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Abstract: [Aim] To address the limitations of Beauveria bassiana in the biological control of Solenopsis

invicta—notably its slow insecticidal action and unstable efficacy—this study investigated the synergistic
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potential of metal ion salts in enhancing fungal virulence, with the goal of developing a green, low-cost
control strategy. [Methods] Using a laboratory—based spray bioassay, we systematically evaluated the
lethal effects of six metal ion salts—NaCl, KCIl, CaCl,, MgCl,, (NH4),SO4, and FeCls—at concentrations of
100 and 150 mmol/L. when applied in combination with Beauveria bassiana (1X107 spores/mL) against
Solenopsis invicta workers. Furthermore, the influence of pH (under acidic, neutral, and alkaline conditions)
on the synergistic efficacy of the same metal ion salt was examined. [Results] None of the metal ion salts
exhibited significant insecticidal activity when applied alone. However, when combined with Beauveria
bassiana, NaCl demonstrated pronounced synergism, achieving a 97% mortality rate at 150 mmol/L within
96 h. Through concentration gradient optimization, a 125 mmol/L NaCl formulation in combination with the
fungal suspension resulted in 100% mortality, with a markedly accelerated kill rate—88.3% cumulative
mortality observed within 48 h. Bioassays conducted under different pH conditions revealed that, at this
optimal concentration, NaCl exerted the strongest synergistic effect under neutral conditions (pH = 7),
achieving 100% mortality within 96 h—significantly higher than under acidic or alkaline conditions.
[Conclusion] Sodium chloride effectively enhances both the virulence and killing speed of Beauveria
bassiana against Solenopsis invicta, with its synergistic efficacy being highly dependent on environmental
pH and peaking under neutral conditions. This simple, readily available, and cost-effective combination
presents a viable synergistic strategy for the green biological control of S. invicta and offers significant
potential for laboratory screening, biopesticide formulation, and field application.
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Table 1 Virulence of Beauveria bassiana against Solenopsis invicta in combination with sodium chloride at different concentrations

AbFRA] (nmol/L) FA AR

LC,, (spores/mL)

Treatment group Toxicity regression equation

FARLRHSR
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95% ‘B A7 X [H]

95% confidence interval

e
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75 y=0.220Inx-3.370 4.47x10° 2.18x107 ~ 1.03%10* 2.21
100 y=0.265Inx-3.443 4.42x10° 6.80x10* ~ 2.09x10° 22.38
125 y=0.3361nx-3.901 1.11x10° 6.00x10* ~ 1.89x10° 89.32
150 y=0.253Inx-3.252 3.83x10° 5.00x10* ~ 1.89x10° 25.84
175 y=0.220Inx-3.220 2.20x10° 1.09%10° ~ 4.73x10° 4.49
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(FE5) . P ERILE R, SAbah SR A
()52 FL AL FRAE 48 h 72 A7 iR Bl Fe AR AR SR .
25 A—&EBFHRARBRREENAEFNEILE
R

FE 125 mmol/L YR FEZ&AF T, 3 FAS W] g i 14 [t
(14 3 5 R At P e A T A 4 g el R Ak B 20
R 0 ERAAER . o, kR S A D
H (pH~T) MLLKBERIEROR A, 7696 h i 3E
TR0 T Ik B i S 100%; 55 R 1 W R — & 4
(pH<7) HEWHKZ, 120 hiFET-F K 88%; 5
Bl P A e B (pH>T7) & T 4 A0 3R A X A 5
120 h B AET- %0 77% . (HAFE R R, 3FhEEh
HRCA BB Y W L T A (B 6).
XS SRR SE, AR ) R A 2 S S 23 e BR
il P A B B ARICR . TP IR A R TR
REE T R

3 Sip it

A5 1 AR GV 22 P g Je B TR S Bk
FHER 9 ROV, s T AN [R) 30 28 b LR
VE FH S [R) B Ak 27 M R 21 kO BCEPE  s2 mm , Sh oF
KR PREEHA I L1 KA W B i i ) B 4 T
e o

HZET-#% (%) Daily mortality

04—

0.2

Compound agent

0.0

, Il
72 96 120

] (h) Time

4 125 mmol/L S8 B kAt 11 45 1 A2 J5C ) 571 X 20 L)

