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Entomopathogenic fungi (EPF) are one of the microbial control agents for integrated pest 36 

management. To control local or invasive pests, it is important to isolate and select indigenous 37 

EPF. Therefore, the soil bait method combined with the insect bait (mealworm, Tenebrio 38 

molitor) system was used in this study with some modifications. The isolated EPF were then 39 

subjected to the virulence test against the agricultural pest Spodoptera litura. Furthermore, the 40 

potential EPF strains were subjected to morphological and molecular identifications. In 41 

addition, the conidia production and thermotolerance assay were performed for the promising 42 

EPF strains and compared; these data were further substituted into the formula of effective 43 

conidia number (ECN) for laboratory ranking. The soil bait-mealworm system and the ECN 44 

formula can be improved by replacing insect species and integrating more stress factors for the 45 

evaluation of commercialization and field application. This protocol provides a quick and 46 

efficient approach for EPF selection and will improve the research on biological control agents. 47 

 48 

INTRODUCTION: 49 

Currently, entomopathogenic fungi (EPF) are widely used in the microbial control of 50 

agricultural, forest, and horticultural pests. The advantages of EPF are its wide host ranges, 51 

good environmental adaptability, ecofriendly nature, and that it can be used with other 52 

chemicals to show the synergistic effect for integrated pest management1,2. For the application 53 

as a pest control agent, it is necessary to isolate a large number of EPF from either diseased 54 

insects or the natural environment. 55 

 56 

The sampling of these organisms from their hosts helps in understanding the geographic 57 

distribution and prevalence rate of EPF in natural hosts3,4,5. However, the collection of fungal 58 

infected insects are usually limited by environmental factors and insect populations in the 59 

field4. Considering that insect hosts will die after EPF infection and then fall into the soil, 60 

isolation of EPF from soil samples might be a stable resource3,6. For example, saprophytes are 61 

known to use the dead host as their resource for growth. The soil bait and selective medium 62 

systems have been widely used to detect and isolate EPF from the soil3,4,7-10. 63 

 64 

In the selective medium method, the diluted soil solution is plated onto a medium containing 65 

broad-spectrum antibiotics (e.g., chloramphenicol, tetracycline, or streptomycin) to inhibit the 66 

growth of bacteria2,3,9,11. However, it has been reported that this method may distort the 67 

strain’s diversity and density and can cause an over- or under-estimation of many microbial 68 

communities6. Moreover, the isolated strains are less pathogenic and compete with 69 

saprophytes during isolation. It is difficult to isolate EPF from the diluted soil solution3. Instead 70 

of using a selective medium, the soil bait method isolates EPF from the infected dead insects, 71 



 

 

which can be stored for 2–3 weeks, thereby providing a more efficient and standard EPF 72 

separation method3,4,7,6. Because the method is easy to operate, one can isolate a variety of 73 

pathogenic strains at a low cost4. Therefore, it is widely used by many researchers. 74 

 75 

Upon comparing the different types of insect bait systems, Beauveria bassiana and 76 

Metarhizium anisopliae are the most common EPF species that are found in insects belonging 77 

to the Hemiptera, Lepidoptera, Blattella, and Coleoptera6,12-14. Among these insect baits, 78 

Galleria mellonella (order Lepidoptera) and Tenebrio molitor (order Coleoptera) show higher 79 

recovery rates of Beauveria and Metarhizium spp., when compared with other insects. 80 

Therefore, G. mellonella and T. molitor are commonly used for insect baiting. Over the years, 81 

the United States Department of Agriculture (USDA) has established an EPF Library (Agricultural 82 

Research Service Collection of EPF cultures, ARSEF) that contains a wide variety of species, 83 

including 4081 species of Beauveria spp., 18 species of Clonostachys spp., 878 species of 84 

Cordyceps spp., 2473 species of Metarhizium spp., 226 species of Purpureocillium spp., and 13 85 

species of Pochonia spp. among others15. Another EPF Library was constructed by the 86 

Entomology Research Laboratory (ERL) from the University of Vermont in the United States for 87 

c.a. 30 years. It includes 1345 strains of EPF from the United States, Europe, Asia, Africa, and 88 

the Middle East16. 89 

 90 

To control local or invasion pests in Taiwan, isolation and selection of indigenous EPF is 91 

required. Therefore, in this protocol, we have modified and described the procedure of the soil 92 

bait method and combined it with the insect bait (mealworm, Tenebrio molitor) system17. Based 93 

on this protocol, an EPF library was established. Two rounds of screening (quantification of 94 

inoculation) were performed for the preliminary EPF isolates. EPF isolates showed 95 

pathogenicity to insects. The potential strains were subjected to morphological and molecular 96 

identifications and further analyzed by the thermotolerance and conidial production assay. 97 

Further, a concept of effective conidia number (ECN) was also proposed. Using ECN formula and 98 

principal component analysis (PCA), the potential strains were analyzed under simulated 99 

environmental pressure to complete the process of establishing and screening the EPF library. 100 

Subsequently, pathogenicity of promising EPF strains were tested for the target pest (e.g., 101 

Spodoptera litura). The current protocol integrates thermotolerance and conidial production 102 

data into the ECN formula and PCA analysis, which can be used as a standard ranking system for 103 

EPF related research. 104 

 105 

PROTOCOL: 106 

 107 



 

