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Simple Summary 12 

The natural Cordyceps sinensis insect–fungal complex, comprising the Ophiocordyceps sinen- 13 

sis fruiting body and the remains of a Hepialidae moth larva, is a highly valued therapeutic 14 

agent in traditional Chinese medicine. The sexual reproduction of O. sinensis is ultimately 15 

controlled by the tertiary structures of functional domains within the MAT1-1-1 and 16 

MAT1-2-1 proteins. This study reveals the primary structures of MAT1-1-1 and MAT1-2- 17 

1 protein variants derived from numerous wild-type C. sinensis isolates. The protein se- 18 

quences exhibited various animo acid substitutions in the functional domains and clus- 19 

tered into several Bayesian clades correlated with the secondary and tertiary structures of 20 

the critical function domains. In combination with data on the alternative splicing and 21 

differential occurrence and transcription of the MAT1-1-1 and MAT1-2-1 genes, the altered 22 

3D structures of the mating protein functional domains refute the hypothesis that O. sinen- 23 

sis can self-fertilize via homothallic mating and instead suggest that O. sinensis is self-ster- 24 

ile and requires a mating partner for sexual reproduction under heterothallism or hybrid- 25 

ization during the sexual life of natural C. sinensis insect-fungal complex. This fundamen- 26 

tal paradigm shift provides an accurate theoretical basis for understanding O. sinensis and 27 

the C. sinensis insect–fungal complex and will guide future academic and applied studies. 28 

Abstract 29 

The MATα_HMGbox and HMG-box_ROX1-like domains of the MAT1-1-1 and MAT1-2- 30 

1 proteins, respectively, play essential roles in DNA binding and the regulation of gene 31 

transcription controlling Ophiocordyceps sinensis sexual reproduction. Alternative splicing, 32 

differential occurrence/transcription of the MAT1-1-1 and MAT1-2-1 genes have been re- 33 

vealed in Hirsutella sinensis (Genotype #1 of the 17 O. sinensis genotypes), suggesting self- 34 

sterility under heterothallic or hybrid outcrossing. In this study, the MATα_HMGbox do- 35 

mains of MAT1-1-1 proteins in wild-type Cordyceps sinensis isolates cluster into 5 clades 36 

in the Bayesian clustering tree and belong to diverse stereostructure morphs under 19 37 

AlphaFold codes. The HMG-box_ROX1-like domains of MAT1-2-1 proteins, on the other 38 

hand, cluster into 2 branched clades and belong to stereostructure morphs under 25 Al- 39 

phaFold codes. Correlation analysis revealed that 1−4 amino acid substitutions in the 40 

DNA-binding domains of the mating proteins resulted in the altered hydrophobicity and 41 

secondary and tertiary structures of the DNA-binding domains of the proteins. Fungal 42 
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origin analysis revealed heterospecific fungal sources of mating proteins with 43 

stereostructure variations in wild-type C. sinensis isolates that represented changed func- 44 

tionalities involved in ensuring the accuracy and genetic diversity of the heterothallic and 45 

hybrid reproduction of O. sinensis during the lifecycle of the C. sinensis insect–fungi com- 46 

plex. 47 

Keywords: MATα_HMGbox domain of MAT1-1-1 protein; HMG-box_ROX1-like domain 48 

of MAT1-2-1 protein; heteromorphic protein structures; wild-type Cordyceps sinensis iso- 49 

lates; sexual reproduction of Ophiocordyceps sinensis; sexual life of the Cordyceps sinensis 50 

insect–fungal complex 51 
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1. Introduction 54 

Natural Cordyceps sinensis is one of most expensive therapeutic agents in traditional 55 

Chinese medicine and has a rich history of clinical use for several centuries for health 56 

maintenance, disease amelioration, post-illness and postoperative recovery, and antiaging 57 

therapy [1−3]. This natural therapeutic agent consists of the Ophiocordyceps sinensis fruiting 58 

body and the remains of a Hepialidae moth larva containing an intact, thick larval body 59 

wall with numerous bristles; an intact larval intestine; head tissues; and fragments of other 60 

larval tissues [4−10]. Studies of natural C. sinensis have demonstrated its multicellular het- 61 

erokaryotic structures and genetic heterogeneity including 17 genomically independent 62 

genotypes of O. sinensis fungi, >90 other fungal species spanning at least 37 fungal genera, 63 

and larval genes [4,7,10−29]. Thus, the Chinese Pharmacopoeia defines natural C. sinensis 64 

as an insect–fungal complex classified as a LEVEL-II endangered natural species [30]. 65 

Among the numerous heterogeneous fungal species [15,21,26], Hirsutella sinensis has been 66 

postulated to be the sole anamorph of O. sinensis by Wei et al. [31]. However, ten years 67 

later, in an artificial cultivation study conducted in an industrial product-oriented setting, 68 

Wei et al. [32] reported a species contradiction between anamorphic inoculates of GC-bi- 69 

ased Genotype #1 H. sinensis strains on Hepialidae moth larvae and the sole teleomorph 70 

(the genomically independent AT-biased Genotype #4 of O. sinensis) in the fruiting body 71 

of cultivated C. sinensis. Notably, the Latin name Cordyceps sinensis has been indiscrimi- 72 

nately used since the 1840s to refer to both the teleomorph/holomorph of the fungus C. 73 

sinensis and the wild insect–fungal complex; the fungus was renamed O. sinensis in 2007, 74 

with the use of the H. sinensis strain EFCC 7287 as the nomenclature reference [4,7,33−35]. 75 

Although Zhang et al. [36] proposed improper implementation of the “One Fungus=One 76 

Name” nomenclature rule set by the International Mycological Association [37], disre- 77 

garding the presence of multiple genomically independent genotypes of O. sinensis fungi 78 

and inappropriately replacing the anamorphic name H. sinensis with the teleomorphic 79 

name O. sinensis, in this work, we continue to use the anamorphic name H. sinensis for 80 

GC-biased Genotype #1 of the 17 O. sinensis genotypes that may share the same evolution- 81 

ary ancestor [17] and refer to the genomically independent Genotypes #2–17 fungi as O. 82 

sinensis following the taxonomic descriptions that are used in several public depository 83 

databases, such as the GenBank and AlphaFold databases, before the systematic positions 84 

of these evolutionarily related genotypes are individually determined and differentiated, 85 

regardless of whether they are GC- or AT-biased genetically. In this study, we continue 86 

the customary use of the name C. sinensis to refer to the wild or cultivated insect–fungal 87 

complex because the renaming of C. sinensis to O. sinensis in 2007 using the H. sinensis 88 

strain EFCC 7287 as the nomenclature reference did not involve the indiscriminately used 89 

Latin name for the natural insect–fungal complex [7,33]. However, this practice will likely 90 

be revised in the future by the differential use of proprietary and exclusive Latin names 91 

for the multiple genome–independent O. sinensis genotypic fungi and the insect–fungal 92 

complex. 93 

The sexual reproductive behavior of ascomycetes is strictly regulated by transcrip- 94 

tion factors encoded at the mating-type (MAT) locus. These transcription factors constitute 95 

the core mechanism that determines mating compatibility, regulates mating type recogni- 96 

tion, and controls the development of fruiting bodies and the reproductive structures as- 97 

cocarps and ascospores [38−46]. Like other fungi in Ascomycota, the reproductive behav- 98 

ior of O. sinensis relies on the synergistic interaction of 2 mating proteins, the MAT1-1 and 99 

MAT1-2 idiomorphs. These proteins contain 2 types of critical domains that specifically 100 

regulate gene expression related to sexual reproduction: (1) the mating-type alpha high 101 

mobility group box (MATα_HMGbox) domain in the MAT1-1-1 protein and (2) the high 102 

mobility group box ROX1-like (HMG-box_ROX1-like) domain in the MAT1-2-1 protein 103 

[41,47−50]. However, alternative splicing, differential occurrence, and differential 104 
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transcription of mating-type and pheromone receptor genes and heteromorphic 105 

stereostructures of the entire MAT1-1-1 and MAT1-2-1 proteins in H. sinensis strains and 106 

wild-type C. sinensis isolates have been demonstrated, invalidating the self-fertilization 107 

hypothesis under homothallism and pseudohomothallism for H. sinensis, which was pos- 108 

tulated as the sole anamorph of O. sinensis, and instead suggesting that self-sterility under 109 

heterothallism or hybridization requires sexual partners to accomplish sexual reproduc- 110 

tion within the lifecycle of the C. sinensis insect−fungi complex [31,50−55]. 111 

Mutations of the 2 critical DNA-binding domains of mating proteins that result in a 112 

few amino acid substitutions may cause conformational changes in the core 113 

stereostructures of the domains, thereby affecting the synergistic interaction of the pro- 114 

teins, probably through the regulation of the expression of complementary downstream 115 

genes of the 2 idiomorphic mating proteins. Continuing our previous study [50], which 116 

demonstrated variations in the 3D structures of complete mating proteins, this study fo- 117 

cuses on amino acid substitutions within the MATα_HMGbox domain and the HMG- 118 

box_ROX1-like domain of the full-length MAT1-1-1 and MAT1-2-1 proteins, respectively, 119 

and correlates the variable primary structures of these domains with changes in the hy- 120 

drophobic properties and the secondary and tertiary structures of the DNA-binding do- 121 

mains in wild-type C. sinensis isolates. Correlations between changes in hydrophobicity 122 

and the primary and secondary structures of the DNA-binding domains of mating pro- 123 

teins encoded by the genome, transcriptome and metatranscriptome assemblies of H. 124 

sinensis and C. sinensis insect–fungal complexes were also analyzed. 125 

2. Materials and Methods 126 

2.1. The MAT1-1-1 and MAT1-2-1 protein sequences of the wild-type C. sinensis isolates 127 

The AlphaFold database lists the AlphaFold-predicted 3D structures for 138 MAT1- 128 

1-1 proteins and 74 MAT1-2-1 proteins [50]. Of these proteins, 118 MAT1-1-1 proteins and 129 

69 MAT1-2-1 proteins are full-length proteins, as shown in Tables S1−S2. Three full-length 130 

MAT1-1-1 proteins (ALH24945, AGW27560, and EQK97643) and 2 full-length MAT1-2-1 131 

proteins (AEH27625 and EQL04085) are derived from H. sinensis strains. All other full- 132 

length mating proteins are from wild-type C. sinensis isolates that were collected from 133 

various production areas on the Qinghai–Tibet Plateau [5,34,36,49−50,52,56−57]. The in- 134 

ternal transcribed spacer (ITS) genotypic information is available in the GenBank database 135 

for the mutant full-length MAT1-1-1 and MAT1-2-1 proteins that are derived from 34 136 

wild-type C. sinensis isolates and aligned with the reference ITS sequences of the 17 geno- 137 

types of O. sinensis (cf. Table S3). 138 

The remaining 20 MAT1-1-1 proteins (AGW27517−AGW27536) and 5 MAT1-2-1 pro- 139 

teins (AGW27543, AGW27548, AGW27552, AGW27554, and AGW27555) are truncated 140 

and will be analyzed elsewhere [23,48]. 141 

2.2. Genome, transcriptome, and metatranscriptome assemblies of H. sinensis strains and C. 142 

sinensis insect−fungal complexes 143 

The GenBank database lists 5 genome assemblies, LKHE00000000, NGJJ00000000, 144 

ANOV00000000, JAAVMX000000000, and LWBQ00000000, of the H. sinensis strains 1229, 145 

CC1406-20395, Co18, IOZ07, and ZJB12195, respectively, and a transcriptome assembly, 146 

GCQL00000000, of the H. sinensis strain L0106 [49,59−63]. 147 

The metatranscriptome assembly GAGW00000000 for the C. sinensis insect–fungal 148 

samples (unknown maturation stages) collected from Kangding County, Sichuan Prov- 149 

ince, China [64], is available in the GenBank database. 150 

Another metatranscriptome assembly was derived from mature C. sinensis samples 151 

collected from Deqin, Yunnan Province, China, and was uploaded to a repository 152 
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database, www.plantkingdomgdb.com/Ophiocordyceps_sinensis/data/cds/Ophio- 153 

cordyceps_sinensis_CDS.fas [65]. Although this database is currently inaccessible, it was 154 

accessed from 18 May 2017 to 18 January 2018, and a cDNA file was downloaded. 155 

The genome, transcriptome, and metatranscriptome assemblies were used to analyze 156 

the MATα_HMGbox and HMG-box_ROX1-like domains of the MAT1-1-1 and MAT1-2-1 157 

proteins, respectively. 158 

2.3. Alignment of the DNA-binding domain sequences of the mating proteins 159 

The amino acid sequences of the MATα_HMGbox domains of the MAT1-1-1 proteins 160 

and the HMG-box_ROX1-like domains of the MAT1-2-1 proteins of the wild-type C. sinen- 161 

sis isolates and C. sinensis insect–fungal complexes were aligned via the GenBank Blastp 162 

program (https://blast.ncbi.nlm.nih.gov/ (Bethesda, MD, USA), accessed from 18 October 163 

2024 to 10 July 2025). 164 

2.4. Bayesian clustering analysis of the DNA-binding domains of the mating proteins 165 

Multiple sequence alignment of the DNA-binding domains of the mating proteins of 166 

the wild-type C. sinensis isolates and C. sinensis insect–fungal complexes was performed 167 

via the auto mode of MAFFT (v7.427; Osaka, Japan). The intron regions were removed via 168 

trimAl (v1.4. rev15; Barcelona, Spain). Under the Bayesian information criterion, ProtTest 169 

v3.4.2 (University of Vigo and University of La Coruña, Spain) was used to find the opti- 170 

mal amino acid substitution model. Bayesian clustering trees of the DNA binding domain 171 

sequences of the MAT1-1-1 and MAT1-2-1 proteins were then inferred via MrBayes v3.2.7 172 

software (Markov chain Monte Carlo [MCMC] algorithm; Uppsala, Sweden) at a sam- 173 

pling frequency of 100 iterations after discarding the initial 25% of the samples from a 174 

total of 1 million iterations. This yielded final majority rule consensus trees for the 175 

MATα_HMGbox domains of the full-length MAT1-1-1 proteins and the HMG-box_ROX1- 176 

like domains of the full-length MAT1-2-1 proteins [7,50,54−55,66]. Clustering analysis was 177 

conducted at Nanjing Genepioneer Biotechnologies Co. (Nanjing, China). 178 

2.5. Amino acid properties and scale analysis 179 

The amino acid sequences of the DNA-binding domains of the mating proteins were 180 

scaled on the basis of the general chemical characteristics of their side chains (Table S4) as 181 

reported at https://web.expasy.org/protscale/ (Basel, Switzerland), accessed from 18 Oc- 182 

tober 2024 to 20 May 2025 [50,55,68−72]. The MATα_HMGbox domain of MAT1-1 proteins 183 

(amino acids 51→225 of the reference sequence AGW27560 derived from the H. sinensis 184 

strain CS68-2-1229 [48]) and the HMG-box_ROX1-like domain of MAT1-2-1 proteins 185 

