S R
FHMEE AT RBEICEBRF S 02% LR E AL BB 0K AR
B~ 6.1 0.5% L Bk i AUR 2 BB G ARE 5 Ben i THheEa R
TR ARIE S 5 U RO R 2 20 2 AEIE B 2 A KR 10 = TR 2
BIERRGL iR L b 230 F e B 5 50mL s e fd 5 e + dhie s G

35mLo BB 4~56 %87 X TARAIE » T3 EJLE 3 X £MEE 2’?3:}%"}?3
gﬁ o

Ty - s RAERMA PRI RRES RS I2 WG
5 IR Ak R 5 5%10° conidia/mL A 4 32 F R ¢ 40 A4 HEFE 10
Adafrk - i FHILF R BRAEYRAZAY o NERBEY 21 RS
U FE 1L 23 &k WRARES X% - T F - 5

FodH AR T R FRAERRINORRE Y BE 120 G oo
WA 2P HERR A % R 10 mL JE A 10° chlamydospores/mL i » £ #4E
BT R 24 o WA 28 R EFR R PFE 1 1 2 X &k AL
EN 5_,;-5 21 % 5 % {:%; g;{sw%}:i o

AR oo A R FAFULEAZADET 2RI BRS04 55 0
» B~ 5 25% T 2 5 26%~50% 3 5 51%~75%~4 & 75%11 ¢ g5
= o fRypipe fcdp it B & 2w ih Disease severity index (DSI) ¢
DSI(%)= [( & B fex e 3 iR fi) 2 B e/(3 + B e p 4 $k o)) < 100
£ 1% DSI kit {7 jp b et g

7 e 5 (%)= [(3% A4 +] e DSI-% & 2 2. DSI) /4% Fiz 4] 2 DSI] x 100

L RRR L AR E Aot EAp M A TR
AA S SR A B ST L JIRNA ¥ £ 4 - TR B Rl

4 & J&(Real-time quantitative polymerase chain reaction, QPCR) = 384 o # 2 {
: q poly q =
8
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SHEHREE R 14 X (5 SRR T 02% L AARRIA R EE 2 0.5% L EEA R R 2 R
BS0mL o 1 E R iT L ERE S T RIEE 1~ 234 % 4 [ H A aE tRiE

ARG E A HRBEAN Y - Ik o B BAIT L L SHRE T &

RNA % B~i¢ * Plant Total RNA Extraction Miniprep System (Viogene, Taiwan)>
B4 9 RNA 56 TURBO DNA-free™ Kit (Thermo Fisher Scientific, USA) &2
f it ¥ e DNA - f 2 High-Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, USA)i& {7 & # 4% PCR A& # & cDNA & {3 qPCR & * -
£1 4 47 2. 2k 7] % pathogenesis-related gene 1 (PRI) ~ lipoxygenases (LOX) ~ catalase
(CAT) » PRI % "k e r ik iient #5 2 Fl(Molinari ef al., 2014) ; LOX | -2

Frpcens & % (Hueral 2015) 1 CAT 5 8§ * & prk %] > 4§ 5% & ROS £ F

582N S P G i R F 9% s R fls(Mandal et al., 2008) © vt pER * f iv

e Actin & Flia s 24 A %] > 2 comparative Ct (AACt) method & i+ & Fip| & Fleh
# L& 'qPCR i# * DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scientific,
USA)*t StepOne™ Real-Time PCR System (Thermo Fisher Scientific, USA){# % *

£ o

L dRpAREE AT

Bdp it r i & @ % RFZ (vA4.1) ¥ &2k =@ * Shapiro-Wilk test (&
$c 5 shapiro.test) - % £ #c 4 7 (Analysis of variance, ANOVA) ¢ # 8 F]3 % B #ics
(S s avo) » & {84 i@ * Tukey's honestly significant difference test (3 #c =
TukeyHSD) o 2t 5 & # & b 2 F 4L P & * Kruskal-Wallis rank sum test (&
#c 5 kruskal.test) » ¥ {54 @_i# * Dunn’s test (S8 dunnTest) o & F ¥ ¢ & T

(Student’s r-test)R] i¢ * Microsoft Office Excel 2019 ¢ e 3£ &0 #icid {7 o

doi:10.6342/NTU202501265



\\?{r

NS A

- LRREOY MOR R TG R O F) R BE b 2 Bk

B ORI LBREEE F e X b op FNE B BARFpE > AR MIC &
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WL N gk B4 EPDB A A3 B T XL 86.5+4.0% 0 0.5%T;
B IR o T F R A 78.1 £5.6% 0 2 Student’s r-test i {7 ket A 7 0 B rALES
AMFLE(@E>0.1)(H= B)e 7 B % A% G RPBEDRN > 4l e F{ET
Ll 5 691+0.14cm > 0.2% 3 B ASE 2 5 6.85+0.21 cm ~ 0.5% I; Bk A2
25648+010cm> MEFF RALAATH T EF LT HEFLA(P <005 5
Dunn’s test ¥ & #& @7 i 282 02% T bfa e 2 F L £ > @ 0.5%
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lg
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Bl g RIR R SRR T 0 d AR ABHR A