 

NOTE: The whole flowchart is shown in Figure 1. 108 

 109 

1. Isolation and selection of potential Entomopathogenic fungi (EPF) 110 

 111 

1.1. Collect the soil sample 112 

 113 

1.1.1. Remove 1 cm of the surface soil, and then collect the soil within the 5–10 cm depth 114 

using a shovel from each sampling site. 115 

 116 

NOTE: Sampling sites would be a mountain, forest, or sparsely populated areas to avoid the 117 

contamination of artificially sprayed EPF strains. Ensure that areas for the soil samples 118 

collection are covered with weed on the surface. Dry soil or damp soil is not suitable for this 119 

experiment. 120 

 121 

1.1.2. Record the details of each sampling site, including GPS, elevation, type of field, annual 122 

temperature, yearly precipitation, collection time (season), soil type, and pH value. 123 

 124 

1.1.3. Collect 100 g of the soil sample into a plastic bag and maintain it at room temperature 125 

if subjecting it to the fungal isolation protocol in the laboratory within 3 h. 126 

 127 

NOTE: If the sample cannot be used within 3 h, store the soil at room temperature in dark 128 

conditions. If the experiment is not performed immediately, the soil sample can be stored at 4 129 

°C for 1 week until the start of the protocol18,19. 130 

 131 

1.2. Bait and isolate the EPF with mealworm (Tenebrio molitor) 132 

 133 

1.2.1. Place 100 g of the soil sample in a plastic cup (cap diameter = 8.5 cm, height = 12.5 cm), 134 

and then place 5 mealworms on the surface of the soil at room temperature in the dark for 2 135 

weeks. 136 

 137 

NOTE: Other types of plastic cup containers can also be used. If soils are too dry (cracked or 138 

sandy), spray sterilized ddH2O (about 5–10 mL) on the soils. The body length c.a. 2.5 cm (14th 139 

instar) of T. molitor larvae helps in fungal isolate screens20. 140 

 141 

1.2.2. Observe and record the larvae daily for mortality and mycosis; keep the dead larvae in 142 

the cup until 2 weeks for fungal isolation. 143 



 

 

 144 

 145 

NOTE: The fungal conidia spore in the soil samples will attach to the mealworm larvae during 146 

the above process. The fungal mycosis will be observed as the hyphae grow from the 147 

intersegmental membrane, and then the whole body will be covered with the mycelium. 148 

Sporulation will start after 7 days and the color of the fungal infection will change to the color 149 

of the conidia mass. 150 

 151 

1.2.3. Transfer the dead insects to a clean bench and use a sterile toothpick to collect the 152 

conidia. Streak them on a quarter strength Sabouraud dextrose agar medium (¼ SDA) plate (55 153 

mm) in the laboratory21. Incubate the culture plate at 25 °C for 7 days to obtain the primary 154 

culture of fungi. 155 

 156 

NOTE: The ¼ SDA plate is prepared as follows: Mix 1.5 g of Sabouraud dextrose broth and 3 g of 157 

agar in 200 mL of H2O, and then sterilize for 20 min. Aliquot ¼ SDA into each 55 mm Petri dish 158 

before solidification. The solidified ¼ SDA plates are stored at 4 °C until use. 159 

 160 

1.2.4. Re-streak each primary culture fungi on one 55 mm ¼ SDA plate in a laminar flow and 161 

incubate the culture plate at 25 °C for 7 days to obtain single colonies of fungi. 162 

 163 

1.2.5. Repeat this re-isolation ~2–3 times and observe under light microscopy to obtain 164 

single and pure morphological fungal colonies. 165 

 166 

NOTE: Isolate all EPF using T. molitor-bait and store as described in the following section. The 167 

separation, preservation, pure culture, and streaking must be performed in a laminar flow in 168 

the subsequent sections. 169 

 170 

1.3. Store the EPF isolates 171 

 172 

1.3.1. Cut 3 of the 5 mm agar blocks at the edge of each isolated pure fungal cultured plate 173 

with a cork borer and place it into a 1.5 mL micro-centrifuge tube as one replicate. 174 

 175 

NOTE: Three replicates for each fungal isolate are recommended for the EPF strains' storage 176 

after 2nd virulence test. Molecular identification is also recommended if storage space is limited. 177 

 178 



 

 

1.3.2. Add 250 μL of 0.03% surfactant solution (Table of Materials) and 250 μL of 60% 179 

glycerol into the 1.5 mL micro-centrifuge tube using a micropipette; then, vortex for 10 s. 180 