(amino acids 127→197 of the reference sequence AEH27625 derived from the H. sinensis 186 

strain CS2 [56]), with an additional 9 amino acid residues extending upstream and down- 187 

stream of the domains, were plotted sequentially with a window size of 9 amino acid res- 188 

idues via the linear weight variation model of the ExPASy ProtScale algorithms 189 

[50,55,68−72] to generate ExPASy ProtScale plots to display and compare the topology and 190 

waveform changes in hydrophobicity and the 2D structures for α-helices, β-sheets, β- 191 

turns, and coils of the DNA-binding domains of the mating proteins. 192 

II-6 AlphaFold-based prediction of the 3D structures of the mating proteins 193 

For the heteromorphic stereostructure analysis in this study, the 3D structures of the 194 

MAT1-1-1 and MAT1-2-1 proteins of the wild-type C. sinensis isolates were computation- 195 

ally predicted from their amino acid sequences by using the artificial intelligence (AI)- 196 

based machine learning technology AlphaFold (https://alphafold.com/, Cambridgeshire, 197 

UK), which was downloaded from the AlphaFold database (accessed from 18 October 198 

2024 to 10 May 2025) [50,73−82]. 199 

http://www.plantkingdomgdb.com/Ophiocordyceps_sinensis/data/cds/Ophiocordyceps_sinensis_CDS.fas
http://www.plantkingdomgdb.com/Ophiocordyceps_sinensis/data/cds/Ophiocordyceps_sinensis_CDS.fas
file:///E:/Products/Cordyceps%20sinensis/Manuscripts/2022/2022%20Mating%20gene%20review/Blastp
https://blast.ncbi.nlm.nih.gov/
https://web.expasy.org/protscale/
https://deepmind.com/blog/article/putting-the-power-of-alphafold-into-the-worlds-hands
https://deepmind.com/blog/article/putting-the-power-of-alphafold-into-the-worlds-hands
https://alphafold.com/
https://deepmind.com/blog/article/putting-the-power-of-alphafold-into-the-worlds-hands
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The AlphaFold database provides per-residue model confidence, predicts scores be- 200 

tween 0 and 100 on the local distance difference test (pLDDT) and provides a per-residue 201 

score that is assigned to each individual residue [73−76,78−79]. The model confidence 202 

bands are used to color-code the residues in the 3D structures: residues with very high 203 

confidence (pLDDT>90) are shown in dark blue, those with high confidence 204 

(90>pLDDT>70) appear in light blue, residues with low confidence (70>pLDDT>50) are 205 

shown in yellow, and residues with very low confidence (pLDDT<50) are shown in orange 206 

[50,80,83]. The AlphaFold database provides an average pLDDT score for each of the AI- 207 

predicted 3D structural models. 208 

2.7. Correlation of the primary, secondary, and tertiary structures of the DNA-binding domains 209 

of the MAT1-1-1 and MAT1-2-1 proteins 210 

The AlphaFold-predicted 3D structures of the MATα_HMGbox domains of the 211 

MAT1-1-1 proteins and the HMG-box_ROX1-like domains of the MAT1-2-1 proteins were 212 

amplified at the sites of amino acid substitutions. The locally magnified 3D structures at 213 

the mutation sites were correlated with the amino acid substitutions to obtain the primary 214 

structures and the changes in topology and waveform via ExPASy ProtScale plotting, 215 

which revealed hydropathy, α-helices, β-sheets, β-turns, and coils for altered hydropho- 216 

bicity and the 2D structures of the DNA binding domains of the MAT1-1-1 and MAT1-2- 217 

1 proteins. 218 

3. Results 219 

3.1. Primary structures of the MATα_HMGbox domains of the full-length MAT1-1-1 proteins 220 

Of the 138 MAT1-1-1 proteins in the AlphaFold database, 118 (85.5%) are full-length. 221 

Each of these proteins contains 372 amino acid residues. These proteins contribute to 15 222 

heteromorphic 3D structure morphs belonging to 5 Bayesian clusters (Table S1) [50]. 223 

Twenty-nine (24.6%) of the 118 full-length MAT1-1-1 proteins derived from wild-type C. 224 

sinensis isolates contain variable amino acid substitutions. 225 

The MAT1-1-1 proteins contain a MATα_HMGbox domain that is located at amino 226 

acids 51→225 (shown in blue and underlined in Figure S1), as represented by the reference 227 

MAT1-1-1 protein AGW27560 derived from the H. sinensis strain CS68-2-1229 [48]. Other 228 

MAT1-1-1 proteins derived from wild-type C. sinensis isolates or encoded by the genome 229 

assemblies of the H. sinensis strains and the metatranscriptome assemblies of C. sinensis 230 

insect–fungal complexes contain various amino acid substitutions, as shown in red in Fig- 231 

ure S1. The MATα_HMGbox domains of 10 (34.5%) of the 29 mutant proteins are 100% 232 

identical to those of the query protein AGW27560. Each of the remaining 19 proteins 233 

(65.5%) contains a mutation or mutations that results in 1 or 2 substitutions in the amino 234 

acid residues at various sites within the MATα_HMGbox domains. 235 

Figure S1 also shows the MATα_HMGbox domains of the MAT1-1-1 proteins en- 236 

coded by the genome assemblies ANOV01017390 (794←1129 & 1280←1396), 237 

LKHE01001116 (4183←4620 & 4667←4759), and JAAVMX010000001 238 

(6,699,061→6,699,153 & 6,699,203→6,699.637) of the H. sinensis strains Co18, 1229, and 239 

IOZ07, respectively [49,61,63]. (Note: the arrows “→” and “←” indicate sequences in the 240 

sense and antisense strands of the genomes, respectively; “&” refers to the removed intron 241 

portion.) These genome-encoded MAT1-1-1 proteins are truncated at their C-termini; the 242 

truncation segments are located far downstream of the MATα_HMGbox domains. 243 

The genome assemblies LWBQ00000000 and NGJJ00000000 and the transcriptome 244 

assembly GCQL00000000 of the H. sinensis strains ZJB12195, CC1406-20395, and L0106, 245 

respectively, do not contain the genes or transcripts that encode the MAT1-1-1 proteins 246 

[59−61]. 247 
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The metatranscriptome assemblies GAGW01008880 (300←1127) and OSIN7648 248 

(1→1065) of natural C. sinensis insect–fungal complexes encode the MAT1-1-1 proteins (cf. 249 

Figure S1) [64−65]. The MAT1-1-1 protein OSIN7648 is truncated in the middle sequence 250 

by 18 amino acid residues (SMQREYQAPRFFYDYSVS) between residues 863 and 864; the 251 

truncation segment is located downstream of the MATα_HMGbox domain (151→675). 252 

The N-terminus of the MATα_HMGbox domain (741←1127) of the MAT1-1-1 protein en- 253 

coded by GAGW01008880 is truncated by 46 amino acid residues (AAASRATRQT- 254 

KEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASG). 255 

3.2. Primary structures of the HMG-box_ROX1-like domains of the full-length MAT1-2-1 pro- 256 

teins 257 

Of the 74 MAT1-2-1 proteins listed in the AlphaFold database, 69 (93.2%) are full- 258 

length proteins, each of which contains 249 amino acid residues; these proteins contribute 259 

to 17 heteromorphic AlphaFold tertiary structure morphs belonging to 5 Bayesian clusters 260 

(Table S2) [50]. Of the 69 full-length proteins, 39 (56.5%) are 100% identical to the repre- 261 

sentative MAT1-2-1 protein AEH27625, which was derived from the H. sinensis strain CS2 262 

[56]. The remaining 30 full-length proteins (43.5%) contain amino acid substitutions at 263 

various sites, as shown in red in Figure S2. The HMG-box_ROX1-like domains of the 264 

MAT1-2-1 proteins are located at amino acid residues 127→197, as shown in blue and 265 

underlined in Figure S2, whereas the 9 external amino acid residues upstream and down- 266 

stream of the domain are shown in blue but not underlined. The HMG-box_ROX1-like 267 

domain sequences of 3 of the 30 variable AMT1-2-1 proteins are 100% identical to the do- 268 

main sequence of the query protein AEH27625, whereas the domains of the remaining 27 269 

proteins contain 1−3 amino acid substitutions, as shown in red in Figure S2. 270 

Figure S2 also shows the MAT1-2-1 proteins encoded by the genome assemblies 271 

ANOV01000063, LKHE01001605, LWBQ01000021, and NGJJ01000619 of the H. sinensis 272 

strains Co18, 1229, ZJB12195, and CC1406-20395, respectively [49,60−62]. An S-to-A sub- 273 

stitution occurred in each of the HMG-box_ROX1-like domains of the genome-encoded 274 

MAT1-2-1 proteins ANOV01000063 (9759→9851 & 9907→10,026), LKHE01001605 275 

(14,016←14,135 & 14,191←14,283), LWBQ01000021 (239,029←239,148 & 276 

239,204←239,269), and NGJJ01000619 (23,186←23,305 & 23,361←23,453). An additional Y- 277 

to-H substitution occurred in the HMG-box_ROX1-like domains of LKHE01001605, 278 

LWBQ01000021 and NGJJ01000619 but not in the HMG-box_ROX1-like domain of 279 

ANOV01000063, resulting in 97.2−98.6% similarity to the sequence of the HMG- 280 

box_ROX1-like domain of the query protein AEH27625 [56]. 281 

The genome assembly JAAVMX000000000 of the H. sinensis strain IOZ07 and the 282 

metatranscriptome assembly GAGW00000000 of the C. sinensis insect–fungi complex do 283 

not contain genes or transcripts encoding MAT1-2-1 proteins [63−64]. 284 

Figure S2 also shows the protein sequences encoded by the MAT1-2-1 transcripts of 285 

the transcriptome assembly GCQL01020543 (397←1143) of the H. sinensis strain L0106 and 286 

the metatranscriptome assembly OSIN7649 (1→747) of the mature C. sinensis insect–fun- 287 

gal complex [59,65]. The HMG-box_ROX1-like domains (553←765 of GCQL01020543 and 288 

379→591 of OSIN7649) of these proteins contain Y-to-H substitutions, resulting in 98.6% 289 

similarity to the sequence of that domain in the query protein AEH27625 [36]. 290 

3.3. Bayesian analysis of the MATα_HMGbox domains of the full-length MAT1-1-1 proteins 291 

The sequences of the MATα_HMGbox domains of 19 full-length MAT1-1-1 proteins 292 

that display various amino acid substitutions were subjected to Bayesian clustering anal- 293 

ysis and compared with the sequences of 6 authentic MAT1-1-1 proteins as references 294 

(Figure 1). The MATα_HMGbox domains of the full-length MAT1-1-1 proteins were clus- 295 

tered into 5 Bayesian clusters (Figure 1), among which Clusters a and d were branched. 296 
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The domains of the 19 proteins with various amino acid substitutions were clustered into 297 

Clusters/Branches a2, b, d, and e1−e2 in the Bayesian clustering tree. Cluster d has a longer 298 

clustering distance than some of the other clusters do, and Branch e2 has the longest clus- 299 

tering distance. The MATα_HMGbox domains encoded by the genome assemblies 300 

JAAVMX010000001 (6,699,061→6,699,153 & 6,699,203→6,699.637) and LKHE01001116 301 

(4183←4620 & 4667←4759) of the H. sinensis strains 1229 and IOZ07 contain Y-to-M sub- 302 

stitutions [61,63]. The domains encoded by the genome assembly ANOV01017390 303 

(794←1129 & 1280←1396) of H. sinensis strain Co18 and the metatranscriptome assembly 304 

OSIN7648 (151→675) of the C. sinensis insect–fungal complex contain no changed amino 305 

acid residues [49,65]. The domain encoded by the metatranscriptome assembly 306 

GAGW01008880 (714←1127) of the C. sinensis insect–fungal complex is truncated at the 307 

N-terminus (Figure S1) [64]. The MATα_HMGbox domains encoded by the genome as- 308 

sembly ANOV01017390 and metatranscriptome assemblies OSIN7648 and 309 

GAGW01008880 cluster into Branch a1 in the Bayesian clustering tree, together with the 6 310 

authentic MAT1-1-1 proteins (Figure 1). 311 

 312 

Figure 1. A Bayesian majority rule consensus clustering tree for the MATα_HMGbox domain se- 313 

quences of the 25 MAT1-1-1 proteins of the wild-type C. sinensis isolates and the corresponding 314 

domain sequences encoded by the genome and metatranscriptome assemblies of the H. sinensis 315 

strains and C. sinensis insect–fungal complexes was obtained via MrBayes v3.2.7 software. 316 

Tables S5−S6 summarize the Bayesian clustering results and show the amino acid 317 

substitutions and deletions in the MATα_HMGbox domains of the MAT1-1-1 proteins 318 

Reviewer1
Underline

Reviewer1
Ratanakoijam
summerized 



Biology 2025, 14, x FOR PEER REVIEW 9 of 52 
 

 

derived from wild-type C. sinensis isolates and those encoded by the genome and 319 

metatranscriptome assemblies of H. sinensis strains and natural C. sinensis insect–fungal 320 

complexes, respectively. 321 

3.4. Bayesian analysis of the HMG-box_ROX1-like domains of the full-length MAT1-2-1 protein 322 

sequences 323 

Thirty full-length MAT1-2-1 proteins that are present in wild-type C. sinensis isolates 324 

or encoded by the genome and transcriptome assemblies of H. sinensis strains and by the 325 

metatranscriptome assembly of the C. sinensis insect–fungal complex and that have vari- 326 

ous amino acid substitutions in their HMG-box_ROX1-like domains were subjected to 327 

Bayesian clustering analysis and compared with the HMG-box_ROX1-like domains of 6 328 

authentic MAT1-2-1 proteins as references. Figure 2 shows 2 branched clusters (a and b). 329 

Branches b2−b3 have longer clustering distances than some of the other branches do, and 330 

Branch b2β has the longest clustering distance. 331 

 332 



 

Figure 2. Bayesian majority rule consensus clustering tree inferred via MrBayes v3.2.7 software for 333 

the HMG-box_ROX1-like domain sequences of 35 full-length MAT1-2-1 proteins of the wild-type C. 334 

sinensis isolates and the corresponding domain segments of the translated genome, transcriptome, 335 

and metatranscriptome assemblies of the H. sinensis strains and C. sinensis insect–fungal complexes. 336 

The HMG-box_ROX1-like domain encoded by the genome assembly ANOV01000063 337 

(9759→9851 & 9907→10,026) of H. sinensis strain Co18 contains an S-to-A substitution and 338 

is clustered into Branch a2 with a slightly longer clustering distance (Figures 2 and S2) 339 

[49]. The domains encoded by other genome assemblies [LKHE01001605 (14,016←14,135 340 

