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Introduction

The root-knot nematode has proliferated significantly because of its ease of transmission through infected
seedlings and contaminated soil. Species of the genus Meloidogyne are highly destructive due to their rapid
reproduction rate and broad host range, making their control particularly challenging. Given the risks and
limitations associated with chemical control, alternative management strategies have attracted increasing
attention. Nowadays, the use of chemical pesticides for controlling plant diseases is recommended to be
combined with biocontrol agents. Bioactive compounds derived from Streptomyces exhibit a wide spectrum of
chemical diversity and have been shown to cause mortality of second-stage juveniles (J2), reduce egg hatching,
decrease nematode populations in soil, and mitigate pathogenicity indices of root-knot nematodes. Moreover, the
previous research also revealed that the metabolites produced by Streptomyces species are effective in
controlling root-knot nematodes and improving plant growth indices.

Materials and Methods

Streptomyces isolates were obtained from the soils of healthy tomato (Meloidogyne javanica) and eggplant
plants in Khorasan Razavi province. The biocontrol potential of these isolates against root-knot nematodes was
first assessed under in vitro conditions. The hatching rate of eggs was assessed at 24, 48, 72, and 120 hours.
Additionally, larval mortality was evaluated at three-time intervals including 24, 48, and 72 hours. Their growth-
promoting features consisting of auxin, ACC deaminase production, phosphate solubilization) and antagonistic
properties (siderophores and chitinase) were also evaluated in the laboratory assays. The most effective
biocontrol isolates were subsequently tested in greenhouse experiments to determine their impact on reducing
pathogenicity indices of Meloidogyne javanica and improving tomato growth parameters. All tests were
conducted twice with a minimum of three replicates. For statistical analysis, one-way analysis of variance
(ANOVA) was employed. Means were compared using Duncan's multiple range test, and values at the five
percent level were considered statistically significant. Molecular identification of the selected biocontrol isolates
was performed based on 16S rDNA sequencing, and phylogenetic analysis was carried out to assess their
relatedness to reference strains. The phylogenetic tree was constructed with a bootstrap value of 1000 replicates
using the neighbor-joining method.
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Results and Discussion

In vitro bioassays revealed that among the 18 Streptomyces isolates tested, strains BAD, ANA, and S116
caused the greatest reduction in egg hatching and second-stage juvenile mortality compared with the nematode-
infected control. The BAD isolate, obtained from the soil of eggplant in Bojan—Neyshabur, exhibited
significantly higher levels of phosphate solubilization (1.43 mm), indole-3-acetic acid production (36.4 pg mL"
1), and ACC deaminase activity (1.38 pmol mL1) than the uninoculated control and other isolates. In laboratory
tests, after 72 hours, isolates S116 and BAD inhibited egg hatching by 37.1% and 38.5%, respectively, compared
to the nematode control. Larval mortality rates for these two isolates reached 100% and 65.67%, respectively.
Based on laboratory results, including their effects on nematode suppression, plant growth-promoting traits, and
chitinase activity, five isolates (BAD, ANA, GHR, S104, and S116) were selected for greenhouse evaluation.
Under greenhouse conditions, In the treatment of nematode + isolate BAD, the number of galls and egg masses
on the roots decreased by 19.6% and 35.4%, respectively, compared to the control. The number of larvae in the
pot soil of this treatment was estimated to be half that of the control pot. Individually and in the presence of the
nematode, isolate BAD positively influenced the growth parameters of tomato plants compared to both healthy
and infected controls. In the nematode + BAD isolate treatment, the fresh weight of the shoot and root increased
by 21.4% and 27.5%, respectively, compared to the nematode-infected control. Furthermore, the shoot and root
length in the individual BAD isolate treatment showed the highest values of 46.50 cm and 16.30 cm,
respectively, compared to the healthy control. Although this difference was not statistically significant at the five
percent level compared to the ANA isolate, an increase in shoot length (43%) and root length (17.9%) was
observed in plants infected with nematodes in the presence of the BAD isolate compared to the infected control.
Phylogenetic analysis based on 16S rDNA sequencing revealed that isolate BAD clustered together with S.
carpaticus and S. harbinensis within the same group.

Conclusion

Based on the nematicidal activity of isolate BAD under laboratory conditions, its ability to produce plant
growth-promoting metabolites, and its effectiveness in enhancing tomato growth parameters while reducing
nematode pathogenicity indices (egg masses, galls, and J2 populations) in greenhouse experiments, isolate BAD
appears to be the most effective biocontrol candidate. It represents a promising option for further field
evaluations and potential use in integrated management of root-knot nematodes.
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Figure 1- a) Reduction in hatching percentage of root-knot nematode eggs of Meloidogyne javanica treated with different
isolates of Streptomyces sp. in the laboratory after 24, 48, 72 and 120 h. b) Larval mortality percentage after 24, 48 and 72 h.
Results are the average of three replicates and error bars indicate standard error of the mean (SE). Different letters indicate

significant differences for each treatment, calculated by analysis of variance (ANOVA) and Duncan's multiple range test at
the 5% level.