H3ET %

Fig. 4 Daily mortality rate of S. invicta treated with the

combination of 125 mmol/L sodium chloride and B. bassiana

o —_ —_
n = n

RITHETIZ (%) Cumulative mortality
=)
=

P ossitEl

Beauveria bassiana only
S AL

Compound agent

72
) (h) Time

96 120

5 125 mmol/L G AL —ER 16 48 e &2 B il 770 % 20 KO

Epanes

Fig. 5 Cumulative mortality of S. invicta treated with the

combination of 125 mmol/L sodium chloride and B. bassiana



596 B B e 2A 4] Journal of Environmental Entomology 4834

150 —
z a
% 100 — b
s = ¢
=L ==
N
4;1’_ d
,l:] 50
=

c
0 ==

1 2 3 4 5
2H %)) Treatment

6 AN [ BRI B4 15 X £ BB TR A 52
Fig. 6 Mortality of S. invicta after treatment with combinations
of B. bassiana and sodium salts with different pH values
a1, AP 2, A4 3, SLEVERGN; 4,
BRIR SN IO S, BRIR SN R . Note: 1, CK; 2,
Beauveria bassiana only; 3, NaCl compound agent; 4, NaH,PO,

compound agent; 5, NaHCO, compound agent.

RIS E e E W, 7E 100~150 mmol/L ¥ & 3L [l
W, AN A R B R (f04E NaCl, KCl. MgClL
) PIRAE TN, LT WU BOPE 5 0 R4 3
TEZES (P>0.05), KIEY T 48 &1 Jom
SEAHEM, HEBR T A8 B X ALk R
FHAEH . R, MeEE TFHhSRBEAMEE
BiJa, AHRACRAEERESL, Hrp, S
B B E ] . 7E 100 mmol/L A1 150 mmol/L
WEET, HERRBOLRLYIET%, WER T4
WA (52%) KHALERIEE A (LS
100 mmol/L Itk 68%) o 45 W) K ], R Tohl
AR AT 38 o AR B AL 2 B T EL TR ORI AL -

BGOSR B ) H A - THLER RO, 58
A B - 2570 2 BB S T A B IRI RN, — B )
wn, WHIEAE (2023) MYBFSE & L LC,, 1Y Y S
Mok Y 5 B TR B 45 /NS Mk Plutella xylostella 247
DRI RAEHT s RS (2024) KIS IR EE
7E0.5 pL/mL S UL SRR BT, AT 525 42 IRk
JE 4 o, TSR CQMad21 FIERAL A5 # ZJ U435 X%
21 KA BBEROR: 3 Furlong #1 Groden (2001) 7R
Fe, nH R LC,, B0 LG, 5 BR A AR T A T BT
X Ly 8% L Leptinotarsa decemlineata 4] 1L 2A
[R50

SR, 5 RO B Ak 2% 24530 (Y SR M A []

A B FE R 0 2 4 J& B 1 3k NaCl, A I
IEAA R, BICRATRE A . I, A%
W T 3 5 A Ry AT 20 LA W B T A AR 1 24 Ak
Fo B, JUHGE T T A 2 R ) A 2 DX
(oK PaH . PR SE) o eoh, RUFFEHE—2L
i 32 Y 125 mmol/L Ay S8 AN 1 fie D0 1S R0k 1 ——
1M I 52T ) BOAE R A v, H VR B G BT
125 mmol/L B FE TR g & F [ (41 175 mmol/L T
W22 85%) , e WAL7 7 DR A0 ok B (B A8 o X —
M4 5 Kamisaka 55 (1967) Fr4RIE MY IR 8 = 747
S TR TR S TR PN A T RR 20 B 0 L S 2R FE I, M
HE 2 R DU 7] ) 45 2R — 2

