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Comparative Assessment of Temperature-Dependent Radial Growth and Spore Production of Entomopathogenic fungi under In Vitro Conditions

ABSTRACT
Temperature strongly influences the growth and reproductive potential of entomopathogenic fungi used in biological pest control. This study examined the effects of four temperatures (22, 26, 30, and 34 °C) on radial growth and spore production of two Beauveria bassiana isolates and two Metarhizium anisopliae isolates under in vitro conditions. Fungal cultures were grown on PDA media, and radial growth was measured at 3, 7, and 14 days, while spore production was quantified on day 15. The experimental findings revealed that temperature significantly affected both parameters, with 26 °C supporting the highest mycelial expansion and spore yield, followed by 22 °C. Higher temperatures (30–34 °C) caused substantial reductions due to thermal stress. Among isolates, B. bassiana local showed superior performance, while M. anisopliae MTCC-984 was least responsive. Overall, the findings show that moderate temperatures optimize fungal growth and conidiation, with B. bassiana demonstrating greater thermal tolerance.
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1. INTRODUCTION
Entomopathogenic fungi (EPFs) play a key role in biological plant protection by naturally suppressing insect pest populations, offering an eco-friendly alternative to chemical pesticides (Ou et al., 2019). Chemical control of insect pests faces several challenges, including the development of resistance, pest resurgence, secondary outbreaks, and adverse impacts on human and environmental health (Inglis et al., 2001). Due to these harmful effects, there is growing interest in biological control agents as alternatives or complementary measures. Integrated pest management (IPM) thus represents an effective and sustainable approach, with considerable efforts underway to promote its development and application (Honda, 2000; Faria and Wraight, 2001). In contrast to conventional pesticides, EPFs offer distinct advantages, including host specificity, environmental sustainability, and compatibility with IPM frameworks (Russo et al., 2012). Beauveria bassiana and Metarhizium anisopliae are well-established entomopathogens with broad host ranges and diverse infection mechanisms (Migiro et al., 2010; Akmal et al., 2013). The pathogenic efficacy of these EPFs depends on complex interactions of biotic and abiotic factors, with temperature playing a critical role in regulating fungal growth and disease progression in insect hosts (Roberts and Campbell, 1977; Benz, 1987). Temperature strongly influences EPF effectiveness in biological pest control, as thermal stress affects the entire host infection process (Paixão et al., 2019). Elevated temperatures substantially impact sporulation, while extreme heat can completely inhibit spore development (Piatkowski & Krzyżewska, 2007; Mwamburi et al., 2015). Radial growth dynamics serve as key indicators of fungal colony vigor and proliferation potential (Parveen and Jeyarani, 2023; De Ligne et al., 2019). The expanding use of insect pathogens in pest management underscores the need to identify fungal strains adapted to local temperature conditions (Ferron et al., 1991). Therefore, the present study investigated the influence of temperature on the development of different fungal isolates, including their radial growth and spore production across various temperature regimes. 
2. MATERIAL AND METHODS
	The present investigation was carried out at the Biocontrol Research and Production Center (BRPC), Department of Entomology, College of Agriculture, JNKVV, Jabalpur, during the period 2023–2025.
2.1 Collection of Fungal Strains
In this study, four fungal strains were utilized. Two strains of Beauveria bassiana were included: one isolated from an insect cadaver (B. bassiana local) and the other obtained from the Microbial Type Culture Collection and Gene Bank (MTCC-892), designated as F1 and F2, respectively. The remaining two strains belonged to Metarhizium anisopliae: one isolated from an insect cadaver (M. anisopliae local) collected from the research fields of Jabalpur, and the other sourced from MTCC (MTCC-984), designated as F3 and F4, respectively. The fungal strains were inoculated on potato dextrose agar (PDA) medium and incubated at 25 ± 2 °C for 14 days to obtain the inoculum (Soundarapandian and Chandra, 2007; Pham et al., 2009).
2.2 Radial growth measurement 
Fungal cultures of Beauveria bassiana and Metarhizium anisopliae were transferred to the center of PDA plates using a 10-mm cork borer. The plates were incubated at four temperature regimes (22 ± 2 °C, 26 ± 2 °C, 30 ± 2 °C, and 34 ± 2 °C), following the procedure suggested by Thaochan et al. (2008). Radial colony growth was assessed on the 3rd, 7th, and 14th days after inoculation (DAI). Measurements were taken along two perpendicular diameters (mm), as described by Fahey et al. (2001). Radial growth (RG) for each sampling period was calculated using the following formula:
RG = (Rx − R0)
Where,  
Rx = Colony radius after the initial fungal colony radial measurement; 
R0 = Initial fungal colony radius after inoculation
2.3 Spore Production Quantification