\m&
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H
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A
=

PARPA(RIZ A)> d 2 VPSR S S IR A menE 2 &

F 15 % PDB #5 4 24 0 BE N5 RSB ECRILE Y E LY G
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3
=
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-

REFP SR 2w E oAU XA TR R AN e AP LR
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B R AR R F gl e DSI T35 66.9%  0.2% & gk F f 2 e DSI
2032.1% (s 43.1%) 0 0.5% T Bfe 3 308 0 DSI B 5 45.2%(F7 i &
343%) 0 @ B L AR e SR BT et Y RFAR ORRSFARFL
P&z "Bl D)o fifk* B 5 BLAAMAIL R RARE B 4 AL 53

WRBERRFOEN 23 NREF R EHFNERS LRI RRE

_L)EL

BAM S G MR TR ST (Rl )

BT 3 OTE L R ER R R R F i) e DSTR T 5L 27.4%00.2%
Takp E g 2 DSI G 20.2% (F7 i 5 26.1%) 0 0.5% 3y Bk 2 3 #5i 2 0 DSI R
5 83%(FFip 5 69.6%) 02% T p Erf e i fairdle M a g F L £ > 2 0.5%

Tapaie ¥ a2y 3 BFAR (32 Ble E)FlEffhiafa > 473 ko
Ao DS]f ML 23T hen] 0 O 0SULBIREEEE EF A
SR ABRFRRERR L PHEFOMRALYE A 0 2%EHREF L
oS B ERATAI R A R (Rl ) o BB T 5 e BRI INp s 2
e edmi R EY 3 RADERRE E L RS R E R §f MR

FEANFERERRY LA FRET R G2 EN TalcAR £ fTF MR

Ay

EPF L EArppad A r A2 0 F2ZRRG L P HREETH

N

Mo LR P isp E R FIL AR FIR HE A0 X B F R G R F R 4
f A SR AR B EE e 5N e

FZADA AT RARTHEF OSSN HMBRAERENRPREEFDT 4 &gk
A EERIBF O ERLEFERNERILE T ARl wu IR E
BREORERES AL BB uipi f § BASEERDE LRSS M
FEENSOmML s i 35 mL (S FTHF A FRFE M F BT S A R %

e LB 35 mL o Eef 2Rt W MEE

k

=~ TRRpE R UEINA Aot AR M A Flihd R

9 511" qQPCR A 45 § 3013382 K 4§ f(PRI) ~ ¥ §7p£(LOX) ~ROS # f2.5
11
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CEERCADZ A EARM AT DR R E R ERS N Lo FIrHT AR
Fopsac 4 gD L EERF I RO ENCAPFR AFH L P FET LG
SR pEAT 0 0.5% I BHPL IR T e 0.2% T AL R T e 303N PRI
ARERCARTAF > S - XEBEOLIRE S o 188 B B s
BHATELINE 20298 0 A EFeN - 2 PRIARE Siflea LIS &
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Table 1. Primers used in this study.

Primer Use Sequence (5’ to 3°) Reference

(Safaie-Farahani
JC2355 F-tomato PRI GGATCGGACAACGTCCTTAC .

and Taghavi, 2017)
JC2356 R-tomato PRI GCAACATCAAAAGGGAAATAAT

(Safaie-Farahani
JC2361 F-tomato CAT TGGAAGCCAACTTGTGGTGT .

and Taghavi, 2017)
JC2362 R-tomato CAT ACTGGGATCAACGGCAAGAG

(Safaie-Farahani
JC2363 F-tomato LOX GGCTTGCTTTACTCCTGGTC .

and Taghavi, 2017)
JC2364 R-tomato LOX AAATCAAAGCGCCAGTTCTT

(Safaie-Farahani
JC2365 F-tomato Actin AACTGGGATGATATGGAGAAGA .

and Taghavi, 2017)
JC2366 R-tomato Actin TCTCAACATAATCTGGGTCAT
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22 - 2P %ML 2325 £ 22 Disease severity index 2 |4 i3 F

Table 2. Disease severity index and control rate in plant pot assay with tomato

inoculated with F. oxysporum f. sp. lycopersici conidia.

Trial 1 Trial 2 Trial 3 Trial 4

Phosphonic acid

DSI  Controlrate DSI  Controlrate  DSI  Controlrate  DSI  Control rate

applied

(%) (%) (%) (%) (%) (%) (%) (%)
rate(%)/method
Control(water) 67.9 - 60.7 - 42.9 - 96.4 -
0.2/ foliar spray ~ 28.6 57.9 46.4 23.6 214 50.1 - -
0.5 / soil-drench 46.4 31.7 32.1 47.1 X2 - 67.8 29.6

2 Soil-drench with 0.5% phosphonic acid cause significant phytotoxic damage, mainly growth inhibition, in trial

3. Thus, the data is discarded.
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=~ 2P R%®BASE TIPS & 22 Disease severity index £2 5 &
Table 3. Disease severity index and control rate in plant pot assay with tomato
inoculated with F. oxysporum f. sp. lycopersici chlamydospores.