 181 

1.3.3. Seal the 1.5 mL micro-centrifuge tube with paraffin film and precool it in a -20 °C 182 

refrigerator for 24 h. Then, transfer the precooled fungal stocks to a -80 °C refrigerator for 183 

cryopreservation. 184 

 185 

NOTE: Extra pure fungal culture plates (aside from the cryo-preserved samples) were used in 186 

section 1.4. 187 

 188 

1.4. 1st pathogenicity screen for fungal isolates 189 

 190 

1.4.1. Place five T. molitor larvae directly on the surface of each pure fungal culture plate at 191 

25 °C. 192 

 193 

1.4.2. Observe and record the mycosis and mortality for 10 days. Select the fungal isolate for 194 

further analysis. 195 

 196 

NOTE: Fungal isolates causing 100% mortality are selected for 2nd virulence test to confirm their 197 

virulence to T. molitor larvae. Alternatively, the researcher can adjust the criteria as per their 198 

own study. 199 

 200 

1.5. 2nd virulence test of fungal isolates 201 

 202 

NOTE: Based on the 1st pathogenicity screen, recover the selected fungal isolates from -80 °C 203 

for the 2nd virulence test. The purpose of the 2nd virulence test is to quantify the pathogenicity 204 

of the selected fungal isolates after the 1st round of screening. 205 

 206 

1.5.1. Harvest conidia of each fungal isolate by vortexing for 1 min and count the number of 207 

conidia using a hemocytometer. 208 

 209 

1.5.2. Adjust the conidia suspension to a concentration of 1 x 107 conidia/mL in a 0.03% 210 

surfactant solution (Table of Materials). 211 

 212 

1.5.3. Spread 10 μL of the fungal suspension onto 55 mm ¼ SDA plates and grow for 7 days at 213 

25 °C in the dark. 214 



 

 

 215 

1.5.4. Place five T. molitor larvae directly on the surface of each pure fungal culture plate (c.a. 216 

6 x 107 conidia). Seal the plates with paraffin film and incubate at 25 °C in the dark. 217 

 218 

1.5.5. Observe and record the mycosis and mortality for 10 days. 219 

 220 

1.5.6. Repeat the test (from step 1.51 to 1.5.5) in triplicate for each fungal isolate. 221 

 222 

NOTE: Fungal isolates causing 100% mortality are selected for 3rd virulence test to confirm their 223 

virulence to target the pest. 224 

 225 

1.6. 3rd virulence test of fungal isolates for target pest (Spodoptera litura as an example) 226 

 227 

1.6.1. Repeat steps 1.5.2 to 1.5.6 with selected isolates from 2nd virulence to test virulence 228 

against target pest. 229 

 230 

1.6.2. Calculate the LT50 of each fungal isolate22. 231 

 232 

NOTE: The LT50 of each fungal isolate was calculated through generalized linear models (GLMs) 233 

using R studio (version 3.4.1); the quasibinomial error distribution and a log link function can be 234 

used to account for overdispersion. 235 

 236 

2. Molecular identification of EPF 237 

 238 

2.1. Extraction of fungal genomic DNA 239 

 240 

2.1.1. Collect c.a. 1 mm2 EPF from the 7-day ¼ SDA plate. 241 

 242 

2.1.2. Extract the fungal genomic DNA using a fungal genomic DNA extraction kit according 243 

to the manufacturer's instructions23 (Table of Materials). 244 

 245 

2.2. PCR amplification and DNA sequencing 246 

 247 

2.2.1. Amplify Fungal ITS region by PCR of the DNA sample21 using the PCR Master Mix (2x), 248 

ITS1F/ITS4R primer set24 (Table 1) with the following PCR program: 94 °C for 1 min, and then 35 249 



 

 

cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a 7 min final extension at 250 

72 °C. 251 

 252 

NOTE: The ITS1F/ITS4R primer set is for the genus level identification. 253 

 254 

2.2.2. Sequence the PCR by commercial sequencing service. 255 

 256 

2.2.3. Use NCBI BLAST search for similar fungi in the NCBI database and select the relative 257 

fungal type species for phylogenetic analysis. 258 

 259 

NOTE: The fungal species belonging to the genus of Metarhizium or Beauveria should be further 260 

identified to the species level with tef-983F/tef-2218R primer set25 (repeat steps 2.1.1 to 2.2.3). 261 

For fungi that do not belong to the genera Metarhizium or Beauveria, other molecular markers 262 

can be used to identify the species, including DNA lyase (APN2), beta tubulin (BTUB), RNA 263 

polymerase II largest subunit (RPB1), RNA polymerase II second largest subunit (RPB2), and 3’ 264 

portion of translation elongation factor 1 alpha (TEF)25,26. 265 

 266 

2.3. Phylogenetic analysis 267 

 268 

2.3.1. Use ClustalX 2.1 software27 to align the multiple sequences from steps 2.2.2 and 269 

2.2.3. Trim the conserved sequences region manually with GeneDoc28. 270 

 271 

2.3.2. Perform the phylogenetic analysis by MEGA7 software29 based on the minimum 272 

evolution (ME), Neighbor-Joining (NJ), and maximum likelihood (ML) methods. 273 

 274 

NOTE: Performing all three methods can help to confirm and accurately conclude the 275 

classification status. The fungal isolates screened by the 1st pathogenicity screen are used for 276 

molecular identification at the genus level. The fungal isolates screened by the 2nd virulence 277 

test are used for the species level molecular and morphological identification. 278 

 279 

3. Morphological identification of EPF 280 

 281 

3.1. Observation of the fungal colony morphology 282 

 283 

3.1.1. Use a camera to capture the fungal culture colony growth for 7 days, and record the 284 

growth, form (fluffy, firm), and color of the colonies. 285 



 

 