After 15 days of incubation, 0.1 g of mycelium was harvested from each Petri plate and transferred to 9 mL of sterile distilled water containing 0.01% Tween-80. Spore counts were determined after preparing a 10⁶ serial dilution suspension using a double-ruled Neubauer haemocytometer under a light microscope at 400× magnification, following the methodology suggested by Soundarapandian and Chandra (2007).
[bookmark: _Hlk216130891]Spore count =Average number of cells per square × dilution factor 
[bookmark: _Hlk215181552]This experiment was conducted with four temperature treatments (22 ± 2°, 26 ± 2°, 30 ± 2° and 34 ± 2°C) and four fungal strain sub-treatments (B. bassiana local, B. bassiana MTCC-892, M. anisopliae local and M. anisopliae MTCC-984) each replicated four times with a sample size of 20 Petri plates per replication.
2.4 Statistical Analysis
The data were analyzed using a two-factor factorial completely randomized design (F-CRD) to assess the main effects of treatments and their interactions using OPSTAT online software. The level of significance was set at 5%, and Duncan’s Multiple Range Test (DMRT) was employed to determine differences among treatment means. For analytical purposes, temperature was considered as Factor A, while fungal isolates were considered as Factor B.
3. RESULTS AND DISCUSSION
3.1 Fungal radial growth
3.1.1 Temperatures
The fungal radial growth data presented in Table 1 and Figure 1 show that the tested fungal isolates were significantly affected by temperatures ranging from 22 to 34 °C. Fungal radial growth increased consistently from the 3rd to the 14th day after inoculation (DAI). Maximum radial growth was observed at 26 °C (21.45 mm, 68.25 mm, and 83.65 mm on the respective days), followed by 22 °C (19.60 mm, 73.33 mm, and 81.34 mm), indicating optimal conditions for mycelial expansion at both temperatures. In contrast, elevated temperatures showed a consistent reduction in radial growth. At 30 °C, mean radial growth values were 9.43 mm, 39.43 mm, and 65.60 mm on the respective observation days, while the lowest growth was recorded at 34 °C (7.11 mm, 26.05 mm, and 45.39 mm). This declining trend in fungal radial growth confirms that higher temperatures impose physiological stress, thereby limiting fungal development. Fungal radial growth was maximum at 26 °C and minimum at 34 °C on the 3rd and 14th DAI, whereas on the 7th DAI, the maximum and minimum growth occurred at 22 °C and 34 °C, respectively.
3.1.2 Fungal isolates 
Among the isolates, F1 (Beauveria bassiana local) exhibited consistently higher radial growth (19.69–89.80 mm across temperatures and observation days), whereas F4 (Metarhizium anisopliae MTCC-984) produced comparatively lower radial growth (5.10–77.20 mm). These differences indicate variability in thermal tolerance among the fungal isolates (Table 1).
3.1.3 Temperatures and Fungal isolates interaction 
The interaction effect between temperature and fungal isolates was significant, as the response of each isolate varied with temperature over time (3rd, 7th, and 14th DAI). At the optimal temperature of 26 °C, isolate F2 consistently showed the highest radial growth (33.53 mm and 85.25 mm at the 3rd and 14th DAI, respectively), which was statistically at par with F1 (31.65 mm and 83.04 mm, respectively) at 26 °C and with F2 (32.92 mm and 80.57 mm, respectively) at 22 °C on the 3rd and 14th DAI, respectively. However, on the 3rd DAI, all isolates showed a marked reduction in growth at higher temperatures, with the minimum growth recorded in F4 (5.10 mm) at 34 °C. Similarly, at the 14th DAI, the minimum radial growth was observed in F4 (18.75 mm) at 34 °C, which was statistically at par with F3 (22.24 mm) at 34 °C (Table 1).
The interaction effect of temperature and fungal isolates was also significant. At 26 °C, isolate F1 recorded the highest radial growth (89.80 mm), whereas the lowest growth was observed in F4 (36.20 mm) at 34 °C on the 14th day after inoculation (DAI).
The present findings indicate that maximum fungal radial (mycelial) growth occurred at 26 °C. These results are consistent with those of earlier studies. Nussenbaum et al. (2013) reported an optimum temperature of 27 °C for radial growth. Similarly, Ouedraogo et al. (1997), Ekesi et al. (1999), Dimbi et al. (2004), Bugeme et al. (2008), and Rajab (2016) observed peak radial growth at 25 °C for both Beauveria bassiana and Metarhizium anisopliae. Taylor and Khan (2010), Omuse et al. (2022), and Sani et al. (2023) reported that M. anisopliae attained maximum growth within the temperature range of 25–30 °C, while Yeo et al. (2003) recorded optimal growth at 20– The present findings revealed that all isolates of Beauveria bassiana and Metarhizium anisopliae exhibited marked reductions in radial growth at higher temperatures (34 °C). Elevated temperatures substantially suppressed fungal development. These results are consistent with earlier studies. Ekesi et al. (1999), Milner et al. (2002), Dimbi et al. (2004), Bugeme et al. (2008), and Nussenbaum et al. (2013) reported reduced or negligible mycelial growth in both fungal species at 35 °C. Similarly, Mitsuaki (2004) and Rajab (2016) observed that temperatures above 30 °C significantly reduced radial growth in B. bassiana isolates. Ouedraogo et al. (1997) documented pronounced declines in radial growth of M. anisopliae and M. flavoviride at temperatures above 28 °C, while Omuse et al. (2022) reported rapid declines in fungal growth near upper thermal thresholds of 35–42 °C.