PR3 M B, 125 mmol/L STk Al -3k 48 1
B TR A2 C R 75 48 h N ) 52 BT 100% 19 R iTHAET
RPGRBOE, RIS TR RE, Bosl REf
(R RCE S e bR W ), (B sRIA A, %R
Be ik #ZIFE B 7R 2 2B A L8 M biia T
B, MR AR S BEAT B 0 T A R0 B 4 R e
LG BIR (IPM) HESE T AHEUMRIVE . L5
2 S FH ) AT ThD I 22 B Pk . B s ok 7 1
I R BOE R, A T RE R AN R . T
) K A A9 WG 45 PR R R 1 2 AR 5 TR Y
YRS E e . FRRd | Bt A D=0 (AnmE g ER
BEIH) LA AERERRAEY) (nsg s . wrisl)
TEWUS:, 55 RGEEAl

EAS I B, ANER i R el L il 3 5 T 1
ROSCR . k3 SAC B 038 S8V T a5 R
W A, S IR R R S N A s (B
FEARTT%) , 3% — 225 7] B Bk 1 458 7 179 o A=
K pHIREE A . James 5 H 18 & 2 IE S H A A HL
YT A kT 22 AR KOT 4R A i K BE ) (James,
2009), Karandikar %, Gao il Li ZA1 43 5158 I T
R ToHLER B e o 3R A AR g R AR KT T Y
YEH (Liet al., 1995; Karandikar et al., 1996;
Gao, 2015; Gaoetal., 2007), IXELRFFTILIR] SZHE
T ARG v 4 T B 7 6 Bk A A R a4,
ik — 5 FIIE G BB 22 BT AL N5 5 Gl

FHAMERITE, AT EDIRAECRN — %
AT B

FET LIRIGRHLE], AT &) 125 mmol/L
SR -BRAE TR B ECRIAE 48 h Py JE I 58 2 300t
ROR, BAHE N RIS, A8 E AT, #
Ik WP v S B A R 45K v BROAE R A H ) o H AT R



238 KT HRAE BRSO BR A AR T BOLLL K I AR TS 597

T W 1 22 P Ao s 52 T A 5 5 T[] el 8 P 55 o
5SS N R TIDNa o A R IR S R TR 2
BRARASCR o eoh, R AR EE . FRR . BA
it 77 20 CANmE 55 sl a1 ) AR 30 AR A= 1 14
WL, s gk — 2D PP Al o ARORWTSE N A T
JE RTINS, PPAT 1252 e 7 S AE S PR 3h e
AORCR s PR BRI AR, 31 im0 i 79 A o P A B
S AE s PEATARRUAR L VR VRAL , BRI RS
Al i PR SE S PRI T R RO, A RS
BUZITICT5 SR T RIHE ™, O 21 KA 2 5 B 1

e fEEie.

Sk (References)

Bulet P, Hetru C, Dimarcq JL, et al. Antimicrobial peptides in insects;
structure and function [J].
Immunology, 1999, 23(4-5): 329-344.

Czaczkes TJ, Griiter C, Ratnieks FLW. Trail pheromones: An integrative

Developmental &  Comparative

view of their role in social insect colony organization [J]. Annual
Review of Entomology, 2015, 60 (1): 581-599.

Entwistle G, Rees TA. Enzymic capacities of amyloplasts from wheat
(Triticum aestivum) endosperm [J]. Biochemical Journal, 1988,
255(2): 391-396.

Furlong MJ, Groden E. Evaluation of synergistic interactions between
the Colorado potato beetle (Coleoptera: Chrysomelidae) pathogen
Beawveria bassiana and the insecticides, imidacloprid, and
cyromazine [J]. Journal of Economic Entomology, 2001, 94 (2):
344-356.

Gao L, Sun MH, Liu XZ, et al. Effects of carbon concentration and
carbon to nitrogen ratio on the growth and sporulation of several
biocontrol fungi [J]. Mycological Research, 2007, 111 (1): 87-92.

Gao L. Application of two-stage cultivation for exploring the nutritional
requirements for sporulation of three biocontrol fungi [J].
Biotechnology Research International, 2015, 1: 682839.

Geng CJ, Xia YG, Sun K, et al. Study on preventive controlling
Dendrolimus punctatus by unmanned aerial vehicle spraying
Beawveria bassiana [J]. Hunan Forestry Science & Technology,
2021, 48 (3): 69-72. [HKAFIH. BN, FhEL, 55 . JC AHLIBEH A
R B iR 2 AU T R AR B AR ASY (7). IR MOl R, 2021,
48 (3): 69-72]

Goldman MJ, Anderson GM, Stolzenberg ED, et al. Humanp —defensin—
1 is a salt—sensitive antibiotic in lung that is inactivated in cystic
fibrosis [J]. Cell, 1997, 88 (4): 553-560.