 286 

3.2. Observation of conidia and conidiophores 287 

 288 

3.2.1. Scrape conidia from the pure culture fungal colony with an inoculation loop and 289 

transfer the spores to a glass slide with 0.1% Tween 80 solution. Then, cover with a coverslip for 290 

light microscopic observation of conidia. 291 

 292 

3.2.2. Use a scalpel to cut a 5 mm2 agar block of the hyphal strand at the edge of the fungal 293 

colony, and then transfer the agar block to a glass slide. 294 

 295 

3.2.3. Perform the cleaning as follows: Add the 0.1% Tween 80 solution on the agar block 296 

with a plastic dropper and wash off most of the excess conidia using tweezers. Then, cover it 297 

with a coverslip for light microscopic observation. 298 

 299 

NOTE: 0.1% Tween 80 can be substituted with another more potent surfactant (Table of 300 

Materials) depending on fungal species and hydrophobicity. 301 

 302 

3.2.4. Measure and record the width and length of the conidia and conidiophores to 303 

compare the differences between different fungal isolates. 304 

 305 

3.2.5. Use Welch's ANOVA test and Games-Howell test (post-hoc test) to analyze the 306 

conidial width and length of each strain using R studio (version 3.4.1). 307 

 308 

NOTE: Data analysis of morphological characters can be adjusted by cases. The fungal isolates 309 

screened with the 3rd virulence test are used for the physiological characterization and ECN 310 

ranking in sections 4 and 5. 311 

 312 

4. Investigation of conidial productivity and thermotolerance 313 

 314 

4.1. Conidial production assay 315 

 316 

4.1.1. Culture the selected fungal isolate on ¼ SDA medium at 25 ± 1 °C in dark for 10 days. 317 

 318 

4.1.2. Prepare 1 mL of the conidial suspension of the fungal isolate in 0.03% surfactant 319 

solution and adjust to 1 x 107 conidia/mL as described above. 320 

 321 



 

 

4.1.3. Drop three droplets of 10 µL of conidial suspension on ¼ SDA and incubate at 25 °C in 322 

the dark for 7, 10, and 14 days to count the sporulation of fungi. 323 

 324 

NOTE: 10 µL is the best volume to collect the 5 mm block with even fungal sporulation after 325 

fungal growth for 7–14 days. 326 

 327 

4.1.4. Use the cork borer to detach 5 mm agar block from the center of the colony and 328 

transfer into 1 mL of 0.03% surfactant solution (Table of Materials) in a 1.5 mL micro-centrifuge 329 

tube at each time point. 330 

 331 

4.1.5. Vortex the tube at 3,000 rpm at room temperature for 15 min and use a 332 

hemocytometer to count the number of conidia. 333 

 334 

NOTE: The formula used for counting is the number of conidia per 25 squares of the smallest 335 

cell (size = 0.025 mm2; chamber depth = 0.1 mm):  336 

Total No of conidia in 5 squares ÷ 80 × (4 × 106) 337 

 338 

4.1.6. Repeat three times for each isolate. 339 

 340 

4.2. Thermotolerance assay 341 

 342 

4.2.1. Culture the selected fungal isolate on ¼ SDA medium at 25 ± 1 °C in dark for 10 days. 343 

 344 

4.2.2. Prepare 1 mL of the conidial suspension of fungal isolate in 0.03% surfactant solution 345 

and adjust to 1 x 107 conidia/mL as described above. 346 

 347 

4.2.3. Vortex the conidial suspension and heat it in a 45 °C dry bath for 0, 30, 60, 90, and 348 

120 min. Drop three droplets of 5 µL of the conidial suspension on 55 mm ¼ SDA medium at 349 

each time point post heat-exposure and incubate at 25 ± 1 °C for 18 h. 350 

 351 

NOTE: Avoid spreading the fungal droplets to be able to better focus on the area. 352 

 353 

4.2.4. Count the number of germinated conidia spores with five randomly selected fields 354 

under 200x light microscopy to determine germination rate. 355 

 356 

4.2.5. Perform three replicates for each isolate. 357 



 

 

 358 

5. Effective conidia number (ECN) ranking 359 

 360 

5.1. ECN calculation 361 

 362 

NOTE: Obtain the conidial production and thermotolerance data of each potential fungal strain 363 

before calculating the total ECN21. 364 

 365 

5.1.1. Calculate the fold-change (FC) of conidial production at each time point: 366 

 367 

𝐹𝐶𝑥 = 𝑛𝑐𝑝/𝐼 368 

 369 

where, 𝑥 = time point for data collection; 𝑛𝑐𝑝 = number of conidia after each day of growth; 370 

and 𝐼 = initial number of seeded conidia. 371 

 372 

5.1.2. Calculate the conidia number under the stress treatment at each time point using the 373 

following formula: 374 

 375 

𝐸𝐶𝑁𝑦 = 𝐼 ×  𝐹𝐶𝑥 ×  𝑇𝑇0 × 𝑆𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡(𝑇𝑇𝑍) 376 

 377 

Where, 𝑦 = the ECN of the time point under treatment; 𝑇𝑇0 = the germination rate of conidia 378 

not undergoing heat stress (= germination rate of 0 min heat treatment); 𝑇𝑇𝑍 = stress coefficient 379 

is the conidia germination rate at different times of heat treatment (𝑧). 380 

 381 

5.1.3. Calculate the total ECN using the following formula: 382 

 383 

𝐸𝐶𝑁𝑠𝑢𝑚 = Σ𝐸𝐶𝑁𝑦 = 𝐼 ×  𝐹𝐶𝑥 ×  𝑇𝑇0 × 𝑆𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡(𝑇𝑇𝑍) 384 