& 14,191←14,135 & 14,191←14,283), LWBQ01000021 (239,029←239,148 & 341 

239,204←239,269), and NGJJ01000619 (23,186←23,305 & 23,361←23,453) of the H. sinensis 342 

strains 1229, ZJB12195, and CC1406-20395, respectively] [60−62] contain Y-to-H and S-to- 343 

A substitutions and are clustered into Branch b3 in the Bayesian clustering tree (Figures 2 344 

and S2). 345 

The HMG-box_ROX1-like domain of the MAT1-2-1 protein encoded by the transcrip- 346 

tome assembly GCQL01020543 (553←765) of the H. sinensis strain L0106 contains a Y-to- 347 

H substitution [59]. The domain of the MAT1-2-1 protein encoded by the 348 

metatranscriptome assembly OSIN7649 (379→591) of the C. sinensis insect–fungi complex 349 

is 100% identical to the reference MAT1-2-1 protein AEH27625 [56,65]. The domains of the 350 

MAT1-2-1 proteins encoded by the transcriptome and metatranscriptome assemblies were 351 

clustered into Branch b1α in the Bayesian clustering tree (Figures 2 and S2). 352 

Tables S7−S8 summarize the Bayesian clustering results that reflect the amino acid 353 

substitutions and deletions in the HMG-box_ROX1-like domains of MAT1-2-1 proteins 354 

derived from wild-type C. sinensis isolates or encoded by the genome, transcriptome and 355 

metatranscriptome assemblies of H. sinensis strains and natural C. sinensis insect–fungal 356 

complexes, respectively. 357 

3.5. Heteromorphic stereostructures of the MATα_HMGbox domains of full-length MAT1-1-1 358 

proteins derived from wild-type C. sinensis isolates 359 

Section 3.5 presents analyses of the correlations between the changes in the structure 360 

and hydrophobicity of the MATα_HMGbox domains of full-length MAT1-1-1 proteins 361 

(under 7 AlphaFold 3D structure codes; cf. Table S5) derived from wild-type C. sinensis 362 

isolates compared with the reference MAT1-1-1 proteins represented by AGW27560 (un- 363 

der the AlphaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 (cf. Table 364 

S1) [48]. The MATα_HMGbox domain sequences (amino acid residues 51→225) were ex- 365 

tended by 9 amino acid residues both upstream and downstream of the domains because 366 

of the setting of the sequential ExPASy ProtScale plotting for hydropathy, α-helices, β- 367 

sheets, β-turns, and coils at a window size of 9 amino acid residues (cf. Section 2.5 of Ma- 368 

terials and methods). 369 

Figure 3 compares the hydrophobicity and the structures of the MATα_HMGbox do- 370 

main of the mutant MAT1-1-1 protein ALH24992 (under the AlphaFold code 371 

A0A0N9R5B3) derived from the wild-type C. sinensis isolate SC09_65 (cf. Tables S1 and 372 

S5) [52] with those of the MATα_HMGbox domain of the reference protein AGW27560 373 

(under the AlphaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 [48]. 374 

Panel A shows an A-to-T substitution (aliphatic alanine to threonine with polar side 375 

chains; hydropathy indices changed from 1.8 to -0.7). This substitution causes reduced 376 

hydrophobicity (the larger the hydropathy value is, the stronger the hydrophobicity, 377 

whereas negative values indicate hydrophilicity [68]), as illustrated by the changes in to- 378 

pology and waveform in the hydropathy plot shown in Panel B. These changes result in 379 

an altered secondary structure of the protein in the area surrounding the mutation site in 380 

the MATα_HMGbox domain of the mutant MAT1-1-1 protein ALH24992, as illustrated 381 
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by the changes in topology and waveform in the ExPASy ProtScale plots for α-helices, β- 382 

sheets, β-turns, and coils shown in Panels C−F, respectively. 383 

 384 

 385 

Panel A: Alignment of amino acid sequences 
AGW27560 42 ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH24992 42 ---------T-------------------------------------------------- 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH24992 102 ------------------------------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH24992 162 ------------------------------------------------------------ 221

AGW27560 222 GIMAPRAANCTPP 234
ALH24992 222 ------------- 234



 

 386 

Figure 3. Correlation of the changes in hydrophobicity and the primary, secondary, and tertiary 387 

structures of the MATα_HMGbox domains of MAT1-1-1 proteins: the reference protein AGW27560 388 

(under the AlphaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 and the mutant 389 

protein ALH24992 (under the AlphaFold code A0A0N9R5B3) derived from the wild-type C. sinensis 390 

isolate SC09_65. Panel A shows an alignment of the amino acid sequences of the MATα_HMGbox 391 

domains of the MAT1-1-1 proteins; the amino acid substitution is shown in red, whereas the hy- 392 

phens indicate identical amino acid residues. The ExPASy ProtScale plots show the changes in hy- 393 

drophobicity (Panel B) and in the 2D structure (Panels C−F for α-helices, β-sheets, β-turns, and coils, 394 

respectively) of the protein; the open rectangles in blue outline the changes in topology and wave- 395 

form of the ExPASy plots. Panels G−H show the 3D structures of the full-length proteins on the left 396 

and the locally amplified structures surrounding the mutation site on the right. The model confi- 397 

dence values for the AlphaFold-predicted 3D structures are as follows:  very high (pLDDT>90);  398 

high (90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 399 

As shown in Panels G−H of Figure 3, which illustrate the 3D structures of the pro- 400 

teins, the substitution is located upstream of the core structure of 3 α-helices and may not 401 

directly participate in stabilizing the hydrophobic core structure of the DNA-binding do- 402 

main [84−85]. However, the replacement of alanine with a threonine residue with reduced 403 

hydrophobicity altered the stereostructure of the MATα_HMGbox domain of the MAT1- 404 

1-1 protein ALH24992 under the AlphaFold code A0A0N9R5B3, possibly through long- 405 

range spatial interactions. The mutant MATα_HMGbox domain clustered into Branch a2 406 

in the Bayesian clustering tree (cf. Figure 1, Table S5). 407 

Figure 4 compares the hydrophobicity and structure of the MATα_HMGbox domain 408 

of the MAT1-1-1 protein ALH24948 (under the AlphaFold code A0A0N9QUF3) derived 409 

from the wild-type C. sinensis isolate GS09_143 (cf. Table S1) [52] with those of the 410 

MATα_HMGbox domain of the reference protein AGW27560 (under the AlphaFold code 411 

U3N942) derived from the H. sinensis strain CS68-2-1229 [48]. Panel A shows substitutions 412 

of two adjacent residues: Q-to-S (glutamine to serine, both of which have polar side chains; 413 

hydropathy indices changed from -3.5 to -0.8 [68]) and I-to-F (aliphatic isoleucine to aro- 414 

matic phenylalanine; hydropathy indices changed from 4.5 to 2.8), causing altered hydro- 415 

phobicity, as illustrated by the changes in topology and waveform in the hydropathy plot 416 
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in Panel B. These changes alter the secondary structure surrounding the mutation sites in 417 

the MATα_HMGbox domain, as illustrated by the changes in topology and waveform in 418 

the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils shown in Panels C−F. 419 

As shown in Panels G−H for the diagrams of the 3D structure, the adjacent amino acid 420 

substitutions are located at the end of one of the 3 α-helices that form the hydrophobic 421 

core stereostructure [84−85], and they cause the altered tertiary structure of the 422 

MATα_HMGbox domain of the mutant protein ALH24948 under the AlphaFold code 423 

A0A0N9QUF3. The mutant MATα_HMGbox domain clustered into Branch e2 in the 424 

Bayesian clustering tree (cf. Figure 1, Table S5). 425 

 426 

 427 

Panel A: Amino acid sequence alignment

AGW27560 42  ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH24948 42  ------------------------------------------------------------ 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH24948 102 ----------------------SF------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH24948 162 ------------------------------------------------------------ 221

AGW27560 222 GIMAPRAANCTPP                                                234
ALH24948 222 ------------- 234



 

 428 

Figure 4. Correlations among the changes in the primary, secondary, and tertiary structures of the 429 

MATα_HMGbox domains of the MAT1-1-1 proteins: the reference protein AGW27560 (under the 430 

AlphaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 and the mutant MAT1-1- 431 

1 protein ALH24948 (under the AlphaFold code A0A0N9QUF3) derived from the wild-type C. 432 

sinensis isolate GS09_143. Panel A shows an alignment of the MATα_HMGbox domain sequences 433 

of the MAT1-1-1 proteins; amino acid substitutions are shown in red, whereas the hyphens indicate 434 

identical amino acid residues. The ExPASy ProtScale plots show the changes in hydrophobicity 435 

(Panel B) and in the 2D structure (Panels C−F for α-helices, β-sheets, β-turns, and coils, respectively) 436 

of the protein; the open rectangles in blue outline the changes in topology and waveform shown in 437 

the ExPASy plots. Panels G−H show the 3D structures of the full-length proteins on the left and the 438 

locally amplified structures at the sites of substitutions on the right. The model confidence values 439 

for the AlphaFold-predicted 3D structures are as follows:  very high (pLDDT>90);  high 440 

(90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 441 

Figure 5 compares the hydrophobicities and the structures of the MATα_HMGbox 442 

domains of the MAT1-1-1 proteins ALH25043, ALH25045, ALH25046, and ALH25048 443 

(under the AlphaFold code A0A0N9QMS9) derived from the wild-type C. sinensis isolates 444 

YN09_22, YN09_51, YN09_6, and YN09_64, respectively (cf. Table S1) [52], with those of 445 

the MATα_HMGbox domain of the reference protein AGW27560 (under the AlphaFold 446 

code U3N942) derived from the H. sinensis strain CS68-2-1229 [48]. Panel A shows substi- 447 

tutions of R-to-I (basic arginine to aliphatic isoleucine; hydropathy indices changed from 448 

-4.5 to 4.5 [68]) and P-to-T (proline to threonine, both of which possess polar neutral side 449 

chains; hydropathy indices changed from -1.6 to -0.7). These substitutions result in in- 450 

creased hydrophobicity, as illustrated by the changes in topology and waveform that are 451 

apparent in the hydropathy plot in Panel B. They also result in altered secondary structure 452 

surrounding the mutation sites in the MATα_HMGbox domains of the MAT1-1-1 proteins 453 

ALH25043, ALH25045, ALH25046, and ALH25048, as illustrated by the changes in topol- 454 

ogy and waveform shown in the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, 455 

and coils in Panels C−F. As shown in the diagrams of the 3D structure in Panels G−H, the 456 

sites of the R-to-I and P-to-T substitutions are inside and outside, respectively, the hydro- 457 

phobic core formed by the 3 α-helices, and the substantial increases in hydrophobicity 458 

alter the tertiary structures of the MATα_HMGbox domains of the MAT1-1-1 proteins 459 
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under the AlphaFold code A0A0N9QMS9. The mutant MATα_HMGbox domain clus- 460 

tered into Cluster 2 in the Bayesian clustering tree (cf. Figure 1, Table S5). 461 

 462 

 463 

Panel A: Amino acid sequence alignment

AGW27560 42  ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH25043 42  ------------------------------------------------------------ 101
ALH25045 42  ------------------------------------------------------------ 101
ALH25046 42  ------------------------------------------------------------ 101
ALH25048 42  ------------------------------------------------------------ 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH25043 102 ------------------------------------------------------------ 161
ALH25045 102 ------------------------------------------------------------ 161
ALH25046 102 ------------------------------------------------------------ 161
ALH25048 102 ------------------------------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH25043 162 -----------------------------------------------------I------ 221
ALH25045 162 -----------------------------------------------------I------ 221
ALH25046 162 -----------------------------------------------------I------ 221
ALH25048 162 -----------------------------------------------------I------ 221

AGW27560 222 GIMAPRAANCTPP                                                234
ALH25043 222 ----T-------- 234
ALH25045 222 ----T-------- 234
ALH25046 222 ----T-------- 234
ALH25048 222 ----T-------- 234



 

 464 

Figure 5. Correlation of changes in the primary, secondary, and tertiary structures of the 465 

MATα_HMGbox domains of the MAT1-1-1 proteins: the reference protein AGW27560 (under the 466 

AlphaFold code U3N942) is derived from the H. sinensis strain CS68-2-1229, and the mutant MAT1- 467 

1-1 proteins ALH25043, ALH25045, ALH25046, and ALH25048 (under the AlphaFold code 468 

A0A0N9QMS9) are derived from the wild-type C. sinensis isolates YN09_22, YN09_51, YN09_6, and 469 

YN09_64, respectively. Panel A shows an alignment of the amino acid sequences of the 470 

MATα_HMGbox domains of the MAT1-1-1 proteins; amino acid substitutions are shown in red, 471 

whereas the hyphens indicate identical amino acid residues. The ExPASy ProtScale plots show the 472 

changes in hydrophobicity (Panel B) and in the 2D structure (Panels C−F for α-helices, β-sheets, β- 473 

turns, and coils, respectively) of the proteins; the open rectangles in blue outline the changes in 474 

topology and waveform of the plots. Panels G−H show the 3D structures of the full-length proteins 475 

on the left and the locally amplified structures at the sites of substitutions on the right. The model 476 

confidence values for the AlphaFold-predicted 3D structures are as follows:  very high 477 

(pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 478 

Figure 6 compares the hydrophobicities and structures of the MATα_HMGbox do- 479 

mains of the MAT1-1-1 proteins ALH25054, ALH24951, ALH24952, ALH24953, 480 

ALH24962, ALH24963, ALH24964, ALH24966, and ALH24994 (under the AlphaFold code 481 

A0A0N7G845) derived from the wild-type C. sinensis isolates GS09_311, GS09_229, 482 

GS09_281, GS10_1, QH09_164, QH09_173, QH09_201, QH09_210, and SC09_87, respec- 483 

tively (cf. Table S1) [52], with those of the reference protein AGW27560 (under the Al- 484 

phaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 [48]. Panel A shows 485 

I-to-L substitutions (aliphatic isoleucine to aliphatic leucine, hydropathy indices changed 486 

from 4.5 to 3.8 [68]); these substitutions resulted in reduced hydrophobicity, as illustrated 487 

by the changes in topology and waveform shown in Panel B for the hydropathy plot. 488 
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 489 

 490 

Panel A: Amino acid sequence alignment
AGW27560 42  ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH25054 42  ------------------------------------------------------------ 101
ALH24951 42  ------------------------------------------------------------ 101
ALH24952 42  ------------------------------------------------------------ 101
ALH24953 42  ------------------------------------------------------------ 101
ALH24962 42  ------------------------------------------------------------ 101
ALH24963 42  ------------------------------------------------------------ 101
ALH24964 42  ------------------------------------------------------------ 101
ALH24966 42  ------------------------------------------------------------ 101
ALH24994 42  ------------------------------------------------------------ 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH25054 102 -----------------------L------------------------------------ 161
ALH24951 102 -----------------------L------------------------------------ 161
ALH24952 102 -----------------------L------------------------------------ 161
ALH24953 102 -----------------------L------------------------------------ 161
ALH24962 102 -----------------------L------------------------------------ 161
ALH24963 102 -----------------------L------------------------------------ 161
ALH24964 102 -----------------------L------------------------------------ 161
ALH24966 102 -----------------------L------------------------------------ 161
ALH24994 102 -----------------------L------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH25054 162 ------------------------------------------------------------ 221
ALH24951 162 ------------------------------------------------------------ 221
ALH24952 162 ------------------------------------------------------------ 221
ALH24953 162 ------------------------------------------------------------ 221
ALH24962 162 ------------------------------------------------------------ 221
ALH24963 162 ------------------------------------------------------------ 221
ALH24964 162 ------------------------------------------------------------ 221
ALH24966 162 ------------------------------------------------------------ 221
ALH24994 162 ------------------------------------------------------------ 221