Trial 1 Trial 2 Trial 3
Phosphonic acid applied DSI Control rate DSI (%) Control rate DSI Control rate
rate (%)/method (%) (%) (%) (%) (%)
Control(water) 21.4 - 28.6 - 32.1 -
0.2 / foliar spray 214 0 28.6 0 10.71 66.6
0.5 / soil-drench 10.7 50 14.3 50 0 100
26

doi:10.6342/NTU202501265



0.2% phosphonic acid

0.5% phosphonic acid

-~ TRREZIHEIcEARAF LRI O T4 L

43100 pL k& 10° conidia/mL 1§ 30X Fp A 272 3+ R35 g % G
PDA } > {83+ 3 5/ 6 mm e A 5 (= Bl Bl & WiF + 7ul 60.2%>
0.5%T; Ffe % e 27 ddHLO ($FPe ) » 2 25°C2 E 2 ®3e 4 3 X 15 > sdhim

e ] -

Figure 1. Phosphonic acid did not inhibit the conidia germination of F. oxysporum
f. sp. lycopersici on PDA.

The 100 pL of conidia suspension at 10° conidia/mL were evenly spread on PDA
plates. Then, three 6 mm diameter filter papers were placed on top in the position of
red circles in the left photo. 7 uL 0f 0.2%, 0.5% phosphonic acid and ddH>O were added
to each filter paper respectively. After incubated in the dark at 25°C for 3 days, the size

of inhibition zones around each filter paper was measured.
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Figure 2. Phosphonic acid did not have a significant impact on F. oxysporum f. sp.

Iycopersici conidia germination and hyphal growth in PDB.

Fresh conidia suspension was added into 3 mL of PDB, and PDB with 0.5%
phosphonic acid until final concentration reached 10° conidia/mL. After incubated in
the dark at 25°C and 150 rpm for 6 hours, conidia germination rate was measured.
Hyphae morphology was observed under microscope after incubated at the same
condition but for 24 hours. (A) Hyphae of both treatments. Scale bars, 20 pm. (B)
Conidia germination rate of both treatments was analyzed by Student’s ¢ test with a
significance level of p = 0.05. The n.s represents no significant difference between two

groups. Error bars represent standard deviations.
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Figure 3. Phosphonic acid inhibited the hyphal growth of F. oxysporum f. sp.

Iycopersici at higher concentration.

FE oxysporum f. sp. lycopersici was grown on a PDA for 7 days. Subsequently, 5
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mm diameter agar disks were excised from the cultures and transferred onto other PDA
plates, and PDA plates containing 0.2% or 0.5% phosphonic acid. After incubated in
the dark at 25°C for 7 days, the diameter of each colony was measured. (A) Colony
morphology and growth of three treatments. (B) Colony diameter data was analyzed
using one-way ANOVA followed by Tukey's honestly significant difference test. Bars
with different letters are significantly different according to Tukey's honestly

significant difference test (p < 0.05). Error bars represent standard deviations.
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Figure 4. Both foliar spray and soil-drench applications of phosphonic acid

reduced the severity of Fusarium wilt in tomato.

Two-week-old tomatoes were treated with foliar spraying with 0.2% phosphonic
acid, soil drenching with 0.5% phosphonic acid or none as control. Three days after
treatments, tomatoes were inoculated by either conidia suspension or chlamydospore
suspension. Disease severity was measured at 21 or 28 days post-inoculation depending
on inoculation methods. (A), (B) and (C) represent three different treatments. In each
treatment, the upper one is no inoculation, the middle one is inoculated with conidia
and the bottom one is inoculated with chlamydospores. (D) and (E) are disease severity
data of two inoculation methods. The data was analyzed using Kruskal-Wallis rank sum
test and followed by Dunn’s test. Bars with different letters are significantly different

according to Dunn’s test (p < 0.05). Error bars represent standard deviations.
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Figure 5. Phosphonic acid induced the expression of some defense-related genes in

tomato roots.

Four-week-old tomatoes were treated with foliar spraying with 0.2% phosphonic
acid, soil drenching with 0.5% phosphonic acid or none as control. Tomato roots of all
treatment were harvested and extracted for RNA at 1, 2, 3, and 4 days post-treatment,
except control group only harvested on the first day post-treatment. Gene expression
levels relative to the internal control Actin gene were quantified by RT-qPCR. (A), (B),
and (C) are the relative expression level of PRI, LOX, and CAT at 1, 2, 3, and 4 days
post-treatment. Both treatments were compared with control group separately using
Student’s ¢ test with a significance level of p = 0.05. “*’ represent p < 0.05. Error bars

represent standard deviations.
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