 385 

5.1.4. Compare the ECN of each fungal strain. 386 

 387 

5.2. Principal component analysis (PCA) of fungal strains 388 

 389 

NOTE: The PCA analysis confirms the ranking of ECN and helps in understanding the correlation 390 

between the physiological character values. Compare the ECN values and select EPF isolates 391 

having higher ECN values. 392 

 393 



 

 

5.3. Use R software to create PCA by coding: 394 

#Input PCA data file 395 

a = read.table("PCA.csv",sep=',',header=T) 396 

 397 

5.3.1. # Processing sample data 398 

row.names(a) <- c("NCHU-9","NCHU-11", "NCHU-64", "NCHU-69", "NCHU-95", "NCHU-113") 399 

X=row.names(a) 400 

df<- a[2:11] 401 

 402 

5.3.2. #PCA calculation 403 

pca <- prcomp(df, center = TRUE, scale = TRUE) 404 

vars <- (pca$sdev)^2 405 

pc1_percent = vars[1] / sum(vars) 406 

pc2_percent = vars[2] / sum(vars) 407 

value = pca$x 408 

 409 

5.3.3. #Output PCA visualization file 410 

png(file = 'pca.png', height = 2000, width = 2000, res = 300) 411 

 412 

NOTE: Use 7 to 14 days conidial production and all thermotolerance data to execute principal 413 

component analysis (PCA) for confirming the ECN ranking. 414 

 415 

5.4. Select the best-performing fungal strains based on ECN or PCA and perform the virulence 416 

test of target pests for further research. 417 

 418 

REPRESENTATIVE RESULTS: 419 

Isolation and selection of potential Entomopathogenic fungi (EPF) 420 

By using the Tenebrio molitor-mediated Entomopathogenic fungi (EPF) library construction 421 

method, the number of fungi without insect-killing activity would be excluded; thus, the 422 

isolation efficiency and selection of EPF could be largely increased. During the application of 423 

this method, the information of sampling sites, soil samples, and the fungal germination rates 424 

were recorded (Table 2). Based on our previous data, a total of 101 fungal isolates were 425 

obtained from 172 soil samples, indicating a high isolation efficiency of 64%. Among the 101 426 

fungal isolates, 26 isolates showed insecticidal activity against T. molitor (100% mortality) after 427 

the 1st pathogenicity screening, hence the elimination of fungal isolates was 26/101 = 25.7%. In 428 

the 2nd virulence test, the high virulence of the 26 fungal isolates against T. molitor was further 429 



 

 

demonstrated, 12 of which showed high pathogenicity against the T. molitor larvae (100% 430 

mortality at 5 days post inoculation) (Figure 2A). These were used to evaluate the virulence test 431 

against the agricultural pest. Based on the data of the 3rd virulence test mortality and LT50, a 432 

total of six fungal isolates (NCHU-9, 11, 64, 69, 95, and 113) revealed rapid insect-killing activity 433 

against Spodoptera litura (LT50 = 2.94, 2.22, 2.84, 2.57, 2.96, and 1.13), assessed using the 434 

physiological assay and effective conidia number (ECN) (Figure 2B). 435 

 436 

Molecular identification of EPF 437 

To better understand the fungal taxonomic positions, 26 isolates from the 1st pathogenicity 438 

screening were subjected to molecular analysis based on the ITS region (Figure 3A). The result 439 

showed that these fungal isolates could be clearly divided into seven genera, including 440 

Beauveria, Clonostachys, Fusarium, Cordyceps, Penicillium, Purpureocillium, and Metarhizium 441 

(Figure 3A). Based on the ITS1-5.8S-ITS2 region, the genus classification of EPF was accurately 442 

confirmed, while the species level is still indistinguishable. Therefore, the sequence of the tef 443 

region is used to clearly classify the species level for 12 promising EPF isolates from the 444 

virulence test against the agricultural pest. The molecular identification of the 12 isolates 445 

showed that 11 isolates belong to Metarhizium and contained four species, including M. 446 

lepidiotae (NCHU-9, NCHU-102), M. pinghaense (NCHU-10, NCHU-11, NCHU-30, NCHU-32, 447 

NCHU-64), M. brunneum (NCHU-27, NCHU-29), and M. anisopliae (NCHU-69, NCHU-95). The 448 

remaining isolate was identified as B. australis (NCHU-113) (Figure 3B,C). According to the 449 

above result, the sequence region of tef can effectively distinguish the genus Metarhizium at 450 

species level, while other species need to find other sequence regions as molecular markers to 451 

distinguish the species. 452 

 453 

Morphological identification of EPF 454 

Through the cleaning method (step 3.2.3) of fungi morphological observations, the structures of 455 

conidiophores could be seen clearly with 0.1% Tween 80 solution (Figure 4A), and these 456 

observations could serve as a benchmark to measure the size of the structure and take a photo 457 

record. The color, shape, and arrangement of the conidia can be seen through microscopic 458 

observations of the colony conidia (Figure 4B,C). After observation, the sizes of conidia and 459 

conidiophore shapes could be further measured and statistically compared (Table 3). 460 