AGW27560 222 GIMAPRAANCTPP                                                234
ALH25054 222 ------------- 234
ALH24951 222 ------------- 234
ALH24952 222 ------------- 234
ALH24953 222 ------------- 234
ALH24962 222 ------------- 234
ALH24963 222 ------------- 234
ALH24964 222 ------------- 234
ALH24966 222 ------------- 234
ALH24994 222 ------------- 234



 

 491 

Figure 6. Correlation of changes in the primary, secondary, and tertiary structures of the 492 

MATα_HMGbox domains in the MAT1-1-1 proteins. The reference protein AGW27560 (under the 493 

AlphaFold code U3N942) is derived from the H. sinensis strain CS68-2-1229, and the mutant MAT1- 494 

1-1 proteins ALH25054, ALH24951, ALH24952, ALH24953, ALH24962, ALH24963, ALH24964, 495 

ALH24966, and ALH24994 (under the AlphaFold code A0A0N7G845) are derived from the wild- 496 

type C. sinensis isolates GS09_311, GS09_229, GS09_281, GS10_1, QH09_164, QH09_173, QH09_201, 497 

QH09_210, and SC09_87, respectively. Panel A shows an alignment of the amino acid sequences of 498 

the MATα_HMGbox domains of the MAT1-1-1 proteins; amino acid substitutions are shown in red, 499 

whereas the hyphens indicate identical amino acid residues. The ExPASy ProtScale plots show the 500 

changes in hydrophobicity (Panel B) and in the 2D structure (Panels C−F for α-helices, β-sheets, β- 501 

turns, and coils, respectively) of the proteins; the open rectangles in blue outline the changes in 502 

topology and waveform shown in the plots. Panels G−H show the 3D structures of the full-length 503 

proteins on the left and the locally amplified structures at the site of substitution on the right. The 504 

model confidence values for the AlphaFold-predicted 3D structures are as follows:  very high 505 

(pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 506 
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As shown in Panels C−F of Figure 6, the secondary structure of the proteins near the 507 

mutation sites in the MATα_HMGbox domains of the MAT1-1-1 proteins ALH25054, 508 

ALH24951, ALH24952, ALH24953, ALH24962, ALH24963, ALH24964, ALH24966, and 509 

ALH24994 (cf. Table S1) was altered, as illustrated by the changes in topology and wave- 510 

form in the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils, respectively. 511 

As shown in the representations of the 3D structures presented in Panels G−H, the substi- 512 

tuted amino acid residues are located within the core structures of the α-helices, and they 513 

destabilize the hydrophobic core of the protein [84−85]; this alters the tertiary structures 514 

of the MATα_HMGbox domains of the MAT1-1-1 proteins under the AlphaFold code 515 

A0A0N7G845, which cluster into Branch e1 in the Bayesian clustering tree (cf. Figure 1, 516 

Table S5). 517 

Figure 7 shows the hydrophobicities and structures of the MATα_HMGbox domains 518 

of the MAT1-1-1 proteins ALH24999 and ALH25057 (under the AlphaFold code 519 

A0A0N9QMT4) and the MAT1-1-1 protein ALH25001 (under the AlphaFold code 520 

A0A0N9R4Q4) derived from the wild-type C. sinensis isolates XZ07_H2, XZ12_16, and 521 

XZ05_2, respectively (cf. Table S1) [52], compared with the reference protein AGW27560 522 

(under the AlphaFold code U3N942) derived from the H. sinensis strain CS68-2-1229 [48]. 523 

Panel A shows substitutions of A-to-V (aliphatic alanine to aliphatic valine; hydropathy 524 

indices changed from 1.8 to 4.2 [68]) and A-to-T (aliphatic isoleucine to threonine, an 525 

amino acid that contains polar neutral side chains; hydropathy indices changed from 1.8 526 

to -0.7). These substitutions altered the hydrophobicity of the protein, as illustrated by the 527 

changes in topology and waveform shown in the hydropathy plot in Panel B. These 528 

changes altered the secondary structure surrounding the mutation sites in the 529 

MATα_HMGbox domain of the MAT1-1-1 proteins ALH24999, ALH25057, and 530 

ALH25001, as illustrated by the changes in topology and waveform in the ExPASy 531 

ProtScale plots for α-helices, β-sheets, β-turns, and coils shown in Panels C−F, respec- 532 

tively. As shown in the 3D structures represented in Panels G−H, the mutation sites are 533 

located upstream of the hydrophobic core structure of 3 α-helices in the MATα_HMGbox 534 

domains, and mutations at these sites alter the tertiary structures of the MATα_HMGbox 535 

domains of MAT1-1-1 proteins under the AlphaFold codes A0A0N9QMT4 and 536 

A0A0N9R4Q4, which are clustered into Cluster d in the Bayesian clustering tree (cf. Figure 537 

1, Table S5). 538 

 539 

Panel A: Amino acid sequence alignment
AGW27560 42  ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH24999 42  ---------V----T--------------------------------------------- 101
ALH25057 42  ---------V----T--------------------------------------------- 101
ALH25001 42  ---------V----T--------------------------------------------- 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH24999 102 ------------------------------------------------------------ 161
ALH25057 102 ------------------------------------------------------------ 161
ALH25001 102 ------------------------------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH24999 162 ------------------------------------------------------------ 221
ALH25057 162 ------------------------------------------------------------ 221
ALH25001 162 ------------------------------------------------------------ 221

AGW27560 222 GIMAPRAANCTPP                                                234
ALH24999 222 ------------- 234
ALH25057 222 ------------- 234
ALH25001 222 ------------- 234



 

 540 
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 541 

Figure 7. Correlation of the changes in the primary, secondary, and tertiary structures of the 542 

MATα_HMGbox domains in the MAT1-1-1 proteins: the reference protein AGW27560 (under the 543 

AlphaFold code U3N942) is derived from the H. sinensis strain CS68-2-1229, and the mutant MAT1- 544 

1-1 proteins ALH24999 and ALH25057 (under the AlphaFold code A0A0N9QMT4) and the protein 545 

ALH25001 (under the AlphaFold code A0A0N9R4Q4) are derived from the wild-type C. sinensis 546 

isolates XZ07_H2, XZ12_16, and XZ05_2, respectively. Panel A shows an alignment of the amino 547 

acid sequences of the MATα_HMGbox domains of the MAT1-1-1 proteins; amino acid substitutions 548 

are shown in red; the sequences displayed in brown and green represent the MAT1-1-1 proteins 549 

under the AlphaFold codes A0A0N9QMT4 and A0A0N9R4Q4, respectively; and the hyphens indi- 550 

cate identical amino acid residues. The ExPASy ProtScale plots show the changes in hydrophobicity 551 

(Panel B) and in the 2D structure (Panels C−F, which display the α-helices, β-sheets, β-turns, and 552 

coils, respectively) of the proteins. The open rectangles in blue outline the changes in topology and 553 

waveform shown in the plots. Panels G−H show the 3D structures of the full-length proteins on the 554 

left and the locally amplified structures at the substitution sites on the right. The model confidence 555 

values for the AlphaFold-predicted 3D structures are as follows:  very high (pLDDT>90);  high 556 

(90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 557 

Although Panel A of Figure 7 shows the same substitutions of A-to-V and A-to-T in 558 

the MATα_HMGbox domains of the mutant proteins ALH24999, ALH25057, and 559 

ALH25001 (under the AlphaFold codes A0A0N9QMT4 and A0A0N9R4Q4) [52], Panels H 560 

and I show different tertiary structures for the MATα_HMGbox domains of the mutant 561 

MAT1-1-1 proteins under the 2 AlphaFold codes. Specifically, the protein ALH25001 con- 562 

tains 2 short β-sheet structures upstream and downstream of the mutation sites in the 563 

MATα_HMGbox domain shown in Panel I; these structures are marked with dashed half 564 

brackets in blue. In contrast, the distinct tertiary structures of the mutant proteins 565 

ALH24999 and ALH25057 without β-sheet structures are shown in Panel H. 566 

Figure 8 compares the hydrophobicity and structures of the MATα_HMGbox do- 567 

main of the MAT1-1-1 protein ALH25003 (under the AlphaFold code A0A0N7G850) de- 568 

rived from the wild-type C. sinensis isolate XZ05_6 (cf. Table S1) [52] with those of the 569 

reference protein AGW27560 (under the AlphaFold code U3N942) derived from the H. 570 

Reviewer1
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Reviewer1
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sinensis strain CS68-2-1229 [48]. Panel A shows an S-to-G substitution (serine, which has 571 

polar neutral side chains, is replaced by the unique amino acid glycine; hydropathy indi- 572 

ces changed from -0.8 to -0.4 [68]). This substitution resulted in a slight increase in hydro- 573 

phobicity, as illustrated by the changes in topology and waveform shown in the hydrop- 574 

athy plot in Panel B. These changes altered the secondary structure of the mutant MAT1- 575 

1-1 protein ALH25003 in the region surrounding the mutation site in the MATα_HMGbox 576 

domain, as illustrated by the changes in topology and waveform in the ExPASy ProtScale 577 

plots for α-helices, β-sheets, β-turns, and coils shown in Panels C−F. As shown in the rep- 578 

resentations of the protein’s 3D structure in Panels G−H, the amino acid residue (serine), 579 

which is located at the end of one of the 3 α-helices that form the hydrophobic core struc- 580 

ture of the MATα_HMGbox domain [84−85], was substituted by glycine, which became 581 

the first residue after the α-helix in the domain. This single-residue substitution plus ad- 582 

ditional E-to-K and Y-to-H substitutions downstream of the MATα_HMGbox domain (cf. 583 

Figure S1) significantly altered the tertiary structure of the protein ALH25003 under the 584 

unique AlphaFold code A0A0N7G850. The mutant MATα_HMGbox domain clustered 585 

into Branch a2 in the Bayesian clustering tree (cf. Figure 1, Table S5). 586 

 587 

 588 

Panel A: Amino acid sequence alignment

AGW27560 42  ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
ALH25003 42  ------------------------------------------------------------ 101

AGW27560 102 WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
ALH25003 102 ------------------------------------------------------------ 161

AGW27560 162 DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
ALH25003 162 ---------------------------------------------------------G-- 221

AGW27560 222 GIMAPRAANCTPP                                                234
ALH25003 222 ------------- 234
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 589 

Figure 8. Correlation of the changes in the primary, secondary, and tertiary structures of the 590 

MATα_HMGbox domains of the MAT1-1-1 proteins: the reference protein AGW27560 (under the 591 

AlphaFold code U3N942) is derived from the H. sinensis strain CS68-2-1229, and the mutant MAT1- 592 

1-1 protein ALH25003 (under the AlphaFold code A0A0N7G850) is derived from the wild-type C. 593 

sinensis isolate XZ05_6. Panel A shows an alignment of the amino acid sequences of the 594 

MATα_HMGbox domains of the MAT1-1-1 proteins; the amino acid substitution is shown in red, 595 

whereas the hyphens indicate identical amino acid residues. The ExPASy ProtScale plots show the 596 

changes in the hydrophobicity (Panel B) and in the 2D structure of the protein (Panels C−F for the 597 

α-helices, β-sheets, β-turns, and coils, respectively) of the protein, and the open rectangles in blue 598 

outline the changes in topology and waveform shown in the plots. Panels G−H show the 3D struc- 599 

tures of the full-length proteins on the left and the locally amplified structures at the sites of substi- 600 

tutions on the right. The model confidence values for the AlphaFold-predicted 3D structures are as 601 

follows:  very high (pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very low 602 

(pLDDT<50). 603 



 

Aggregating the data presented in Section 3.5, Panels A of Figures 3−8 demonstrate 604 

the 1−2 amino acid substitutions in the MATα_HMGbox domains of MAT1-1-1 proteins 605 

under various AlphaFold 3D structure codes derived from wild-type C. sinensis isolates 606 

compared with the reference MAT1-1-1 protein AGW27560 under the AlphaFold code 607 

U3N942 [48]. The substitutions within the MATα_HMGbox domains caused changes in 608 

the topologies and waveforms shown in the ExPASy ProtScale plots in Panels B−F of Fig- 609 

ures 3−8. These changes indicate changes in the hydrophobicity and secondary structure 610 

(α-helices, β-sheets, β-turns, and coils) of the mutant full-length proteins. The changes in 611 

hydrophobicity and in the primary and secondary structures of the MATα_HMGbox do- 612 

mains altered the AlphaFold 3D structures of the domains of the proteins under various 613 

AlphaFold codes (cf. Panels H of Figures 3−8 and Panel I of Figure 7). The mutant domain 614 

sequences containing 1 or 2 amino acid substitutions were clustered into different clades 615 

in the Bayesian clustering tree (cf. Figure 1, Table S5), and the altered 3D structures of the 616 

proteins ultimately changed the DNA binding affinities and the functionalities of gene 617 

transcriptional regulation related to the sexual reproduction of O. sinensis. 618 

3.6. Diverse primary and secondary structures of the MATα_HMGbox domains of MAT1-1-1 619 

proteins encoded by the genome and metatranscriptome assemblies of H. sinensis and C. sinensis 620 

insect–fungal complexes 621 

Figure 9 compares the hydrophobicities and secondary structures (α-helices, β- 622 

sheets, β-turns, and coils) of the MATα_HMGbox domains of the MAT1-1-1 proteins en- 623 

coded by the genome assemblies JAAVMX010000001 (6,699,061→6,699,153 & 624 

6,699,206→6,699,637) and LKHE01001116 (4183←4620 & 4667←4759) of the H. sinensis 625 

strains IOZ07 and 1229 [61,63] with those of the reference MAT1-1-1 protein AGW27560 626 

derived from the H. sinensis strain CS68-2-1229 [48]. Panel A shows a Y-to-M substitution 627 

(aromatic tyrosine to methionine, an amino acid that has polar neutral side chains; hy- 628 

dropathy indices changed from -1.3 to 1.9 [68]). This substitution caused increased hydro- 629 

phobicity in the MATα_HMGbox domains of the MAT1-1-1 proteins encoded by the ge- 630 

nome assemblies JAAVMX010000001 and LKHE01001116 [61,63], as illustrated by the 631 

changes in topology and waveform in the hydropathy plot shown in Panel B. These 632 

changes resulted in altered secondary structures surrounding the mutation sites in the 633 