1Fed Ll oF o Loy Fo adr (63,5l @sboo g pale) ()l ! (LS cblis s ibgsy  OAF

e 483l ot (S ol (o8 i) LB o &
AYES Jade U g aaslis plw 5l yuiw (gl gae yobay BAD
01 Jsi) 2505 o |y i sl a5 053500

sl a S sl s jLisels ACC w5l adgs (lime o)y
St 5 focsine oty gl 1 JgosSan VYA oljze ; BAD
5 S109 GHR 116 ANA la S 5350 bals o
2 LS ol a8 )3 18 gam slaody jo i g4 S104
WV s Gl (nyiin BAD &Sgysbas g jpite sl o
B gam slaody 3 GHR 9 ANA wlis g3l L 1y o i
() Jgiz) w85

3 ladlin ALS ) Sy sla STy B o
olutiale 3] yu HLias sl g5 (o 3
My slayasls 6,15 31 Jlas 5l Streptomyces slaayle
iz 5 1AA L5 55 ulis S0, L s 15 5 olS
YEI¥) 59— Lo ,iSh plw jl iy (gylo —izo ysba s BAD
£35S 9,50 YY1 255 (lne L ANA wilis g (1) Lo 2 59,500
O )89 e s gl (C8)5 )3 (gdm 03) )yl (e
52 25,6 dla b i ias ANG 5 S104 claaylis a5’ xioly
oMo (S () MBI ) i i e e VY
L cuwiyay GHR s BAD (cladslis 45 55 ai (asuine Olawd

Sude Streptomyces gaslus 43 obS wy sli5 )l g w5k LIS (A 9 (2L, ) Jos
Table 1- Evaluation of some biocontrol and growth promoting factors in beneficial Streptomyces isolates

Indole acetic Phosphate solubility
Treatments (acid (ug mL*? (cm)(qualitative)

BAD 3642 1433
ANG 13.96 i 1.13 be
HGO 23.76 ¢ 0.93 def
FSC 21.96 ¢f 1 cde

FSB 23.9¢k 0.63 hi
AAS 21.63 ¢ 0.26
ANA 3350 1.06 bed
GHR 28.43°¢ 1.2°b

FSS 11.561 0.9 def

FSA 15 hi 0.53
S101 20°F 0.26 %
S102 19.4 19 0.26
S104 23.56 ¢ 1.13 be
S107 12.131 0.79
5109 15N 0.8
S110 17.33 9" 0.461
S111 25.24d 1.03 bede
S116 30.73°¢ 0.86 ¢f

Phosphate solubility ACC . -
(quantitative) deaminase Siderophore  chitinase
(1g L) fem) em) - em)
83.66 2 1.382 7o 1.32
68.66 P 0.56 8.33® 0.82 ¢
5Q def 0.51 9" 5f 0.72f
55.66 0421 5f 0.551

519 0.63 ¢f 6.33 d 0.73¢f9
441 0.7 gb 0.59'1
65.66 o 0.93° 49 1.13°
60 def 0.89° gb 0.93°¢
48.66" 0.69 % 5f 0.69 9"
40.331 0.57 gb 0.44 %
41331 0.46 M 6¢ 0.551
52.33 9" 0.68° 6.33 d 0.48
63.66 b 0.86° g2 0.63 N
52.33 9" 0.77 7.66 0.79 M
68 ° 0.87° 3h 0.58'
61.66 cde 0.63 ¢f 21 0.45%
57.33 ¢f 0.85 ¢ 5f 0.92°¢
66.66 P 0.93° 6.33 d 0.86
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Averages with common letters are not significantly different based on Duncan's multi-range test at the 5% probability level
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Table 2- Effect of Streptomyces isolates on root-knot nematode (Meloidogyne javanica) pathogenicity indices under
greenhouse conditions

Isolates Number of Number of egg mass/ Number of Number of eggs in the Number of J2 200 g
galls/root root egg/root €gg mass ! soil
PC 208 & 102.66 * 48301.66 ? 470.66 2 313433
BAD + N 167.33¢ 66.33 f 28633.33 ¢ 431.66 1548.67 ¢
ANA +N 176.66 © 7449 32920 « 444.66 1758.33 ¢
GHR+N 186.33° 86.66 ° 394970 455.66 214467 ©
S104 + N 184.33° 83.66 ¢ 34410°¢ 411.33°¢ 2328.33"
S116 + N 178.66 © 71.33¢ 31903.33¢ 447 ® 1845.67 ¢

A HS5 Al Sk guls ool aalis :PC
o dnlie Loyd gy pdaw ;3 S5l (glaels sz 905l g (ANOVA) il jlg 56T L oS disds )l ime M3 osimd U5 ¢pSlo 5|t Coglisie gy 32
)5 el e gl doyd gy Jlein] prdaw )3 (SOl (glaels din g0l bl p S it g > el clapSSle
PC: positive control. Results are the average of three replicates.
* Different letters after the mean indicate significant differences, calculated by analysis of variance (ANOVA) and Duncan's multiple

range test at the 5% level. Averages with common letters are not significantly different based on Duncan's multi-range test at the 5%
probability level.
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Figure 2- The effect of non-pathogenic Streptomyces isolates on a) fresh weight and b) dry weight of aerial parts and roots
(gr), c) length of aerial parts and roots (cm) of tomato plants, both alone and in the presence of the root-knot nematode
(Meloidogyne javanica) under greenhouse conditions. NC: healthy control and PC: infected control. Results are averages of
three replicates and error bars indicate standard error of the mean (SE). Different letters indicate significant differences for
each treatment, calculated by analysis of variance (ANOVA) and Duncan's multiple range test at the 5% level.
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Figure 3- The treatment of the Streptomyces sp. BAD isolate obtained from eggplant, both individually and in interaction with
the nematode Meloidogyne javanica on the tomato host, was compared with the healthy control (sterile distilled water) and
the nematode-infected control (N)
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Figure 4- Phylogenetic tree constructed based on the 16S rDNA sequences of inhibitory Streptomyces isolates (solid circles)

against tomato root-knot nematodes. The tree was generated using the neighbor-joining method with 1000 bootstrap
replications
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