 461 

Investigation of conidial productivity, thermotolerance and ECN ranking 462 

The ECN formula, which was proposed by the previous report21, could help with the selection of 463 

a high stress-tolerance EPF based physiological character. The ECN combines the conidia 464 

production and thermotolerance data of each EPF (Figure 5A,B), which means high viability of 465 



 

 

fungal strain when ECN value is high (Figure 5). Moreover, principal component analysis (PCA) 466 

visualization was used to verify the results from the ECN formula. The result revealed a high 467 

coordination between PCA and ECN, suggesting that the ECN formula could be used to evaluate 468 

the hierarchy of viability related parameters and development potential of fungi to field 469 

application and further commercialization (Figure 5C,D). 470 

 471 

FIGURE AND TABLE LEGENDS: 472 

Figure 1: Illustration of Tenebrio molitor-mediated Entomopathogenic fungi (EPF) library 473 

construction. Part 1: Fungal isolation from soil sample; Part 2: Pathogenicity and virulence-474 

based screening and fungal identification; Part 3. Physiological characterization and fungal 475 

ranking. ECN = Effective conidia number; and PCA = Principal component analysis. 476 

 477 

Figure 2: Mortality of mealworms and Spodoptera litura for selection of promising 478 

Entomopathogenic fungi (EPF) isolates. (A) 26-selected fungal 2nd mealworm virulence test; 479 

The mycoses of 12 rapid killing and high virulence fungal isolates are shown in parallel. (B) 12 480 

fungal isolates were selected for virulence test against S. litura. Test on each fungal strain was 481 

repeated three times. d.p.i. = days post inoculation. Modified figure and legend reproduced 482 

with permission of the Fronteris21. 483 

 484 

Figure 3: The phylogenetic analysis of Entomopathogenic fungi (EPF) strains at (A) Genus-level 485 

based on ITS region and (B–C) Species-level based on tef. The phylogenetic analysis of ITS 486 

region and tef were constructed using the maximum likelihood (ML), minimum evolution (ME), 487 

and neighbor-joining (NJ) methods. Bootstrap analyses were performed to evaluate the 488 

robustness of the phylogenies using 1,000 replicates, and bootstrap proportions greater than 489 

50% are indicated above branches. Bold = Ex-type strains. The red and green arrows indicate 490 

the promising EPF. Modified figure and legend reproduced with permission of the Fronteris21. 491 

 492 

Figure 4: Microscopic examination of Entomopathogenic fungi (EPF) (M. anisopliae) 493 

morphology. Observation of conidiophores (A) after washing. (B) The observation of conidia 494 

shape and color. (C) Arrangement of conidia and bundles of spore strings (SS) of M. anisopliae; 495 

Cp = conidiophores; cc = cylindrical conidia. Scale bar = 10 μm. 496 

 497 

Figure 5: Physiological characterization of six potential isolates and the effective conidia 498 

number (ECN) analysis. (A) Conidial production assay. (B) Thermotolerance assay. (C) The bar 499 

plot of ECN values. (D) Principal component analysis showed the distribution of each strain. 500 

Modified figure and legend reproduced with permission of the Fronteris21. 501 



 

 

 502 

Table 1: Primer pairs for fungal identification. 503 

 504 

Table 2: The parameters recorded for Tenebrio molitor-mediated EPF library construction 505 

method are listed below. NIU = the campus of National Ilan University. NCHU = the campus of 506 

National Chung Hsing University. Modified table and legend reproduced with permission of the 507 

Fronteris21. 508 

 509 

Table 3: An example of morphological observations of six promising entomopathogenic fungal 510 

isolates. Statistical analysis was performed based on the Welch's ANOVA test by using R studio. 511 

Modified table and legend reproduced with permission of the Fronteris21. 512 

 513 

DISCUSSION: 514 

Entomopathogenic fungi (EPF) have been used for insect control. There are several methods to 515 

isolate, select, and identify EPF30-32. Comparing the different types of insect bait methods, 516 

Beauveria bassiana and Metarhizium anisopliae were commonly found in insect baits6,12-14. 517 

Among these insect baits, Galleria mellonella and Tenebrio molitor showed high recovery rates 518 

of Beauveria and Metarhizium spp. As a matter of fact, the utility of the mealworm (T. molitor)-519 

bait method was demonstrated as a convenience method for isolation of EPF from soil 520 

samples17,21. Nonetheless, it has been reported that used insects as bait would show the bias to 521 

isolate specific fungal species3,33. Therefore, combination of different insect species (i.e., 522 

Galleria mellonella and T. molitor together) to bait the EPF from the soil samples might increase 523 

the diversity of EPF34. 524 

 525 

To evaluate the insect killing activity, there are two rounds of screening by mealworm (T. 526 

molitor) in the current protocol to select the promising fungal strains for further study. 527 

Following this process, the number of fungal isolates, which are isolated from soil samples, 528 

could be dramatically reduced and restricted to fungal isolates that showed high insecticidal 529 

activity after the 1st and 2nd screening. Large reduction of the fungal isolates for the next round 530 

of screening save time cost and labor-consuming. It could be also noted that the selected fungal 531 

isolates showed similar trends of pathogenicity between mealworm (T. molitor) and tobacco 532 

cutworm (Spodoptera litura), demonstrating a consistent testing of pathogenicity of different 533 

insect species and could be further extended to other crop pests21. In addition, the calculation 534 

of the ECN based on the physiological tests could facilitate the selection of potential fungal 535 

strains to be used in crop fields. Similar selective methods were mentioned by other reports, 536 

while the factors such as abiotic and strain characteristics have not been included12,8,31,35-37. 537 