Grueter C, Keller L. Inter—caste communication in social insects [J].
Current Opinion in Neurobiology, 2016, 38: 6-11.

Hancock REW, Diamond G. The role of cationic antimicrobial peptides
in innate host defences [J]. Trends in Microbiology, 2000, 8 (9):
402-410.

Huang H, Ren L, Li H, et al. The nesting preference of an invasive ant

is associated with the cues produced by actinobacteria in soil [J].
PLoS Pathogens, 2020, 16 (9): e1008800.

James RR. Effects of exogenous nutrients on conidial germination and
virulence against the silverleaf whitefly for two hyphomycetes [J].
Journal of Invertebrate Pathology, 2001, 77 (2): 99-107.

Kamisaka S, Yanagishima N, Masuda Y. Effect of auxin and gibberellin
on sporulation in yeast [J]. Physiologia Plantarum, 1967, 20 (1):
90-97.

Karandikar A, Sharples GP, Hobbs G. Influence of medium composition
on sporulation by Streptomyces coelicolor A3(2) grown on defined
solid media [J]. Biotechnology Techniques, 1996, 10 (2): 79-82.

Lei W, Ling Z, Lu YY. Impact of the red imported fire ant Solenopsis
invicta Buren on biodiversity in South China: a review [J]. Journal
of Integrative Agriculture, 2019, 18 (4): 788-796.

Li DP, Holdom DG. Effects of nutrients on colony formation, growth, and
sporulation  of  Metarhizium  anisopliae  (Deuteromycotina:
Hyphomycetes) [J1. Journal of Invertebrate Pathology, 1995, 65 (3):
253-260.

Li Y. New biopesticides registered in China in 2021 [J]. World Pesticide,
2022, 44 (2): 1-8. [4= ¥ . 2021 4F [ N 7 20 10 16 AR W R 24
[J]. 5 2Y, 2022, 44 (2): 1-8]

Long XZ, Wu YX, He Z, et al. Screening activity strain of
entomopathogenic fungi to Solenopsis invicta in laboratory [J].
Journal of Environmental Entomology, 2022, 44 (6): 1493-1501.
e, SRR, 70,45 . 21 O P 0T Bk 14 % N O e B
5% [J]. PRBE B MU, 2022, 44 (6): 1493-1501]

Manniello MD, Moretta A, Salvia R, et al. Insect antimicrobial peptides:
potential weapons to counteract the antibiotic resistance [J].
Cellular and Molecular Life Sciences, 2021, 78 (9): 4259-4282.

Mei LJ, Chen MJ, Shang YF, et al. Population genomics and evolution of
a fungal pathogen after releasing exotic strains to control insect
pests for 20 years [J]. The ISME Journal, 2020, 14 (6): 1422-1434.

Ning DD, Fan Y, Qian X, et al. A simple and efficient method for
preventing  ant (Hymenoptera: ~ Formicidae)  [J].

Myrmecological News, 2019, 29: 145832029.
Pang JX, Wen SH, Du GZ, et al. Isolation and identification of an

escape

entomopathogenic  fungus infecting the adult of Spodoptera
Sfrugiperda (J. E. Smith) [J]. Plant Protection, 2022, 48 (1): 185—
190, 203. [Pk 25, i 2410, AL 4045 . — R AR U 5 5T A s
R BR A AR TR 9 2 25 5E (D] AP ER I, 2022, 48 (1): 185~
190, 203]

Sullivan CF, Parker BL, Skinner M. A review of commercial
Metarhizium— and Beauveria—based biopesticides for the biological
control of ticks in the USA [J]. Insects, 2022, 13 (3): 260.

Tschinkel WR. The Fire Ants [M]. Cambridge: Belknap Press, 2013.

Vinson SB. Impact of the invasion of the imported fire ant [J]. Insect
Science, 2013, 20(4): 439-455.