MATα_HMGbox domains of the MAT1-1-1 proteins, as illustrated in the ExPASy 634 

ProtScale plots for α-helices, β-sheets, β-turns, and coils in Panels C−F, respectively. The 635 

MATα_HMGbox domains of the MAT1-1-1 proteins were clustered into Branch c in the 636 

Bayesian clustering tree (cf. Figure 1, Table S6). 637 

 638 

Panel A: Amino acid sequence alignment
AGW27560        42        ADVLTPVSTAAASRATRQTKEASCDRAKRPLNAFMAFRSYYLKLFPDVQQKTASGFLTTL 101
JAAVMX010000001 6,699,034 ---------------------------------------M-------------------- 6,699,213
LKHE01001116    4786      ---------------------------------------M-------------------- 4555

AGW27560        85        WHKDPFRNKWALIAKVYSFVRDQIGKDKVSLSYFMSLACPTMTIIEPAAYLNALGWCVQD 161
JAAVMX010000001 6,699,214 ------------------------------------------------------------ 6,699,393
LKHE01001116    4554      ------------------------------------------------------------ 4375

AGW27560        145       DDAGSQKLFQDESSANLDQSSLLSAEYPSTEIELLSALVNIGYFPDHGADLVERMGSSHS 221
JAAVMX010000001 6,699,214 ------------------------------------------------------------ 6,699,573
LKHE01001116    4374      ------------------------------------------------------------ 4195

AGW27560        205       GIMAPRAANCTPP                                                234
JAAVMX010000001 6,699,574 ------------- 6,699,664
LKHE01001116    4194      ------------- 4156
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 639 

 640 

Figure 9. Correlation of the changes in the primary and secondary structures of the 641 

MATα_HMGbox domains of the MAT1-1-1 proteins: the reference protein AGW27560 is derived 642 

from the H. sinensis strain CS68-2-1229, and the truncated MAT1-1-1 proteins are encoded by the 643 

genome assemblies JAAVMX010000001 and LKHE01001116 of the H. sinensis strains IOZ07 and 644 

1229, respectively. Panel A shows an alignment of the amino acid sequences in the MATα_HMGbox 645 

domains of the MAT1-1-1 proteins; amino acid substitutions are shown in red, whereas the hyphens 646 

indicate identical amino acid residues. The ExPASy ProtScale plots show the changes in hydropho- 647 

bicity (Panel B) and in the 2D structures (Panels C−F show the α-helices, β-sheets, β-turns, and coils, 648 

respectively) of the proteins; the open rectangles in blue outline the changes in topology and wave- 649 

form shown in the plots. 650 

Compared with the reference MAT1-1-1-1 protein AGW27560 (cf. Figure S1, Table 651 

S6), no changes were detected in the amino acid sequences, hydrophobicities, or second- 652 

ary structures (α-helices, β-sheets, β-turns, and coils) of the MATα_HMGbox domains of 653 

the MAT1-1-1 proteins encoded by the genome assembly ANOV01017390 (794←1228 & 654 

1280←1369) of the H. sinensis strain Co18 or the metatranscriptome assembly OSIN7648 655 

(151→675) of the C. sinensis insect–fungal complex collected from Deqin, Yunnan, China 656 

[48−49,59,68]. The MATα_HMGbox domains of the genome- and metatranscriptome- 657 



 

encoded MAT1-1-1 proteins clustered into Branch a1 in the Bayesian clustering tree (cf. 658 

Figure 1, Table S6). 659 

The MATα_HMGbox domain of the MAT1-1-1 protein encoded by the 660 

metatranscriptome assembly GAGW01008880 (714←1127) of the C. sinensis insect–fungi 661 

complex is truncated at its N-terminus, as shown in Figure S1 and Panel A of Figure S3 662 

[64]. The remaining portion of the MATα_HMGbox domain of this protein is 100% iden- 663 

tical to the query protein AGW27560 (under the AlphaFold code U3N942) derived from 664 

the H. sinensis strain CS68-2-1229 [48], and it showed no apparent changes in hydropho- 665 

bicity or secondary structure, as illustrated by the identical topology and waveform that 666 

can be observed in the ExPASy ProtScale plots for hydropathy, α-helices, β-sheets, β- 667 

turns, and coils shown in Panels B−F, respectively, of Figure S3. Although the 668 

MATα_HMGbox domain of the metatranscriptome-encoded protein clustered into 669 

Branch a1 in the Bayesian clustering tree together with the 6 reference authentic MAT1-1- 670 

1 proteins (cf. Figure 1, Table S6), the truncated MATα_HMGbox domain, which lacks 50 671 

and 48 amino acid residues encoded by exons I and II of the MAT1-1-1 gene, respectively, 672 

may not be able to form a core stereostructure containing 3 critical α-helices that support 673 

high-affinity DNA binding and full functionality in the regulation of gene transcription 674 

related to the sexual reproduction of O. sinensis [50,84−85]. 675 

The genome assemblies LWBQ00000000 and NGJJ00000000 and the transcriptome 676 

assembly GCQL00000000 of the H. sinensis strains ZJB12195, CC1406-20395, and L0106, 677 

respectively, do not contain genes or transcripts that encode MAT1-1-1 proteins 678 

[59−60,62]. 679 

3.7. Heteromorphic stereostructures of the HMG-box_ROX1-like domains of the MAT1-2-1 pro- 680 

teins derived from wild-type C. sinensis isolates 681 

Section 3.7 presents analyses of the correlation between the changes in the hydropho- 682 

bicity and structure of the HMG-box_ROX1-like domains of full-length MAT1-2-1 pro- 683 

teins (under 12 AlphaFold codes, cf. Table S7) derived from wild-type C. sinensis isolates 684 

compared with the reference MAT1-2-1 proteins represented by AEH27625 (under the 685 

AlphaFold code D7F2E9) derived from the H. sinensis strain CS2 (cf. Table S2) [56]. The 686 

HMG-box_ROX1-like domain sequences (amino acid residues 127→197) were extended 687 

both upstream and downstream by 9 external amino acid residues because the sequential 688 

ExPASy ProtScale plotting for hydropathy, α-helices, β-sheets, β-turns, and coils was set 689 

up at a window size of 9 amino acids (cf. Section 2.5 of Materials and Methods). 690 

Figure 10 compares the hydrophobicity and structures of the HMG-box_ROX1-like 691 

domain of the MAT1-2-1 protein AIV43040 (under the AlphaFold code A0A0A0RCF5) 692 

derived from the C. sinensis isolate XZ12_16 (cf. Table S2) [5] with those of the reference 693 

protein AEH27625 (under the AlphaFold code D7F2E9) derived from the H. sinensis strain 694 

CS2 [56]. Panel A shows 3 amino acid substitutions: Y-to-H (aromatic tyrosine to basic 695 

histidine; hydropathy indices changed from -1.3 to -3.2 [68]), M-to-I (methionine, which 696 

possesses polar neutral side chains, to aliphatic isoleucine; hydropathy indices changed 697 

from 1.9 to 4.5) and Q-to-R (glutamine, which has polar neutral side chains, to basic argi- 698 

nine; hydropathy indices changed from -3.5 to -4.5). Individually, these substitutions 699 

caused decreased or increased hydrophobicity, as illustrated by the changes in topology 700 

and waveform in the hydropathy plot shown in Panel B. These changes resulted in altered 701 

secondary structures surrounding the mutation sites in the HMG-box_ROX1-like domain 702 

of the MAT1-2-1 protein AIV43040, as illustrated by the changes in topology and wave- 703 

form in the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils shown in 704 

Panels C−F, respectively. As shown in the representations of 3D structures in Panels G−H, 705 

the replaced residues are located in each of the 3 core α-helices, and they alter the stability 706 

of the hydrophobic core of the HMG-box_ROX1-like domain [84−85] as well as the 707 
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stereostructure of the domain of the MAT1-2-1 protein AIV43040 under the AlphaFold 708 

code A0A0A0RCF5. The mutant HMG-box_ROX1-like domain clustered into Branch b2β, 709 

which displays the longest clustering distance in the Bayesian clustering tree (cf. Figure 2, 710 

Table S7). 711 

 712 

 713 

Panel A: Amino acid sequence alignment
AEH27625 118 APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
AIV43040 118 --------------------------H----------------------I---------- 177

AEH27625 178 DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
AIV43040 178 ----R------------------------ 206



 

 714 

Figure 10. Correlation of the changes in the primary, secondary, and tertiary structures of the HMG- 715 

box_ROX1-like domains of the MAT1-2-1 proteins. The reference protein AEH27625 (under the Al- 716 

phaFold code D7F2E9) is derived from the H. sinensis strain CS2, and the mutant MAT1-2-1 protein 717 

AIV43040 (under the AlphaFold code A0A0A0RCF5) is derived from the wild-type C. sinensis isolate 718 

XZ12_16. Panel A shows an alignment of the amino acid sequences of the HMG-box_ROX1-like 719 

domains of the MAT1-2-1 proteins; amino acid substitutions are shown in red, whereas the hyphens 720 

indicate identical amino acid residues. The ExPASy ProtScale plots show the changes in hydropho- 721 

bicity (Panel B) and in the 2D structure (Panels C−F show the α-helices, β-sheets, β-turns, and coils, 722 

respectively) of the protein; the open rectangles in blue outline the changes in topology and wave- 723 

form seen in the plots. Panels G−H show representations of the 3D structures of the full-length pro- 724 

teins on the left; the locally amplified structures at the sites of substitutions are shown on the right. 725 

The model confidence values for the AlphaFold-predicted 3D structures are as follows:  very high 726 

(pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 727 

Figure 11 compares the hydrophobicities and structures of the HMG-box_ROX1-like 728 

domains of the MAT1-2-1 proteins under the AlphaFold code D7F2J7 (ACV60417, 729 

ACV60418, AFH35020, and AFX66443 shown in brown in Figure 11, derived from the 730 

wild-type C. sinensis isolates XZ-LZ07-H1, XZ-LZ07-H2, XZ06-124, and XZ05_8, respec- 731 

tively), and the hydrophobicities and structures of the proteins under the AlphaFold code 732 

D7F2F5 (ACV60375, ACV60415, AFX66441, AFX66446, and AFX66461 shown in green in 733 

Figure 11, derived from the wild-type C. sinensis isolates XZ-SN-44, XZ-LZ05-6, XZ05_2, 734 

XZ06_260, and XZ09_80, respectively) (cf. Table S2) [5,34,56] with those of the reference 735 

protein AEH27625 (under the AlphaFold code D7F2E9) derived from the H. sinensis strain 736 

CS2 [56]. Panel A shows substitutions of Y-to-H (aromatic tyrosine to basic histidine; hy- 737 

dropathy indices changed from -1.3 to -3.2 [68]) and M-to-I (methionine, which contains 738 

polar neutral side chains, to aliphatic isoleucine; hydropathy indices changed from 1.9 to 739 

4.5). These substitutions caused changes in hydrophobicity, as illustrated by the changes 740 

in topology and waveform shown in the hydropathy plot in Panel B. They also resulted 741 

in altered secondary structures surrounding the mutation sites in the HMG-box_ROX1- 742 

like domains of the mutant MAT1-2-1 proteins ACV60417, ACV60418, AFH35020, and 743 

AFX66443 (under the AlphaFold code D7F2J7) and in those regions in the proteins 744 

ACV60375, ACV60415, AFX66441, AFX66446, and AFX66461 (under the AlphaFold code 745 

D7F2F5), as illustrated by the changes in topology and waveform shown in Panels C−F, 746 

which display the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils. As 747 

shown in the 3D structures presented in Panels G−I of Figure 11, the substituted residues 748 

are located within two of the 3 core α-helices, and they differentially alter the stability of 749 

the core structure of the HMG-box_ROX1-like domain [84−85] and the tertiary structure 750 

of this domain in the MAT1-2-1 proteins under the AlphaFold 3D structural codes D7F2J7 751 

and D7F2F5. The sequences of the HMG-box_ROX1-like domain of the mutant proteins 752 

ACV60417, ACV60418, AFH35020, AFX66443, ACV60375, ACV60415, AFX66441, 753 
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AFX66446, and AFX66461 clustered into Branch b2α in the Bayesian clustering tree (cf. 754 

Figure 2, Table S7). 755 

 756 

 757 

Panel A: Amino acid sequence alignment
AEH27625 118 APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
ACV60417 118 --------------------------H----------------------I---------- 177
ACV60418 118 --------------------------H----------------------I---------- 177
AFH35020 118 --------------------------H----------------------I---------- 177
AFX66443 118 --------------------------H----------------------I---------- 177
ACV60375 118 --------------------------H----------------------I---------- 177
ACV60415 118 --------------------------H----------------------I---------- 177
AFX66441 118 --------------------------H----------------------I---------- 177
AFX66446 118 --------------------------H----------------------I---------- 177
AFX66461 118 --------------------------H----------------------I---------- 177

AEH27625 178 DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
ACV60417 178 ----------------------------- 206
ACV60418 178 ----------------------------- 206
AFH35020 178 ----------------------------- 206
AFX66443 178 ----------------------------- 206
ACV60375 178 ----------------------------- 206
ACV60415 178 ----------------------------- 206
AFX66441 178 ----------------------------- 206
AFX66446 178 ----------------------------- 206
AFX66461 178 ----------------------------- 206



 

 758 

Figure 11. Correlation of the changes in the primary, secondary, and tertiary structures of the HMG- 759 

box_ROX1-like domains of the MAT1-2-1 proteins. The reference protein AEH27625 (under the Al- 760 

phaFold code D7F2E9) is derived from the H. sinensis strain CS2; the mutant MAT1-2-1 proteins 761 

under the AlphaFold code D7F2J7 (ACV60417, ACV60418, AFH35020, and AFX66443 shown in 762 

brown) are derived from the wild-type C. sinensis isolate XZ-LZ07-H1, XZ-LZ07-H2, XZ06-124, and 763 

XZ05_8); and the mutant proteins under the AlphaFold code D7F2F5 (ACV60375, ACV60415, 764 

AFX66441, AFX66446, and AFX66461 shown in green) are derived from the wild-type C. sinensis 765 

isolates XZ-SN-44, XZ-LZ05-6, XZ05_2, XZ06_260, and XZ09_80. Panel A shows an alignment of the 766 

amino acid sequences of the HMG-box_ROX1-like domains of the MAT1-2-1 proteins; amino acid 767 

substitutions are shown in red; the sequences displayed in brown and green represent the MAT1- 768 

2-1 proteins under the AlphaFold codes D7F2J7 and D7F2F5, respectively, and the hyphens indicate 769 

identical amino acid residues. The ExPASy ProtScale plots show the changes in hydrophobicity 770 