 

 

Therefore, these strains may be affected by environmental factors resulting in an influence on 538 

the performance of fungal germination and thereby difficulty to be commercialized. This 539 

consequence is also the main reason for the inapplicability of laboratory strains in the field38. 540 

 541 

From the morphological identification, further efforts should be directed toward finding the 542 

clear structure of conidiophore and observe the different characteristics of each fungal strain. 543 

Studies can include various methods for solving the difficult morphological identification39. 544 

However, the morphological identification fails to distinguish closely related fungal species; 545 

therefore, it is necessary to integrate the data of molecular identification. The internal 546 

transcribed spacer (ITS) region showed the genus level discrimination, while other molecular 547 

markers (i.e., tef for Metarhizium, bloc for Beauveria) are needed for the identification at the 548 

species level26,40,41. 549 

 550 

In the physiological characterization, to reduce the standard deviation of the experiments, 551 

either the machine or manual vortex for at least 10 min at max rpm is suggested21. Thoroughly 552 

mixed conidia suspension would increase the consistency of the results of thermotolerance 553 

assay and conidial production assay. On the other hand, in the conidial production assay, the 554 

counted conidia number under a fixed area (5 mm block in the central part of fungal colony in 555 

this study) on the cultured plate at different time growth raised the problem that different 556 

fungal species and even different strains revealed different performance of the growth 557 

compactness of the hyphae, which might lead to the non-representativeness of the sampling. 558 

Therefore, a rigorous test method for conidia production can improve the problem, such as 559 

accurately count the number of conidia of whole fungal colony and normalize with the growth 560 

area42. 561 

 562 

The effective conidia number (ECN) formula is designed based on the influence of 563 

environmental stress against EPF conidia, that is, simulate conidia under the condition of wild 564 

environment to select the promising fungal strains for commercialization21. In this protocol, the 565 

data of conidia production and heat treatment were used for the calculation of the total ECN 566 

value of each promising fungal strain, following the previous study21. Further, under a natural 567 

environment, except the temperature, other environmental stress, such as humidity, ultraviolet 568 

radiation (UV), and host could influence conidia germination. Especially, the UV stress is a main 569 

factor affecting conidia germination because the high-energy free radicals (such as peroxides, 570 

hydroxyl groups, and singlet oxygen) generated by UV may reduce pathogenicity and the 571 

persistence of microbial pesticides43. Thus, UV stress could be further included in the ECN 572 

formula in the future. To avoid UV stress, the formula should contain oil or sodium alginate to 573 



 

 

increase the UV tolerance of conidia44-46, which confirms that potential strains have practicality 574 

for pest control47. 575 

 576 

The present protocol provided a method for quick and precise isolation of potential EPF strains 577 

to construct T. molitor-mediated EPF library. This is the basis and is necessary for the 578 

development of biological control research. Moreover, the ECN formula could be flexibly 579 

improved to help researchers grasp the potential of EPF and develop it into a commodity for 580 

use in agricultural systems. 581 
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Primer name Amplicon Size (bp) Sequence(5'-3')

ITS1F TCCGTAGGTGAACCTGCGG

ITS4R TCCTCCGCTTATTGATATGC

tef-983F GCYCCYGGHCAYCGTGAYTTYAT

tef-2218R ATGACACCRACRGCRACRGTYTG

550

1000

Table 1. Primer pairs for fungal identification.
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Region Reference

25

26, 27, 41, 42

Table 1. Primer pairs for fungal identification.

ITS

tef



Table 2. The parameters recorded for Tenebrio molitor -mediated EPF library construction method are listed below*

City Sample site Location (GPS)
Elevation 

(m)

Yilan NIU 24°44'49.6"N 121°44'46.2"E 7

Yilan JiaoXi (JX) 24°49'23.4"N 121°44'08.8"E 287

Yilan SanXing (SX) 24°39'30.1"N 121°36'48.0"E 134

Yilan Yuanshan (YS) 24°46'37.5"N 121°42'02.5"E 343

Taichung WuLing (WL) 24°20'14.7"N 121°18'34.8"E 1970

Taichung NCHU 24°07'11.9"N 120°40'33.9"E 95

NIU= the campus of National Ilan University

NCHU= the campus of National Chung Hsing University

* Modified table and legend reproduced with permission of the Fronteris (23).
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Table 2. The parameters recorded for Tenebrio molitor -mediated EPF library construction method are listed below*

Type of field
Annual 

Temperature (°C)

Precipitation/

per year (mm)
Season (Y/M/D)

Campus pasture 22 ~2700 Autumn (2018/November/7)

Forest 22 ~3076 Autumn (2018/November/9)

Forest 22 ~2000 Autumn (2018/November/16)

Forest 22 ~2828 Autumn (2018/November/30)

Forest 18 ~2000 Winter (2018/December/11)

Campus Forest 23 ~1642 Spring (2019/May/2)



Soil type No. of Samples
Primary Germination% 

(No. of germination)

Loam soil 12 66.7 (8)

Silt soil 30 53.3 (16)

Silt soil 34 50.0 (17)

Silt soil 51 66.7 (34)

Clay soil 38 47.4 (18)

Loam soil 7 100.0 (7)

Total= 172 Average= 64.02%



No. of isolates

13

5

8

41

20

14

Total= 101



Table 3. The example of morphological observations for the six promising entomopathogenic fungal isolates§.