Wang B. Control of masson pine caterpillar, Dendrolimus punctatus
Walker (Lepidoptera: Lasiocampidae) using oil formulation of
Beawveria bassiana with combination of chemical pesticide

deltamethrin [J]. Journal of the Kansas Entomological Society,



598 b B 243 Journal of Environmental Entomology 4834

2017, 90 (3): 227-234.

Wang HM, Yi HM, Mao YQ, et al. Prevention and control strategies for
Solenopsis invicta in the southeast coastal region of China [J].
Chinese Journal of Hygienic Insecticides & Equipments, 2025, 31 (3):
342-346. [ TULER, ZyiEns, BRI, . RER R X 20K
X (D). AR T A 2, 2025, 31 (3): 342-346]

Wang L, Zeng L, Xu Y, et al. Prevalence and management of Solenopsis
inwvicta in China [J]. NeoBiota, 2020, 54: 89-124.

Wen SH, Pang JX, Du GZ, et al. Isolation and identification of two
Beawveria bassiana strains from the infected earwig and their
virulence to Spodoptera frugiperda larvae [J]. Plant Protection,
2022, 48 (4): 318-323, 362. [ 27, PedkE, kl7 41,5 . 2 R/
R %) JRACL PP 1) 90185 R R W SR B R FE T (D). A
YR, 2022, 48(4): 318-323, 362]

Wu HM, Bai WH, Deng JF, et al. Study on the toxicity of Metarhizium
anisopliae CQMa421 and Beauveria bassiana ZJU435 to red
imported fire ants Solenopsis invicta and synergistic effects of
polysiloxane on the two strains [J]. Journal of Environmental
Entomology, 2024, 46 (2): 377-388. [ 2 E i, H TUHE, XBAS TS, 55 .
ST AT CQMad21 HIERTH T ZJ U435 XF2L KR Ty K
Bk SR 19 1 TR TR T (D). PR R 2 i, 2024, 46 (2):
377-388]

Xie MQ, Wang LJ, Han YQ, et al. Evaluation of the compatibility of
Isaria fumosorosea and chemical pesticides for control of Plutella
xylostella [J]. Journal of Environmental Entomology, 2023, 45 (6):
1694-1703. [HH35, IR IT, WA, 55 . BOM 6 T fLAR 254
A 24 i 398 B TR FH X /0N 3% 0k £ 9 A (0], RO B L, 2023,

45 (6): 1694-1703]

Xu HP, He XY, Jiang HL, et al. Pathogenicity of Beauveria bassiana to
Tetranychus urticae Koch (Acari: Tetranychidae) and its indirect
effects on Phytoseiulus persimilis (Acari: Phytoseiidae) [J]. Chinese
Journal of Biological Control, 2021, 37 (3): 436-442. [#1E3E, 3
NGRS T, A L BR AL P A X R 0 ) B0 1 R R
TR N 222 i 1) 1) 3 52w (7). o [ A= 9 B VA < 4, 2021, 37 (3):
436-442]

Xu WJ, Sui L, Gao P, et al. Study and application of wettable powder of
Beauveria bassiana to control corn borer [J]. Chinese Journal of
Biological Control, 2020, 36 (6):862-865. [ 14 SC i, K5 1R, = G,
5 BRA A AT AR Bl A R IR R AR 5 N ().
AR IR AT, 2020, 36 (6): 862-865]

Xu Y, Vargo EL, Tsuji K, et al. Exotic ants of the Asia—Pacific:
invasion, national response, and ongoing needs [J]. Annual Review
of Entomology, 2022, 67 (1): 27-42.

Yang JH, Sun F, Liao KH, et al. Bioassay of 4 strains of Beauveria
bassiana against Solenopsis invicta [J]. Journal of Environmental
Entomology, 2009, 31 (1): 46-51. [ L), PV, BEal 2 55 . 48k
BRI R X 21 JCCRE 7 ) AR I A2 [T, PR35 B R 2741z, 2000,
31(1): 46-51]

Zhang R, Li Y, Liu N, et al. An overview of the red imported fire ant
(Hymenoptera: Formicidae) in mainland China [J]. Florida
Entomologist, 2007, 90 (4): 723-731.

Zimmermann G. Review on safety of the entomopathogenic fungi
Beauveria bassiana and Beauveria brongniartii [J]. Biocontrol

Science and Technology, 2007, 17 (6): 553-596.