(Panel B) and in the 2D structures (Panels C−F for α-helices, β-sheets, β-turns, and coils, respec- 771 

tively) of the HMG-box_ROX1-like domains of the proteins; the open rectangles in blue outline the 772 

changes in topology and waveform seen in the plots. Panels G−H show representations of the 3D 773 

structures of the full-length proteins on the left and of the locally amplified structures at the sites of 774 

substitutions on the right. The model confidence values for the AlphaFold-predicted 3D structures 775 

are as follows:  very high (pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very 776 

low (pLDDT<50). 777 
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Figure 12 compares the hydrophobicities and structures of the HMG-box_ROX1-like 778 

domains of the MAT1-2-1 proteins under the AlphaFold codes D7F2E3 (ACV60363, 779 

ACV60364, AFX66388, AFH35018, and AGW27542), D7F2G5 (ACV60385), V9LW71 780 

(AFX66401), V9LVS8 (AFX66472, AFX66473, and AFX66474), V9LVU8 (AFX66475), 781 

V9LWC9 (AFX66476), V9LWG5 (AFX66484), and U3N6V5 (AGW27537) derived from the 782 

wild-type C. sinensis isolates YN09_64, YN09_6, YN09_22, YN09_51, XZ-NQ-154, XZ-NQ- 783 

155, GS09_111, QH09-93, CS560-961, QH-YS-199, QH09_11, ID10_1, and CS6-251, respec- 784 

tively (cf. Table S2) [5,34,48,56], with the hydrophobicity and structure of the reference 785 

protein AEH27625 (under the AlphaFold code D7F2E9) derived from the H. sinensis strain 786 

CS2 [56]. Panel A shows Y-to-H substitutions (aromatic tyrosine to basic histidine; hy- 787 

dropathy indices changed from -1.3 to -3.2 [68]) in the HMG-box_ROX1-like domains of 788 

all the mutant MAT1-2-1 proteins mentioned above; these substitutions caused reduced 789 

hydrophobicity, as illustrated by the changes in topology and waveform shown in the 790 

hydropathy plots in Panel B. The substitutions resulted in alterations of the secondary 791 

structure surrounding the mutation sites in the HMG-box_ROX1-like domains of the 792 

MAT1-2-1 proteins, as illustrated by the changes in topology and waveform in the ExPASy 793 

ProtScale plots for α-helices, β-sheets, β-turns, and coils that can be seen in Panels C−F, 794 

respectively. 795 

 796 

Panel A: Amino acid sequence alignment
AEH27625 118 APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
ACV60363 118 --------------------------H--------------------------------- 177
ACV60364 118 --------------------------H--------------------------------- 177
AFX66388 118 --------------------------H--------------------------------- 177
AFH35018 118 --------------------------H--------------------------------- 177
AGW27542 118 --------------------------H--------------------------------- 177
ACV60385 118 --------------------------H--------------------------------- 177
AFX66401 118 --------------------------H--------------------------------- 177
AFX66472 118 --------------------------H--------------------------------- 177
AFX66473 118 --------------------------H--------------------------------- 177
AFX66474 118 --------------------------H--------------------------------- 177
AFX66475 118 --------------------------H--------------------------------- 177
AFX66476 118 --------------------------H--------------------------------- 177
AFX66484 118 --------------------------H--------------------------------- 177
AGW27537 118 --------------------------H--------------------------------- 177

AEH27625 178 DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
ACV60363 178 ----------------------------- 206
ACV60364 178 ----------------------------- 206
AFX66388 178 ----------------------------- 206
AFH35018 178 ----------------------------- 206
AGW27542 178 ----------------------------- 206
ACV60385 178 ----------------------------- 206
AFX66401 178 ----------------------------- 206
AFX66472 178 ----------------------------- 206
AFX66473 178 ----------------------------- 206
AFX66474 178 ----------------------------- 206
AFX66475 178 ----------------------------- 206
AFX66476 178 ----------------------------- 206
AFX66484 178 ----------------------------- 206
AGW27537 178 ----------------------------- 206



 

 797 
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 798 

Figure 12. Correlation of the changes in the hydrophobicities and the primary, secondary, and ter- 799 

tiary structures of the HMG-box_ROX1-like domains of MAT1-2-1 proteins: the reference protein 800 

AEH27625 (under the AlphaFold code D7F2E9) is derived from the H. sinensis strain CS2, and the 801 

mutant MAT1-2-1 proteins under the AlphaFold codes D7F2E3 (ACV60363, ACV60364, AFX66388, 802 

AFH35018, and AGW27542), D7F2G5 (ACV60385), V9LW71 (AFX66401), V9LVS8 (AFX66472, 803 

AFX66473, and AFX66474), V9LVU8 (AFX66475), V9LWC9 (AFX66476), V9LWG5 (AFX66484), and 804 

U3N6V5 (AGW27537) are derived from the wild-type C. sinensis isolates YN09_64, YN09_6, 805 

YN09_22, YN09_51, XZ-NQ-154, XZ-NQ-155, GS09_111, QH09-93, CS560-961, QH-YS-199, 806 

QH09_11, ID10_1, and CS6-251, respectively. Panel A shows an alignment of the amino acid se- 807 

quences of the HMG-box_ROX1-like domains of the MAT1-2-1 proteins; amino acid substitutions 808 

are shown in red, and the sequences depicted in various colors represent the MAT1-2-1 proteins 809 

under the AlphaFold codes V9LWC9, V9LVS8, D7F2E3, V9LVU8, D7F2G5, V9LW71, V9LWG5, and 810 

U3N6V5; the hyphens indicate identical amino acid residues. The ExPASy ProtScale plots show the 811 

changes in hydrophobicity (Panel B) and in the 2D structures (Panels C−F for α-helices, β-sheets, β- 812 

turns, and coils, respectively) of the proteins. The open rectangles in blue outline the changes in 813 

topology and waveform shown in the plots. Panels G−O show representations of the 3D structures 814 

of the full-length proteins on the left and the locally amplified structures at the mutation site on the 815 



 

right. The model confidence values for the AlphaFold-predicted 3D structures are as follows:  very 816 

high (pLDDT>90);  high (90>pLDDT>70);  low (70>pLDDT>50); and  very low (pLDDT<50). 817 

As shown in the representations of the tertiary structures presented in Panels G−O 818 

of Figure 12, the substituted residues with reduced hydrophobicity are located within the 819 

core α-helices in the HMG-box_ROX1-like domains, and they destabilize the hydrophobic 820 

core and alter the hydrophobic stereostructures of the domains [84−85]. Although Panel 821 

A of Figure 12 shows the same Y-to-H substitution that caused the changes in hydropho- 822 

bicity and second-order structure (shown in the ExPASy ProtScale plots in Panels B−F) in 823 

the HMG-box_ROX1-like domains of the MAT1-2-1 proteins ACV60363−ACV60364, 824 

ACV60385, AFH35018, AFX66388, AFX66472−AFX66476, AFX66401, AFX66484, 825 

AGW27537, and AGW27542, additional amino acid substitutions outside the HMG- 826 

box_ROX1-like domains (cf. Figure S2) might play synergistic roles in altering the tertiary 827 

structures of the proteins through long-range spatial interactions with the mutations 828 

within the domains (Panels H−O of Figure 12) of the MAT1-2-1 proteins under the 8 Al- 829 

phaFold codes summarized in Table S7. The mutant HMG-box_ROX1-like domains clus- 830 

tered into Branch b1α in the Bayesian clustering tree (cf. Figure 2, Table S7). 831 

Figure 13 compares the hydrophobicity and structure of the HMG-box_ROX1-like 832 

domain of the MAT1-2-1 protein ACV60399 (under the AlphaFold code D7F2H9) derived 833 

from the wild-type C. sinensis isolate SC-3 (cf. Table S2) [56] with those of the HMG- 834 

box_ROX1-like domain of the reference protein AEH27625 (under the AlphaFold code 835 

D7F2E9) derived from the H. sinensis strain CS2 [56]. Panel A shows substitutions of Y-to- 836 

H (aromatic tyrosine to basic histidine; hydropathy indices changed from -1.3 to -3.2 [68]) 837 

and Q-to-R (glutamine, which possesses polar neutral side chains, to basic arginine; hy- 838 

dropathy indices changed from -3.5 to -4.5); both of these substitutions caused reduced 839 

hydrophobicity, as illustrated by the changes in topology and waveform shown in the 840 

hydropathy plot in Panel B. These changes resulted in alterations in the secondary struc- 841 

ture surrounding the mutation sites in the HMG-box_ROX1-like domain of the mutant 842 

MAT1-2-1 protein ACV60399, as illustrated by the changes in topology and waveform 843 

seen in the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils presented in 844 

Panels C−F. As shown in the representations of 3D structures in Panels G−H, the 2 re- 845 

placed residues with reduced hydrophobicity are located inside and outside the hydro- 846 

phobic core structure of the 3 α-helices, and they destabilize and alter the core 847 

stereostructure of the domain [84−85]. The HMG-box_ROX1-like domain of the mutant 848 

protein ACV60399 under the AlphaFold code D7F2H9 clustered into Branch b1β in the 849 

Bayesian clustering tree (cf. Figure 2, Table S7). 850 

 851 

Panel A: Amino acid sequence alignment
AEH27625 118 APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
ACV60399 118 --------------------------H--------------------------------- 177

AEH27625 178 DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
ACV60399 178 -----------------R----------- 206
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 853 

Figure 13. Correlation of the changes in the primary, secondary, and tertiary structures of the HMG- 854 

box_ROX1-like domains of MAT1-2-1 proteins: the reference protein AEH27625 (under the Al- 855 

phaFold code D7F2E9) is derived from the H. sinensis strain CS2, and the mutant MAT1-2-1 protein 856 

ACV60399 (under the AlphaFold code D7F2H9) is derived from the wild-type C. sinensis isolate SC- 857 

3. Panel A shows an alignment of the amino acid sequences of the HMG-box_ROX1-like domains of 858 

the MAT1-2-1 proteins; amino acid substitutions are shown in red, whereas the hyphens indicate 859 

identical amino acid residues. The ExPASy ProtScale plots show the changes in hydrophobicity 860 

(Panel B) and in the 2D structure (Panels C−F for α-helices, β-sheets, β-turns, and coils) of the pro- 861 

tein; the open rectangles in blue outline the changes in topology and waveform of the plots. Panels 862 

G−H show the 3D structures of the full-length proteins on the left and the locally amplified struc- 863 

tures at the sites of substitutions on the right. The model confidence values for the AlphaFold-pre- 864 

dicted 3D structures are as follows:  very high (pLDDT>90);  high (90>pLDDT>70);  low 865 

(70>pLDDT>50); and  very low (pLDDT<50). 866 

By aggregating the data presented in Section 3.7, Panels A in Figures 10−13 present 867 

the 1−3 amino acid substitutions detected in the HMG-box_ROX1-like domains that 868 

caused changes in the topologies and waveforms shown in the ExPASy ProtScale plots 869 

presented in Panels B−F of the figures. These changes indicate the presence of altered hy- 870 

drophobicity and secondary structures (α-helices, β-sheets, β-turns, and coils) of the 871 

HMG-box_ROX1-like domains of the mutant MAT1-2-1 proteins. These changes resulted 872 

in alterations in the stereostructures of the domains of the mutant proteins under different 873 

AlphaFold codes, as illustrated in Panel H of Figures 10−13, Panel I of Figure 11, Panels 874 

I−O of Figure 12 and summarized in Table S7. The mutant HMG-box_ROX1-like domains 875 

clustered into various clades in the Bayesian clustering tree (cf. Figure 2; Table S7) and 876 

ultimately changed the DNA-binding specificities and affinities and the functionalities of 877 

gene transcriptional regulation, factors that play key roles in the sexual reproduction of 878 

O. sinensis. 879 

3.8. Diverse primary and secondary structures of the HMG-box_ROX1-like domains of MAT1-2- 880 

1 proteins encoded by the genome and transcriptome assemblies of H. sinensis and the 881 

metatranscriptome assembly of the C. sinensis insect–fungal complex 882 

Figure 14 shows a comparison of the hydrophobicity and structure of the HMG- 883 

box_ROX1-like domain of the MAT1-2-1 protein encoded by the genome assembly 884 

ANOV01000063 (9759→9851 & 9907→10,026) derived from H. sinensis strain Co18 [49] 885 

with the hydrophobicity and structure of the reference MAT1-2-1 protein AEH27625 de- 886 

rived from H. sinensis strain CS2 (under the AlphaFold code D7F2E9) [56]. Panel A shows 887 

an S-to-A substitution (serine with polar neutral side chains to aliphatic alanine; hydrop- 888 

athy indices changed from -0.8 to 1.8 [68]). This substitution caused increased hydropho- 889 

bicity surrounding the mutation site in the domain of the MAT1-2-1 protein encoded by 890 

the genome assembly ANOV01000063, as illustrated by the changes in topology and 891 

waveform shown in the hydropathy plot in Panel B. 892 
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 893 

 894 

Figure 14. Correlation of the changes in the primary and secondary structures of the HMG- 895 

box_ROX1-like domains of the reference MAT1-2-1 protein AEH27625 (under the AlphaFold code 896 

D7F2E9) derived from the H. sinensis strain CS2 and the mutant MAT1-2-1 protein encoded by the 897 

genome assembly ANOV01000063 derived from the H. sinensis strain Co18. Panel A shows an align- 898 

ment of the amino acid sequences of the HMG-box_ROX1-like domains of the MAT1-2-1 proteins; 899 

amino acid substitutions are shown in red, whereas the hyphens indicate identical amino acid resi- 900 

dues. The ExPASy ProtScale plots show the changes in hydrophobicity (Panel B) and in the 2D 901 

structure (Panels C−F for α-helices, β-sheets, β-turns, and coils, respectively) of the protein; the open 902 

rectangles in blue outline the changes in topology and waveform of the plots. 903 

These changes in amino acid sequence and hydrophobicity resulted in altered sec- 904 

ondary structure (α-helices, β-sheets, β-turns, and coils) within the HMG-box_ROX1-like 905 

domain of the mutant MAT1-2-1 protein encoded by the genome assembly 906 

ANOV01000063, as illustrated in the ExPASy ProtScale plots for α-helices, β-sheets, β- 907 

turns, and coils shown in Panels C−F, respectively, in Figure 14 [84−85]. These changes in 908 

Panel A: Amino acid sequence alignment
AEH27625     118  APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
ANOV01000063 9732 ----------------------------------------A------------------- 9967

AEH27625     178  DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
ANOV01000063 9968 ----------------------------- 10,164

Reviewer1
Highlight



 

sequence and hydrophobicity may have altered the tertiary structure of the HMG- 909 

box_ROX1-like domain of the genome-encoded protein. The altered HMG-box_ROX1-like 910 

domain clustered into Branch a2 in the Bayesian clustering tree (cf. Figure 2; Table S8). 911 

Figure 15 compares the hydrophobicities and structures of the HMG-box_ROX1-like 912 

domains of the MAT1-2-1 proteins encoded by the genome assemblies LKHE01001605 913 

(14,016←14,135 & 14,191←14,283), LWBQ01000021 (14,016←14,135 & 14,191←14,283), 914 

and NGJJ01000619 (23,186←23,305 & 23,361←23,453) of the H. sinensis strains 1229, 915 