[image: ]Figure 1.  Fungal radial growth of different strains at 3rd, 7th and 14th after inoculation (DAI) in varying temperature



Table 1. Temperature effect on fungal radial growth at 3rd, 7th and 14th days after inoculation (DAI)

	Temperatures (˚C) (A)
	Fungal radial growth of different strains (mm) at different DAI (B)  *

	
	3rd
	7th
	14th

	
	F1
	F2
	F3
	F4
	Mean
	F1
	F2
	F3
	F4
	Mean
	F1
	F2
	F3
	F4
	Mean

	22
	19.69
	32.92
	15.31
	10.48
	19.60
	83.04
	80.57
	68.75
	60.94
	73.33
	89.22
	83.20
	79.45
	73.48
	81.34

	
	(4.52)b
	(5.79)a
	(4.03)bc
	(3.39)de
	(4.43)
	(9.16)a
	(9.02)a
	(8.35)bc
	(7.85)c
	(8.60)
	(9.50ab
	(9.17)bc
	(8.97)cd
	(8.63)de
	(9.07)

	26
	31.65
	33.53
	10.48
	10.14
	21.45
	75.52
	85.25
	67.93
	44.29
	68.25
	89.80
	88.23
	79.37
	77.20
	83.65

	
	(5.70)a
	(5.85)a
	(3.39)de
	(3.33)def
	(4.57)
	(8.74)ab
	(9.28)a
	(8.29)bc
	(6.73)d
	(8.26)
	(9.53)a
	(9.45)ab
	(8.96)cd
	(8.84)cd
	(9.10)

	30
	11.22
	10.93
	8.83
	6.73
	9.43
	42.75
	45.57
	38.47
	30.94
	39.43
	68.77
	65.91
	65.68
	62.03
	65.60