Species Strain Phialides μm±SD*

Metarhizium lepidiotae NCHU-9 Cylindrical, 7.3±0.67b×2.4±0.36a

Metarhizium pinghaense NCHU-11 Cylindrical, 8.6±0.68ab×2.6±0.30a

Metarhizium pinghaense NCHU-64 Cylindrical, 10.5±1.54a×2.4±0.32a

Metarhizium anisopliae NCHU-69 Cylindrical, 9.4±1.58a×2.7±0.32a

Metarhizium anisopliae NCHU-95 Cylindrical, 9.6±0.87a×2.6±0.29a

Beauveria australis NCHU-113 Ellipsoid, NA×2.6±0.57

* Statistical analysis was performed based on the Welch's ANOVA test by using R studio.

§ Modified table and legend reproduced with permission of the Fronteris (23).
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Table 3. The example of morphological observations for the six promising entomopathogenic fungal isolates§.

Conidia μm±SD*

Cylindrical, 6.5±0.45a×2.7±0.13b

Cylindrical, 6.3±0.41b×2.7±0.16b

Cylindrical, 6.8±0.53a×2.9±0.31a

Cylindrical, 6.3±0.34b×2.6±0.19b

Cylindrical, 6.0±0.82b×2.9±0.29a

Globose, 2.3±0.24×2.3±0.24

* Statistical analysis was performed based on the Welch's ANOVA test by using R studio.
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Editorial comments: 

1. The editor has formatted the manuscript to match the journal's style. Please retain 

and use the attached file for revision. 

Ans: Thank you for the formatting of this manuscript and we will use the attached file 

for revision.   

 

2. Please address all the specific comments marked in the manuscript. 

Ans: Ok, we have checked and addressed all the specific comments marked in the 

manuscript. 

 

3. Please address all the reviewers' comments as well. 

Ans: Ok, we have checked and addressed all the reviewers' comments.  

 

4. Currently the language is compromising the science being presented. Please 

employ a professional copyediting service. 

Ans: We have send the manuscript to English editing to improve the writing. 

 

____________________________________ 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

Suggest: The established protocol based on the mealworm (Tenebrio molitor)-bait 

system was used for "isolating and selecting" the entomopathogenic fungi (EPF) from 

soil samples. 

Ans: We have corrected it. 

 

Major Concerns: 

The authors have made all corrections accordingly and the manuscript was much 

improved. 

Ans: Thank you for your effort on the review of this manuscript. 

 

Minor Concerns: 

There are some minor concerns which needed to be justified: 

L186: Why quantification screening was not performed at the beginning when 

conducting the 1st pathogenicity test? 

Ans: The rationale of first round screening is narrow down the number of testing 

fungal isolates, therefore, there is only one plate (one replicate) after the fungal 

isolate (from soil sample to single fungal isolate). However, it still has the possibility 
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that mealworm might die not cause by fungal infection, thus, the second screening is 

to further confirm the virulence against mealworm. 

 

L213: How sure are you with the concentration of the fungal plate (c.a. 6x10^7 

conidia) as different fungi might have different growth rate. And whether the 

quantity 6x10^7 conidia is per plate or per worm? 

Ans: The concentration of the fungal plate could be counted during the investigation 

of conidial productivity. Indeed, different fungi might have different growth rate. In 

our case, all the entomopathogenuc fungi subjected to the second round virulence 

test were belonging to Metarhizium or Beauveria, therefore, it could be estimated as 

c.a. 6x107 conidia.   

 

Reviewer #2: 

Manuscript Summary: 

The changes made by the authors are considered sufficient, and they are 

congratulated for their excellent work and contribution to the scientific community. 

Ans: Thank you for your effort on the review of this manuscript. 

 

Reviewer #3: 

Manuscript Summary: 

Thanks to authors for revising the Ms as per my advice. Now the Ms is more scientific 

and useful.so I recommend to publish the Ms in the esteemed journal 

Ans: Thank you for your effort on the review of this manuscript. 

 

Reviewer #4: 

Manuscript Summary: 

The authors describe a soil-bait method to isolate entomopathogenic fungi using 

mealworms. They then test the isolates on a target pest (Spodoptera litura), 

sequence the isolates, and examine production of conidia. 

 

Major Concerns: 

All of my comments have been addressed and the manuscript has greatly improved. 

Ans: Thank you for your effort on the review of this manuscript. 

 

Minor Concerns: 

Improvements should be made to the overall language of the manuscript - I believe 

this can be handled during the copyediting process. Dividing the 'representative 

results' section into subsections with the same headings as the 'protocol' section 



would make the section easier to read. 

Ans: Thank you for our suggestions and we have send the manuscript to English 

editing to improve the writing. Besides, we have added the subtitles in the 

'representative results' section as well. 
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• Abstract A very good stand-alone passage of the study 
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accordingly. 
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methods. I would have liked to see the diagram though, but the method has been 
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Academic writing should be very concise and redundancies (that is, the unnecessary repetition of 
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Original sentence: Entomopathogenic fungi (EPF) are currently wide-used microbial control 
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