ZJB12195, and CC1406-20395, respectively [60−62], with the hydrophobicity and structure 916 

of the reference protein AEH27625 (under the AlphaFold code D7F2E9) derived from the 917 

H. sinensis strain CS2 [56]. Panel A shows Y-to-H (aromatic tyrosine to basic histidine; 918 

hydropathy indices changed from -1.3 to -3.2 [68]) and S-to-A substitutions (serine, which 919 

has polar neutral side chains, to aliphatic alanine; hydropathy indices changed from -0.8 920 

to 1.8), which resulted in altered hydrophobicity, as illustrated in the hydropathy plot in 921 

Panel B. These changes altered the secondary structures surrounding the mutation sites 922 

in the HMG-box_ROX1-like domains of the mutant MAT1-2-1 proteins encoded by the 923 

genome assemblies LKHE01001605, LWBQ01000021, and NGJJ01000619, as illustrated in 924 

the ExPASy ProtScale plots for α-helices, β-sheets, β-turns, and coils shown in Panels C−F, 925 

respectively [84−85], and subsequently altered the tertiary structures of the core 926 

stereostructures of the domains. The mutant HMG-box_ROX1-like domains of the ge- 927 

nome-encoded proteins clustered into Branch b3 in the Bayesian clustering tree (cf. Figure 928 

2, Table S8). 929 

 930 

 931 

Panel A: Amino acid sequence alignment
AEH27625     118     APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
LKHE01001605 14,310 ----------------H-----------------------A------------------- 14,076
LWBQ01000021 239,323 ----------------H-----------------------A------------------- 239,089
NGJJ01000619 23,480 ----------------H-----------------------A------------------- 23,246

AEH27625     178     DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206
LKHE01001605 14,075 ----------------------------- 13,989
LWBQ01000021 239,088 ----------------------------- 239,002
NGJJ01000619 23,245 ----------------------------- 23,159
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 932 

Figure 15. Correlation of the changes in the primary and secondary structures of the HMG- 933 

box_ROX1-like domain of the reference MAT1-2-1 protein AEH27625 (under the AlphaFold code 934 

D7F2E9) derived from the H. sinensis strain CS2 and the mutant MAT1-2-1 proteins encoded by the 935 

genome assemblies LKHE01001605, LWBQ01000021, and NGJJ01000619 derived from H. sinensis 936 

strains 1229, ZJB12195, and CC1406-20395, respectively. Panel A shows an alignment of the amino 937 

acid sequences of the HMG-box_ROX1-like domains of the MAT1-2-1 proteins; amino acid substi- 938 

tutions are shown in red, whereas the hyphens indicate identical amino acid residues. The ExPASy 939 

ProtScale plots show the changes in hydrophobicity (Panel B) and in the 2D structures (Panels C−F 940 

for α-helices, β-sheets, β-turns, and coils, respectively) of the proteins; the open rectangles in blue 941 

outline the changes in topology and waveform seen in the plots. 942 

The genome assembly JAAVMX000000000 of the H. sinensis strain IOZ07 does not 943 

contain a gene encoding the MAT1-2-1 protein [63]. 944 

Figure 16 compares the hydrophobicity and structure of the HMG-box_ROX1-like 945 

domain of the MAT1-2-1 proteins encoded by the transcriptome assembly GCQL01020543 946 

(553←765) of the H. sinensis strain L0106 and by the metatranscriptome assembly 947 

OSIN7649 (379→591) of the mature C. sinensis insect–fungal complex [59,65] with the hy- 948 

drophobicity and structure of the reference protein AEH27625 (under the AlphaFold code 949 

D7F2E9) derived from the H. sinensis strain CS2 [56]. Panel A shows Y-to-H substitutions 950 

(aromatic tyrosine to basic histidine; hydropathy indices changed from -1.3 to -3.2 [68]). 951 

The substitutions caused decreased hydrophobicity, as illustrated by the changes in to- 952 

pology and waveform shown in the hydropathy plot in Panel B. These changes resulted 953 

in alterations in the secondary structure surrounding the mutation sites in the HMG- 954 

box_ROX1-like domains of the MAT1-2-1 proteins encoded by the transcriptome assem- 955 

bly GCQL01020543 and the metatranscriptome assembly OSIN7649, as illustrated by the 956 

changes in topology and waveform shown in the ExPASy ProtScale plots for α-helices, β- 957 

sheets, β-turns, and coils in Panels C−F. 958 

 959 

Panel A: Amino acid sequence alignment
AEH27625     118 APPSPKDIKIPRPPNAYILYRKERHHYVKDANPGITNNEISQILGKAWNMESNDVRQKYK 177
GCQL01020543 792 ----------------H------------------------------------------- 613
OSIN7649 352 ----------------H------------------------------------------- 531

AEH27625     178 DMSQQVKQALLEKHPDYQYKPRRPCERRR                                206

GCQL01020543 612 ----------------------------- 526

OSIN7649 532 ----------------------------- 618



 

 960 

Figure 16. Correlation of the primary and secondary structures of the HMG-box_ROX1-like domain 961 

of the reference MAT1-2-1 protein AEH27625 (under the AlphaFold code D7F2E9) derived from the 962 

H. sinensis strain CS2 with the primary and secondary structures of the mutant MAT1-2-1 proteins 963 

encoded by the transcriptome assembly GCQL01020543 derived from the H. sinensis strain L0106 964 

and the metatranscriptome assembly OSIN7649 (379→591) of the mature C. sinensis insect–fungal 965 

complex. Panel A shows an alignment of the amino acid sequences of the HMG-box_ROX1-like 966 

domains of the MAT1-2-1 proteins; amino acid substitutions are shown in red, whereas the hyphens 967 

indicate identical amino acid residues. The ExPASy ProtScale plots show the changes in hydropho- 968 

bicity (Panel B) and in the 2D structures (Panels C−F for α-helices, β-sheets, β-turns, and coils, re- 969 

spectively) of the proteins; the open rectangles in blue outline the changes in topology and wave- 970 

form seen in the plots. 971 

Similar to the Y-to-H substitutions in the HMG-box_ROX1-like domains of the mu- 972 

tant MAT1-2-1 proteins under various AlphaFold 3D structural models (such as V9LWC9, 973 

V9LVS8, D7F2E3, V9LVU8, D7F2G5, V9LW71, V9LWG5, and U3N6V5), as shown in Fig- 974 

ure 12, the changes in hydrophobicities and primary and secondary structures shown in 975 

Figure 16 may subsequently alter the tertiary structures of the HMG-box_ROX1-like do- 976 

mains of the transcriptome-encoded and metatranscriptome-encoded mutant proteins. 977 

The mutant HMG-box_ROX1-like domains of the transcriptome- and metatranscriptome- 978 
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encoded proteins clustered into Branch b1α in the Bayesian clustering tree (cf. Figure 2, 979 

Table S8). 980 

3.9. Heterogenous fungal sources of the MAT1-1-1 and MAT1-2-1 proteins 981 

Although wild-type C. sinensis isolates are often considered impure H. sinensis, anal- 982 

ysis of mutant full-length mating proteins revealed their heterogeneous fungal sources, as 983 

shown in Table S3. Of the wild-type C. sinensis isolates whose full-length MAT1-1-1 and 984 

MAT1-2-1 proteins were analyzed (cf. Figures 3−8 and 10−13), 34 had ITS genotyping in- 985 

formation in the GenBank database and belonged to GC-biased Genotypes #1 and #3 of 986 

genome-independent O. sinensis fungi (Table S3) [7]. Although the ITS sequences of 29 of 987 

the 34 wild-type C. sinensis isolates appeared to show high homology (≥97%) to the ITS 988 

sequences of GC-biased Genotype #1 H. sinensis, the mutant MAT1-1-1 and MAT1-2-1 989 

proteins might not necessarily be derived from GC-biased Genotype #1 H. sinensis within 990 

the impure fungal complex containing more than one fungal species [86], whereas the H. 991 

sinensis ITS sequences were most easily amplified via regular simple-step PCR under the 992 

experimental settings unless the PCR experiments used multiple pairs of primers com- 993 

bined with amplicon cloning techniques with selection and sequencing of sufficient (usu- 994 

ally 30−50) white colonies. In other words, because of the impure nature of the wild-type 995 

C. sinensis isolates [7,86], the mutant proteins may be derived from cooccurring unvali- 996 

dated heterospecific or genotypic fungi. 997 

4. Discussion 998 

4.1. Correlation of changes in the hydrophobic properties and the primary, secondary, and ter- 999 

tiary structures of the DNA-binding domains of MAT1-1-1 and MAT1-2-1 proteins 1000 

The MATα_HMGbox domain of the MAT1-1-1 protein and the HMG-box_ROX1-like 1001 

domain of the MAT1-2-1 protein are distinct DNA-binding domains that are critical for 1002 

fungal mating-type regulation but differ in their evolutionary lineage, structural architec- 1003 

ture, and functional roles [87−89]. The HMGbox domains in mating proteins are multi- 1004 

functional motifs central to the transcriptional regulation of mating-related genes, O. 1005 

sinensis sexual reproduction, and host adaptation in the C. sinensis insect–fungal complex. 1006 

Our study demonstrates that various 1−4 amino acid substitutions within the 1007 

MATα_HMGbox and HMG-box_ROX1-like domains of the MAT1-1-1 and MAT1-2-1 pro- 1008 

teins, respectively, of the wild-type C. sinensis isolates and C. sinensis insect–fungal com- 1009 

plexes result in changes in the hydrophobic properties and in the secondary and tertiary 1010 

structures of the DNA-binding domains of the proteins (cf. Figures 3−16). The variable 1011 

sequences of the DNA-binding domains clustered into different clades in the Bayesian 1012 

clustering trees (cf. Figures 1−2; Tables S5−S8). 1013 

The MATα_HMGbox domain of the MAT1-1-1 protein contains a core structure of 3 1014 

α-helices that ensures high-affinity, sequence-dependent binding to AT-rich DNA motifs 1015 

[44−46]. This binding facilitates the assembly of the transcriptional machinery in a way 1016 

that involves mating-type-specific genes and activates gene transcription by inducing 1017 

DNA conformational changes through physical bending or twisting of the target DNA 1018 

segments [46,90−91]. This domain directly participates in the promoter recognition of spe- 1019 

cific genes related to the heterothallic reproductive process [92]. 1020 

Table S4 shows the hydropathy values for amino acids that are defined by their side 1021 

chains according to Kyte & Doolittle [68] (cf. https://web.expasy.org/protscale/). Larger 1022 

hydropathy values indicate greater hydrophobicity, whereas negative values indicate hy- 1023 

drophilicity [68,84−85]. The core α-helical stereostructures of the MATα_HMGbox do- 1024 

mains are stabilized through a hydrophobic core that is composed of nonpolar amino ac- 1025 

ids such as isoleucine (Ile, I), valine (Val, V), leucine (Leu, L), phenylalanine (Phe, F), 1026 
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cysteine (Cys, C), methionine (Met, M), and alanine (Ala, A); these amino acids have hy- 1027 

dropathy indices of 4.5, 4.2, 3.8, 2.8, 2.5, 1.9, and 1.8, respectively (cf. Table S4) [68]. 1028 

The HMG-box_ROX1-like domain of the MAT1-2-1 protein also consists of 3 asym- 1029 

metrically arranged α-helices that are connected by flexible loops, forming a key hydro- 1030 

phobic core that is stabilized through the presence of the aforementioned nonpolar amino 1031 

acids (cf. Table S4). The HMG-box_ROX1-like domain of the MAT1-2-1 protein regulates 1032 

gene expression in a sequence-specific manner by binding to ATTAAT or ATTGTT motifs 1033 

[87−89]. This domain has been implicated in chromatin remodeling and transcriptional 1034 

repression through its interaction with other corepressors, similar to the repressor of oxy- 1035 

gen-regulated genes 1 (ROX1) domain in yeast, through opposing pathways to the 1036 

MATα_HMGbox domain of the MAT1-1-1 protein [88,93−94]. ROX1 represses its own 1037 

promoter, creating a feedback loop for hypoxic response regulation as a central hypoxia- 1038 

responsive regulator that plays roles in chromatin remodeling following DNA binding 1039 

and in the integration of metabolic signals [95]. 1040 

To date, no studies have directly addressed heterodimerization between the MAT1- 1041 

1-1 and MAT1-2-1 proteins of O. sinensis, although the formation of heterodimers between 1042 

the MATα_HMGbox domain of the MAT1-1-1 protein and the HMG-box_ROX1-like do- 1043 

main of the MAT1-2-1 protein is believed to be a critical mechanism in the regulation of 1044 

fungal mating, particularly in heterothallic ascomycetes [96−98]. However, the 1045 

MATα_HMGbox and HMG-box_ROX1-like domains likely interact with each other, ena- 1046 

bling them to cooperate synergistically in DNA binding through their complementary 1047 

electrostatic surfaces [99]. The heteromorphic stereostructures of the HMGbox domains 1048 

of the mutant mating proteins derived from wild-type C. sinensis isolates presented in this 1049 

study likely alter the complementary cooperation of the mating proteins of the self-sterile 1050 

O. sinensis under heterothallic or hybrid outcrossing and affect the subsequent function- 1051 

alities of the activation or repression of mating-related gene transcription [50,54−55]. 1052 

4.2. Heterogenous fungal sources of the MAT1-1-1 and MAT1-2-1 proteins 1053 

The analysis of mutant full-length mating proteins derived from wild-type C. sinensis 1054 

isolates (Figures 3−8 and 10−13) revealed their heterogeneous fungal sources (Table S3) 1055 

[5,34,36,52,56−57]. A total of 34 wild-type C. sinensis isolates were examined for molecular 1056 

taxonomy ITS sequences that are available in GenBank and were found to belong to ge- 1057 

nomically independent GC-biased Genotypes #1 and #3 of O. sinensis fungi [7,10,34,52,56]. 1058 

However, whether the impure wild-type C. sinensis isolates that cooccur with other heter- 1059 

ospecific fungi remain to be determined through the use of culture-dependent techniques 1060 

or culture-independent PCR protocols involving the use of multiple pairs of primers com- 1061 

bined with amplicon cloning techniques with the selection and sequencing of sufficient 1062 

(usually ≥30) white colonies. 1063 

Li et al. [86] conducted a similar C. sinensis isolate study and reported 2 other wild- 1064 

type C. sinensis isolates, CH1 and CH2. With the use of multiple pairs of PCR and rigorous 1065 

amplicon cloning techniques, these isolates were proven to coexist with GC-biased Geno- 1066 

type #1 and AT-biased Genotypes #4−5 of O. sinensis and heterospecific Paecilomyces hepi- 1067 

ali. Li et al. [7,9−10,54−55] further confirmed that the ITS sequences of Genotypes #2−17 of 1068 