	
	(3.49)cd
	(3.45)d
	(3.13)def
	(2.77)efg
	(3.21)
	(6.61)d
	(6.81)d
	(6.28)de
	(5.64)f
	(6.34)
	(8.35)ef
	(8.12)fg
	(8.16)fg
	(7.94)g
	(8.16)

	34
	10.26
	6.41
	6.87
	5.10
	7.11
	34.75
	28.94
	22.24
	18.75
	26.05
	54.17
	49.70
	41.48
	36.20
	45.39

	
	(3.32)def
	(2.72)fg
	(2.80)efg
	(2.47)g
	(2.83)
	(5.93)ef
	(5.47)f
	(4.80)g
	(4.44)g
	(5.16)
	(7.42)h
	(7.12)h
	(6.52)i
	(6.09)j
	(6.79)

	Mean (A)
	18.20
	20.95
	10.37
	8.11
	-
	58.89
	60.08
	49.35
	38.73
	
	75.48
	71.76
	66.50
	62.23
	-

	
	(4.26)
	(4.45)
	(3.34)
	(2.99)
	
	(7.61)
	(7.65)
	(6.23)
	(6.16)
	
	(8.70)
	(8.48)
	(8.15)
	(7.88)
	

	
	SEm±
	-
	-
	CD at 5%
	-
	SEm±
	-
	-
	CD at 5%
	-
	SEm±
	-
	-
	CD at 5%
	-

	Factor (A)
	0.10
	-
	-
	0.28
	-
	0.10
	-
	-
	0.28
	-
	0.06
	-
	-
	0.16
	-

	Factor (B)
	0.10
	-
	-
	0.28
	-
	0.10
	-
	-
	0.28
	-
	0.06
	-
	-
	0.16
	-

	Factor (AXB)
	0.10
	-
	-
	0.55
	-
	0.20
	-
	-
	0.57
	-
	0.11
	-
	-
	0.32
	-


The means followed by the same letters in a column are non-significant (P<0.05, DMRT) The means followed by the same letters in a row are non-significant (P<0.05, DMRT) 
*= Figures in parentheses are square root transformed values, DAI=Day after inoculation 
F1= B. bassiana (local strain), F2=B. bassiana (MTCC-892 strain), F3 = M. anisopliae (local strain), F4 = M. anisopliae (MTCC-984 strain), MTCC= Microbial Type Culture Collection and Gene Bank 
3.2 Spore production
The data presented in Table 2 show that temperature significantly affected spore production in Beauveria bassiana and Metarhizium anisopliae. The highest sporulation was recorded at 26 °C (44.30 × 10⁶ spores ml⁻¹), followed by 22 °C (38.07 × 10⁶ spores ml⁻¹), while a sharp decline was observed at higher temperatures, with values of 28.09 × 10⁶ and 25.54 × 10⁶ spores ml⁻¹ at 30 °C and 34 °C, respectively. Across isolates, F1 (B. bassiana local) consistently exhibited the highest spore production (39.60 × 10⁶ spores ml⁻¹), followed by F2 (B. bassiana MTCC-892), whereas F4 (M. anisopliae MTCC-984) recorded the lowest spore production (26.58 × 10⁶ spores ml⁻¹). The significant temperature × isolate interaction indicates isolate-specific responses to temperature. Overall, 26 °C was identified as the most favorable temperature for spore production, with isolates F1 and F2 yielding the maximum.
The present findings are in agreement with those of Rajab (2016) and Moldovan et al. (2022), who reported maximum spore production in Beauveria bassiana at 25 °C, with a decline at temperatures above 30 °C. Velozo et al. (2025) reported that optimal conidial yields were achieved at 25 °C for B. bassiana and within the range of 25–30 °C for Metarhizium anisopliae, with no sporulation observed at 37 °C. Similarly, Sani et al. (2023) observed peak sporulation in M. anisopliae isolates at 25 °C. Arthurs and Thomas (2001) found optimal conidial production in M. anisopliae var. acridum within the temperature range of 20–30 °C, with significant inhibition occurring above 35 °C. Tefera and Pringle (2003) confirmed that B. bassiana produced the highest spore yields at 20 °C, followed by 25 °C, while M. anisopliae peaked at 25 °C; both species exhibited progressive declines in sporulation above 25 °C due to thermal stress, which aligns with the present observations. In contrast, Amritha De Croos and Bidochka (1999) reported an opposing trend, with peak sporulation at 8 °C, moderate yields at 15 °C, and minimal production at 22 °C.
Table 2. Effect of temperature on spore production of Beauveria bassiana and
Metarhizium anisopliae.
	[bookmark: _Hlk216649593]Temperatures (˚C) (A)
	Number of viable spores in different strains at 1×106 per 1 ml (B) *

	
	F1
	F2
	F3
	F4
	Mean

	22
	46.16
(6.86)abc
	38.41
(6.28)bcd
	39.25
(6.30)bcd
	28.44
(5.42)de
	38.07
(6.21)

	26
	54.44
(7.44)a
	51.86
(7.27)ab
	38.69
(6.30)bcd
	32.22
(5.74)cde
	44.30
(6.69)

	30
	28.74
(5.45)de
	26.72
(5.26)de
	32.69
(5.80)cde
	24.22
(5.02)e
	28.09
(5.39)

	34
	29.05
(5.48)bcd
	27.77
(5.36)de
	23.91
(4.99)e
	21.44
(4.73)e
	25.54
(5.14)

	Mean
	39.60
(6.31)
	36.19
(6.04)
	33.64
(5.85)
	26.58
(5.23)
	-

	
	SEm±
	-
	-
	CD at 5%
	-

	Factor(A)
	0.08
	-
	-
	0.24
	-

	Factor(B)
	0.08
	-
	-
	0.24
	-

	Factor (A X B)
	0.17
	-
	-
	0.47
	-


The means followed by the same letters in a column are non-significant (P<0.05, DMRT), The means followed by the same letters in a row are non-significant (P<0.05, DMRT),
*= Figures in parentheses are square root transformed values, 
F1=B. bassiana (local), F2= B. bassiana (MTCC-892), F3= M. anisopliae (local), F4 = M. anisopliae (MTCC-984), MTCC= Microbial Type Culture Collection and Gene Bank
Correlation between temperature and spore production
Figure 2 shows that temperature was significantly negatively correlated with all tested fungal isolates, with correlation coefficients of -0.78, -0.63, -0.94, and -0.79, respectively.
The Regression equations were:
Ŷ= 93.530 -1.926x (R2 = 0.60)
Ŷ =76.134-1.426x (R2 = 0.40)
Ŷ = 70.035 -1.300x (R2 = 0.89)
Ŷ = 46.879-0.725x (R2 = 0.63)
	Regression analysis revealed a consistent decline in spore count across all four fungal isolates (F1–F4) with increasing temperature. Among the isolates, F1 exhibited the highest rate of reduction in spore production, with a per-unit (10⁶ spores ml⁻¹) decrease of 1.926 spores, followed by F2 and F3, which showed reductions of 1.426 and 1.300 spores per unit increase, respectively. Although all isolates exhibited a negative trend, F4 demonstrated the lowest reduction rate, with a decline of only 0.725 spores per unit (10⁶ spores ml⁻¹), increase (Figure 2).
[image: ]
Figure 2. Spore count of different strains on 15th days after inoculation at varying temperature

4. CONCLUSION
Temperature had a pronounced effect on both radial growth and spore production of Beauveria bassiana and Metarhizium anisopliae under in vitro conditions. Moderate temperatures (26 °C) supported the highest mycelial growth and sporulation across all isolates, whereas higher temperatures (30–34 °C) resulted in a marked decline in both parameters. Among the tested isolates, B. bassiana strains consistently performed better than M. anisopliae, exhibiting greater radial growth, higher spore production, and better tolerance to temperature variations. The interaction effects between temperature and fungal isolates indicated isolate-specific responses to thermal conditions, with some isolates being more heat-sensitive than others. Overall, these findings emphasize that optimal temperature is crucial for maximizing the growth and reproductive potential of entomopathogenic fungi, with B. bassiana isolates showing comparatively superior adaptability and vigor across the tested temperature range.
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