O. sinensis with multiple transition and transversion point mutations are not repetitive 1069 

copies in the genome of GC-biased Genotype #1 H. sinensis but belong to independent O. 1070 

sinensis fungi, regardless of whether they are GC- or AT-biased. Although they display 1071 

the key genetic features of fungal complexes, these wild-type isolates phenotypically ex- 1072 

hibit in vitro growth and microscopic morphological characteristics of psychrophilic H. 1073 

sinensis. Functionally, in the inoculation experiments on larvae of Hepialus armoricanus 1074 

(n=100 larvae per study group), the infection rate significantly increased from nearly non- 1075 

infectious values of 1−3% for H. sinensis to 55.2% for the wild-type isolates CH1 and CH2, 1076 
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representing an up to 39-fold enhancement (P<0.001), and the larval death latency largely 1077 

decreased from 35−50 days for H. sinensis. 1078 

4.3. The MAT1-1-1 and MAT1-2-1 proteins are involved in the sexual reproduction of O. sinen- 1079 

sis 1080 

The MAT1-1-1 and MAT1-2-1 proteins coregulate mating compatibility and sexual 1081 

development during the sexual reproduction of O. sinensis, a process in which the 1082 

MATα_HMGbox and HMG-box_ROX1-like domains play key roles. The hypothesis of 1083 

self-fertilization via a homothallic or psuedohomothallic strategy has been proposed for 1084 

O. sinensis [48−49] on the basis of genetic research. However, Zhang and Zhang [52] ar- 1085 

gued against this hypothesis and suggested that O. sinensis uses facultative hybridization 1086 

in its sexual reproduction on the basis of findings of differential occurrence of the MAT1- 1087 

1-1 and MAT1-2-1 genes in more than 170 wild-type C. sinensis isolates derived from nat- 1088 

ural C. sinensis insect–fungal complex specimens collected from different production areas 1089 

on the Qinghai–Tibet Plateau. Furthermore, Li et al. [50,54−55] reported differential occur- 1090 

rence, differential translation, and alternative splicing of MAT1-1-1 and MAT1-2-1 and 1091 

pheromone receptor genes and heteromorphic stereostructures of the MAT1-1-1 and 1092 

MAT1-2-1 proteins of wild-type C. sinensis isolates. In addition, the analysis of DNA-bind- 1093 

ing domains presented in this study further revealed diverse stereostructures of the 1094 

MATα_HMGbox domain of the MAT1-1-1 protein and the HMG-box_ROX1-like domain 1095 

of the MAT1-2-1 protein. These findings demonstrated that O. sinensis experiences self- 1096 

sterility and uses a heterothallic or hybrid strategy, even parasexuality, to accomplish sex- 1097 

ual reproduction during the lifecycle of the C. sinensis insect–fungal complex 1098 

[10,50,54−55,100−107]. 1099 

Unlike homothallic reproduction, heterothallic or hybrid reproduction of O. sinensis 1100 

requires mating partners. Among the 17 genotypes of O. sinensis 1101 

[7,14,16−17,23,100,108−115], GC-biased Genotype #1 H. sinensis has been proposed as the 1102 

sole anamorph of O. sinensis [31]. Wei et al. [32] reported successful industrial cultivation 1103 

of C. sinensis insect–fungal complexes; however, the cultivated complexes presented a spe- 1104 

cies contradiction between the anamorphic inoculants of 3 H. sinensis strains and the sole 1105 

teleomorph of AT-biased Genotype #4 that was detected in the fruiting body of the culti- 1106 

vated C. sinensis insect–fungal complexes. The sequences of AT-biased Genotypes #4−6 1107 

and #15−17, as well as the sequences of GC-biased Genotypes #2−3 and #7−14 of O. sinen- 1108 

sis, do not reside in the genome assemblies ANOV00000000, JAAVMX000000000, 1109 

LKHE00000000, LWBQ00000000, or NGJJ00000000 of the H. sinensis strains Co18, IOZ07, 1110 

1229, ZJB12195, and CC1406-20395, respectively [7−9,17,23,49,60−63,113,116,]. Li et al. [116] 1111 

further demonstrated that the sequences of Genotypes #2−17 of O. sinensis did not appear 1112 

as repetitive copies in the genome of Genotype #1 H. sinensis, invalidating the hypothesis 1113 

proposed by Li et al. [23−24,117] that “RIP mutation” induces or generates “ITS 1114 

pseudogenes” and “rRNA pseudogenes” in the genome of H. sinensis. These data indicate 1115 

that the 17 genotypes of O. sinensis are genomically independent and that they belong to 1116 

different fungi. In addition, the data demonstrate that the sole anamorph hypothesis for 1117 

H. sinensis proposed by Wei et al. [31] fails to pass examination via Koch’s postulates. 1118 

Li et al. [118−119] revised the inoculant information for the industrial cultivation pro- 1119 

ject and reported that the cultivation project used cultures of C. sinensis ascospores rather 1120 

than pure H. sinensis strains as inoculants, as previously reported by Wei et al. [32]. How- 1121 

ever, Li et al. [9−10] reported the detection of GC-biased Genotypes #1 and #14 and AT- 1122 

biased Genotypes #5−6 and #16, as well as P. hepiali, in ascospores of natural C. sinensis 1123 

insect–fungal complexes through a culture–independent approach using multiple pairs of 1124 

primers and a PCR amplicon cloning technique with the selection and sequencing of ≥30 1125 

white colonies. In addition, Li et al. [23] used a culture-dependent protocol and reported 1126 

Reviewer1
Underline



 

the detection of GC-biased Genotype #1 and AT-biased Genotype #5 in 8 cultures of mono- 1127 

ascospores. Li et al. [86] demonstrated the nearly noninfectious feature of H. sinensis co- 1128 

nidia and mycelia on 200 larvae of H. armoricanus in inoculation experiments. Further- 1129 

more, Li et al. [7,9−10] reported that AT-biased Genotype #4 of O. sinensis occurred in the 1130 

stromata throughout the entire course of C. sinensis maturation and that the stromal fertile 1131 

portion (SFP) contained numerous ascocarps of the C. sinensis insect–fungal complex; the 1132 

abundance of Genotype #4 was high in immature stromata, which are in asexual growth 1133 

stages, and largely declined in mature stromata and SFP, which are in sexual production 1134 

stages or in the transitional stages from asexual growth to sexual reproduction. Unfortu- 1135 

nately, Genotype #4 of O. sinensis was absent from the C. sinensis ascospores. Thus, alt- 1136 

hough Wei et al. [32] reported the detection of the sole teleomorphic AT-biased Genotype 1137 

#4 in the cultivated C. sinensis insect–fungal complex and Li et al. [118−119] later revised 1138 

the inoculant information, the fungal source of the sole teleomorphic, AT-biased Geno- 1139 

type #4 of O. sinensis remains scientifically uncertain in the artificial cultivation of the C. 1140 

sinensis insect–fungal complex. 1141 

In addition to the formal reports of unsuccessful attempts at artificial cultivation of 1142 

the fruiting bodies of C. sinensis [48,120-121], Zhang et al. [36] summarized the 40-year 1143 

history of cultivation failures of insect–fungal complexes via a “pure” mycological strat- 1144 

egy in academic research-oriented settings, and Qin et al. [122] summarized the obstacles 1145 

to the cultivation of O. sinensis fruiting bodies and ascospores. In contrast, Wei et al. [32] 1146 

reported success in such a cultivation effort in industrial product-oriented settings. This 1147 

industrial success might be attributed to the application of a “mycologically impure” cul- 1148 

tivation strategy on the basis of at least two facts: 1149 

(1) Cultures of mycologically impure ascospores of natural C. sinensis are used as inocu- 1150 

lants [118−119]; these are most likely combined with cocultures of C. sinensis stroma 1151 

and/or a stromal fertile portion (SFP) containing numerous ascocarps that, most im- 1152 

portantly, contain AT-biased Genotype #4 of O. sinensis, which is consistent with the dis- 1153 

covery of the sole teleomorphic O. sinensis genotype [32]; 1154 

(2) Soil collected from the natural C. sinensis production areas on the Qinghai–Tibet Plat- 1155 

eau was added to the industrial cultivation system as described by Wei et al. [32]. 1156 

Unfortunately, the purification and genomic sequencing of GC- and AT-biased Genotypes 1157 

#2−17 of O. sinensis have not been reported to date. Thus, genomic and transcriptomic 1158 

information regarding mutations in the MAT1-1-1 and MAT1-2-1 genes in the genome- 1159 

independent O. sinensis fungi of Genotypes #2−17, especially the DNA-binding domains 1160 

of the MAT1-1-1 and MAT1-2-1 proteins, is lacking. Table S3 shows that the MAT1-1-1 1161 

proteins ALH25057, ALH25005, and ALH25006 and the MAT1-2-1 proteins AIV43040, 1162 

AFX66443, ACV60417, AFH35020, and ACV60418 were most likely produced by Geno- 1163 

type #3 of O. sinensis if GC-biased Genotype #3 of O. sinensis does not coexist with other 1164 

heterospecific fungi in the wild-type C. sinensis isolates XZ12_16, XZ05_8, XZ-LZ07-H1, 1165 

XZ06-124, and XZ-LZ07-H2. 1166 

Regardless of whether the MAT1-1-1 and MAT1-2-1 proteins form heterodimers or 1167 

interact via complementary electrostatic surfaces and thereby enable cooperative DNA 1168 

binding, the synergy of the mating proteins of O. sinensis constitutes the core mechanism 1169 

that regulates mating type recognition, triggering downstream nuclear fusion signaling 1170 

pathways and fruiting body development [39−43]. The differential occurrence, differential 1171 

transcription, and alternative splicing of mating-type and pheromone receptor genes in 1172 

H. sinensis and wild-type C. sinensis isolates invalidates the self-fertilization hypothesis at 1173 

the genomic and transcriptomic levels but suggests self-sterility of O. sinensis under het- 1174 

erothallic or hybrid reproduction [31,48−51,53−55]. Furthermore, at the protein level, 1175 

many mutant MAT1-1-1 and MAT1-2-1 proteins reported by Li et al. [50] that contain mu- 1176 

tant MATα_HMGbox domains and HMG-box_ROX1-like domains, respectively, have 1177 



Biology 2025, 14, x FOR PEER REVIEW 45 of 52 
 

 

been discovered in wild-type C. sinensis isolates, and the insect–fungal complex demon- 1178 

strated in this study may indicate that mating proteins from heterogeneous fungal sources 1179 

may accomplish coordinated heterothallic or hybrid reproduction of O. sinensis during the 1180 

lifecycle of C. sinensis insect–fungal complexes. 1181 

5. Conclusions 1182 

This study demonstrated the variations in the tertiary structures of the mating pro- 1183 

teins in numerous wild-type C. sinensis isolates, H. sinensis strains, and C. sinensis insect– 1184 

fungal complex specimens, focusing on the full-length DNA-binding domains, i.e., the 1185 

MATα_HMGbox domain of the MAT1-1-1 protein and the HMG-box_ROX1-like domain 1186 

of the MAT1-2-1 protein. These DNA-binding domains are critical for specifically control- 1187 

ling the expression of genes related to the sexual reproduction of O. sinensis. The se- 1188 

quences of DNA-binding domains in the mating proteins exhibit various amino acid sub- 1189 

stitutions at different mutation sites and are clustered into 5 and 2 major Bayesian clades, 1190 

respectively, each encompassing several Bayesian branches, and AlphaFold stereostruc- 1191 

ture predictions indicate that they belong to different tertiary protein structural morphs. 1192 

The findings confirmed the hypothesis of O. sinensis self-sterility under heterothallic mat- 1193 

ing or hybrid mating at the protein structure level, further complementing the compre- 1194 

hensive evidence from the genetic and transcriptional levels, refuting the self-fertilization 1195 

hypothesis for O. sinensis under homothallic or pseudohomothalic reproduction. Thus, 1196 

finding an appropriate mating partner is the only means by which self-sterile O. sinensis 1197 

can accomplish sexual reproduction during the lifecycle of the natural C. sinensis insect- 1198 

fungal complex on the Qinghai–Tibet Plateau. 1199 
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GAGW01008880 derived from the C. sinensis insect–fungi complex [64]. Panel A shows an alignment 1222 

of the amino acid sequences in the MATα_HMGbox domains of the MAT1-1-1 proteins; amino acid 1223 

substitutions are shown in red, whereas the hyphens indicate identical amino acid residues, and the 1224 

spaces denote unmatched protein sequence gaps. The ExPASy ProtScale plots show the changes in 1225 

hydrophobicity (Panel B) and the 2D structure (Panels C−F show the α-helices, β-sheets, β-turns, 1226 



 

and coils, respectively); the open rectangles in blue outline the truncation region in the plots; Table 1227 

S1. GenBank accession numbers (in red in parentheses) for the full-length MAT1-1-1 proteins in the 1228 

AlphaFold database under the corresponding AlphaFold UniProt codes [50]; Table S2. GenBank 1229 

accession numbers (in red) for the full-length MAT1-2-1 proteins of 69 H. sinensis strains or C. sinen- 1230 

sis isolates under the corresponding AlphaFold UniProt codes [50]; Table S3. Wild-type C. sinensis 1231 

isolates, GenBank accession numbers for the ITS nucleic acid sequences and mating protein se- 1232 

quences, and percentage similarities vs. GC-biased O. sinensis Genotypes #1−3 and #7−9; Table S4. 1233 

Amino acids are scaled on the basis of the general chemical characteristics of their side chains for 1234 

ProtScale analysis (https://web.expasy.org/protscale/) to predict the hydrophobicity and secondary 1235 

structures (α-helices, β-sheets, β-turns, and coils) of proteins; Table S5. Summary of the Bayesian 1236 

clustering results in Figure S1 with the amino acid substitutions in the MATα_HMGbox domains of 1237 

the 19 full-length MAT1-1-1 proteins of the wild-type C. sinensis isolates under the AlphaFold Uni- 1238 

Prot codes and GenBank accession numbers; Table S6. Summary of the Bayesian clustering results 1239 

in Figure S1 with the amino acid substitutions in the MATα_HMGbox domains of the MAT1-1-1 1240 

proteins encoded by the genome assemblies of H. sinensis strains and the metatranscriptome assem- 1241 

blies of natural C. sinensis under the GenBank accession numbers; Table S7. Summary of the Bayes- 1242 

ian clustering results in Figure 4 with the amino acid substitutions in the HMG-box_ROX1-like do- 1243 

mains of the 25 full-length MAT1-2-1 proteins of wild-type C. sinensis isolates under the AlphaFold 1244 

UniProt codes and GenBank accession numbers; Table S8. Summary of the Bayesian clustering re- 1245 

sults in Figure 4 with the amino acid substitutions and deletions in the HMG-box_ROX1-like do- 1246 

mains of the MAT1-2-1 proteins encoded by the genome and transcriptome assemblies of H. sinensis 1247 

strains and the metatranscriptome assembly of natural C. sinensis insect–fungi complexes found un- 1248 

der the GenBank accession numbers; 1249 
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